’.} Check for updates

A p_J [ 2DVANCING
“\UU :::g;l sl::sl:qces

Earth and Space Science a

RESEARCH ARTICLE
10.1029/2023EA 002934

Key Points:

e A low-cost 3-component seismometer
has been tested for passive shallow
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filed data whose timing was provided
by a USB GPS antenna
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Abstract We performed laboratory tests and field surveys to evaluate the performance of a low-cost
3-component seismometer, consisting of three passive electromagnetic spring-mass sensors, whose 4.5 Hz
natural frequency is extended down to 0.5 Hz thanks to hyper damping. Both lab and field datasets show that
the —3 dB band of the seismometer ranges approximately from 0.7 to 39 Hz, in agreement with the nominal
specifications. Median magnitude frequency response curves obtained from processing field data indicate
that lower corner of the —3 dB band could be extended down to 0.55 Hz and the nominal sensitivity may be
overestimated. Lab results confirm the non-linear behavior of the passive spring-mass sensor expected for
high-level input signals (a few to tens of mm/s) and field data confirm relative timing accuracy is +10 ms (1
sample). We found that absolute timing of data collected with USB GPS antennas can be affected by lag as
large as +0.5 s. By testing two identical units, we noticed that there could be differences around 0.5 dB (i.e.,
about 6%) between the components of the same unit as well as between the same component of the two units.
Considering shallow passive seismic applications and mainly focusing on unstable slope monitoring, our
findings show that the tested seismometer is able to identify resonance frequencies of unstable rock pillars and
to generate interferograms that can be processed to estimate subsurface velocity variations.

Plain Language Summary This study describes some tests that we did to evaluate a seismometer
that is cheaper than similar products on the market. A seismometer is able to sense and collect seismic waves
and can be used for several applications including global seismology and hydrocarbon exploration. In our

work, we consider passive seismic applications, that is, we focus on seismic waves generated by non-controlled
sources (aka seismic noise). Either the seismic sources are natural or man-made, a valuable seismometer should
allow to record weak signals in a wide frequency band, especially at relatively low frequency (<5 Hz). The
results of our tests show that the cheap seismometer can record frequencies down to approximately 0.5 Hz,
while, to keep costs low, the highest frequency is limited to about 40 Hz. Field tests show that the seismometers
can retrieve information from seismic noise as weak as a few micrometers per second, while lab test with higher
inputs shows that the response of the seismometer is dependent upon the input velocity. Overall, we found

that the nominal specifications of the seismometers are met, thus the tested unit is a valuable tool for shallow
passive-seismic applications with relatively-low-frequency, low-amplitude signals, and a limited budget.

1. Introduction

The Passive seismic techniques have become increasingly appealing in the last decades chiefly because they
do not require active sources and great amounts of information can be extracted by the so-called seismic noise.
Ambient vibrations are generated either by natural or manmade sources generally placed at or close-to the Earth's
surface. Therefore, the passive seismic wavefield primarily consists of surface waves, though the proportion
between Rayleigh and Love waves, as well as between surface and body waves, may vary significantly from site to
site (Bonnefoy-Claudet et al., 2006). With respect to active sources, the spectrum of seismic noise is appreciably
shifted toward lower frequencies, with natural phenomena (mainly ocean waves and meteorological events) and
anthropogenic activities (e.g., industrial machineries and road traffic) generating frequencies below and above
1 Hz, respectively (Bonnefoy-Claudet et al., 2006). Recorded amplitudes are typically on the order of a few to
hundreds of pm/s, obviously excluding close-range transients.

The ambient seismic noise collected with either single-station or array recordings is used in different shallow
geophysical methodologies (Larose et al., 2015). The horizontal-to-vertical spectral ratio (HVSR) of 3-component
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(3C) single-station data is either an active or, more often, a passive seismic methodology that has been extensively
used in the past 30 years for site effect evaluation (Nakamura, 2019). More recently, 3C passive surveys with
stand-alone seismometers have addressed unstable slopes and rock blocks by analyzing both spectral and polari-
zation features with diverse algorithms in order to monitor phenomena of directional amplification associated to
vibration modes of the investigated structures (Bottelin et al., 2017; Kleinbrod et al., 2017; Taruselli et al., 2021).
Passive array techniques typically rely on the collection and processing of Rayleigh waves (usually their vertical
component only), whose dispersion curves are inverted to estimate the 1D Share-wave velocity model of the
subsurface (Foti et al., 2018). Several approaches have been proposed in the scientific literature, such as the
spatial autocorrelation method (SPAC; Okada, 2003), the refraction microtremor method (REMI; Louie, 2001)
and the passive multichannel analysis of surface waves (passive MASW; Park et al., 2005). Seismic noise inter-
ferometry (SNI) can also be considered as an array technique, though just two receivers are needed to collect and
process ambient vibration data (Garambois et al., 2019) and can be used to retrieve either surface-wave transmis-
sion responses or exploration reflection responses (Wapenaar et al., 2010). In addition, coda wave interferometry
(CWI) makes use of strongly scattered waves to perform interferometric measurements of temporal changes in
the medium (Snieder, 2006), for instance variations in seismic velocity due to fluid saturation changes (Mainsant
et al., 2012). Le Breton et al. (2021) recently presented a thorough review about landslide monitoring with CWI,
and Larose et al. (2015) have described other near-surface passive seismics applications, including monitoring
building modal frequencies and estimation of bedload transport by analyzing river-induced noise.

All the applications described above may be further developed and tuned, especially if seismometers with proper
features, mainly low natural frequency (<1 Hz) and low self-noise, are available at low cost. This is particularly true
in the case of spatially dense surveys where many recording stations are required to produce detailed subsurface
2D/3D images. Rugged and easy-to-handle stand-alone receivers can obviously ease field operations, especially in
densely urbanized or very inaccessible rural areas, with broadband and large dynamic range being obviously a plus.

In this work we present our study regarding lab and field testing of a low-cost 3C seismometer that could foster
the development of shallow passive seismic applications. Recently, this unit, or similar ones produced by the same
manufacturer, have been employed for different aims, including studying global quieting of seismic noise during
COVID-19 pandemic lockdown (Lecocq et al., 2020), densification of seismic networks with the so-called citi-
zen Seismology (Calais et al., 2022; Walter et al., 2019), monitoring of rockfalls (Manconi et al., 2018), induced
seismicity (Hicks et al., 2019), icequakes (Winter et al., 2021) and structural health (Alarcén et al., 2023; Ozcebe
et al., 2022). Anthony et al. (2019) have analyzed the performance of a seismic station similar to the one consid-
ered here, though addressing seismological applications. They found sensitivity within 10% (i.e., approximately
0.9 dB) of nominal, NTP timing errors no greater than 20 ms, but high self-noise compared to intermediate period
sensors. They conclude that this seismic station is a possible candidate for densification of seismic network
targeted at recording local or regional events, but claim it is not suitable for studies using ambient seismic noise.
In this study, we propose a different characterization methodology, both in lab and in the field, and consider shal-
low passive seismic applications, mainly addressing the monitoring of rock structures, whose stability is related
to their vibration modes, and of subsurface fluid saturation changes, that in turn cause seismic velocity variations.

2. Seismometers

Here we analyze the performance of the Raspberry Shake seismometer. More in detail, we focus on the release
V5 (firmware version 0.18, then updated to 0.20) of the 3D version (RS3D hereafter) of this seismic station that
integrates three orthogonally-placed 4.5 Hz electromagnetic geophones, the digitizers and an embedded PC into
a single enclosure (IP10 or IP67). The sampling frequency is fixed to 100 Hz and the corner frequency of the
sensing elements, whose original natural frequency is 4.5 Hz, is electronically extended down to 0.5 Hz thanks
to hyper damping (Lippmann & Gebrande, 1983). Accordingly, the nominal —3 dB bandwidth ranges from 0.7
to 39 Hz (Table 1). Additional features are the 5 V power supply voltage, the 8 GB expandable memory to record
data in miniSEED format and the Wi-Fi connection to send data to a remote device. Unit timing is based on the
Network Time Protocol (NTP) providing 1 sample of accuracy, that is, +10 ms at 100 Hz. However, when no
internet connection is available, for example, during field surveys, it is possible to get the timing with the same
accuracy through a GPS module connected to the USB port.

For comparison purposes, we also used the Nanometrics Trillium Compact 20s seismometer together with
the associated Centaur digitizer. This system (NT20 hereafter) could be considered as a reference since it is
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Figure 1. RS3D and NT20 normalized magnitude and phase frequency
response functions. Centaur data logger is considered to have 200 Hz sampling

Frequency (Hz)

frequency, 0 dB gain, 40 V peak-to-peak input range and 0.001 Hz high-pass

filter with linear phase.

widespread in broadband seismological surveys (Anthony et al., 2019). The
seismometer features a symmetric triaxial force feedback sensor, with the
force provided by a capacitive transducer, having a —3 dB band spanning
from 0.05 to about 108 Hz (Table 1) and sampling frequency adjustable from
1 up to 5,000 Hz. Also digitizer gain and input range can be set in order to
control the overall system sensitivity. Time synchronization is provided by
the Precision Time Protocol (PTP), but, as for the RS3D, it is also possible
to use a GPS antenna in the field to improve timing accuracy. For additional
information and for a comparison of the main features of the considered seis-
mic stations, the reader can refer to Table 1, while Figure 1 depicts amplitude
and phase of the FRF of both units (Templeton, 2017; https://manual.raspber-
ryshake.org/metadata.html#raspberry-shake-rs3).

RS3D is approximately one order of magnitude cheaper than NT20 (i.e.,
about a thousand vs. ten thousand euros) and the cost may vary depending
on whether a GPS antenna and all-weather enclosures are purchased for the
unit. However, RS3D may have some drawbacks that are due to the fact that
its sensing elements (i.e., electromagnetic velocimeters) are actually passive
inertial sensors consisting of a damped spring-mass system. When considering
recording low-frequency ground motion, the main disadvantages of passive
seismometers are (Ackerley, 2015): (a) large masses and compliant suspen-
sions are needed to have satisfactory sensitivity at low frequencies, making
the system difficult to handle and susceptible to damage; (b) the spring and

the velocimeter can have a non-linear behavior dependent upon the displacement of the proof mass from the rest
position; (c) there are conflicting damping requirements in that damping must be low to minimize self-noise, but
high enough to limit resonance at the natural frequency of the system. Although the above-mentioned issues are
partly tackled thanks to the hyper damping, it is interesting to evaluate the performance of RS3D with respect to
NT20, especially for low-frequency (<2 Hz) and relatively high-amplitude (~mm/s) input signals.

3. Seismometer Testing

3.1. Laboratory Tests

We carried out dynamic characterization tests of two RS3D and two NT20 seismometers and placed them on a

vibrating table to estimate the RS3D's amplitude frequency response function (FRF). We set input signal values

Figure 2. Setup of the laboratory test. The image depicts the test of a RS3D

that is placed onto the vertical shaker; the Laser Doppler Vibrometer points at

the RS3D (lower-right inset) to record the reference excitation.

higher than seismic noise generally recorded in the field to investigate possi-
ble nonlinearities affecting the tested sensors, especially the passive ones.
The testing facility (Figure 2) comprised a vertical shaker (TIRA Vib shaker)
operated in an open loop using an Agilent signal generator (33210A type)
and a laser Doppler vibrometer (LDV—Polytech OFV 505) pointed at the
case of the sensor mounted on the shaker in order to measure its velocity with
high accuracy and large bandwidth. During the tests, the sampling frequency
of the LDV was generally set at 2 kHz.

Laboratory tests initially involved logarithmic sweep sine excitation between
0.5 and 40 Hz over 60 s to investigate the entire RS3D nominal bandwidth
(Figures 3a and 3b). Each test typically involved at least three consecutive
sweep signals. We set excitation amplitudes between 10 and 30 mV, result-
ing in input rms and peak velocity values, as detected by the LDV, rang-
ing approximately from 2 to 9 mm/s and from 4 to 19 mm/s, respectively.
The processing sequence involved upsampling seismometer data to LDV
sampling frequency, zero-phase IIR 0.3 Hz high-pass filtering, time align-
ment of seismometer and LDV data with cross correlation followed by time
cut to a common time window, whose edges were tapered with a cosine func-
tion. To estimate amplitude spectra, we resorted to a non-parametric spectral
estimation technique, namely the multitaper method (Thomson, 1982), that
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Figure 3. Examples of lab test results. (a) Sweep signal collected by the LDV with 30 mV excitation amplitude (top), its normalized spectrogram (middle; 20 s
windows with 95% overlapping) and the multitaper spectral estimate (bottom) with dashed vertical lines limiting the sweep bandwidth. Panel (b) same as (a) but for
RS3D. (c) 30 Hz signal collected by the LDV with 30 mV excitation amplitude (top), its normalized spectrogram (middle; 5 s windows with 95% overlapping) and the
multitaper spectral estimate (bottom). Panel (d) same as (c) but for RS3D. Insets in the top figures are zoomed windows of the collected signals.

makes use of orthogonal data tapers to reduce bias and variability in the final estimate. In more detail, we set the
parameters of the computation to obtain amplitude spectra with 0.05 Hz frequency resolution and this resulted
in the use of 19 orthogonal tapers, two of which were eventually discarded to retain only the ones with optimal
frequency concentration in the specified resolution bandwidth. Finally, the ratio between the seismometer and the
LDV amplitude spectra yields the modulus of the seismometer FRF.

The RS3D seismometers were additionally tested with monochromatic sinusoidal signals (step sine test) to further
explore the dynamic behavior of the RS3D, especially at frequencies close to the limits of the —3 dB nominal
bandwidth (Table 1). We tested twelve different frequencies, that is, 0.6, 0.7, 0.8, 1, 2, 10, 20, 30, 35, 38, 39,
40 Hz, with durations of approximately 100 s and RMS amplitudes similar to the sweep ones (Figures 3¢ and 3d).
Because the shaker operated in an open loop, it has to be noted that excitation amplitudes generally increased with
the frequency of the monochromatic signal. The test set up and data processing are the same described above.

Despite the high-amplitude excitation levels, the results of the dynamic characterization confirm that the ampli-
tude FRFs of RS3D vertical geophones are in agreement with the nominal specifications, with a —3 dB bandwidth
within the 0.7-39 Hz range for both the sweep and the monochromatic input signals with different excitation
amplitudes (Figure 4a). However, the magnitude response tends to be lower (up to about —2 dB) than the nominal
one close to the upper limit of the band. In addition, two points are worthwhile noticing. First, velocity inputs
being similar, the RS3Ds show responses having different amplitudes, with larger mean differences of about
0.4 dB observed in the 2-30 Hz band. Second, variations in the excitation signals highlighted the non-linear
behavior of the RS3D, with lower values of the FRF obtained with higher rms input velocity and differences as
large as 0.6 dB observed in the —3 dB band. We think that this behavior is due to the mechanical characteristics of
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Figure 4. Amplitude frequency response functions obtained in the lab with
RS3D (a) and NT20 (b) seismometers (vertical component). In (a), lines and
markers represent results obtained with the sweep and sinusoidal excitations,

respectively. Thick solid black lines are the nominal responses (Figure 1) and
dash-dotted horizontal lines are the —3 dB level; velocity values are rms values

of each test.

spring-mass system of the passive geophone sensor, as stated previously and
in other studies (Barzilai et al., 1998; Oome et al., 2009; Stoll, 2015). On the
contrary, the NT20s reveal nearly flat FRFs in the tested bandwidth for all the
excitation amplitude levels (Figure 4b), in accordance with the specifications
that indicate high-frequency response within 1 dB of nominal up to 45 Hz.

No phase response was estimated in the lab tests because it is not possible to
connect the RS3D and the LDV to a single acquisition board, with common
reference clock and sampling frequency.

3.2. Field Acquisitions

Measurements in the field were performed to evaluate the performance of the
RS3D in temporary field installations (Figure 5), considering 3C acquisitions
of seismic signals with amplitudes typically lower than the ones tested in
the lab as well as with more energy at lower frequencies. The same RS3Ds
tested in the lab and different NT20s were deployed at different sites, mainly
consisting of potentially unstable rock blocks and pillars in northern Italy and
Malta (Arosio et al., 2019; Taruselli et al., 2019). In addition, seismic stations
have also been occasionally installed at sites where groundwater pumping
tests were ongoing (Ventasso (RE, Italy) test site; Taruselli et al., 2020a) or
across slopes showing either significant or negligible displacements (Ca’
Lita earth flow (RE, Italy); Taruselli et al., 2020b; Aguzzoli et al., 2021).
Deployed units have always been equipped with a GNSS receiver so that a
common accurate time reference is available. Nominal RS timing accuracy
is +1 sample at 100 Hz sampling frequency, that is 10 ms (Table 1), while
the Nanometrics timing accuracy is <0.1 ms (with GPS power mode set to
duty cycled). Different coupling systems were used depending on the differ-
ent conditions of the investigated sites. Whenever topsoil was present, spikes
nearly 7 cm long were generally preferred, even in rock block monitoring.
Otherwise, leveling screws were used. Alignment of sensors in the horizon-
tal plane was obtained with a digital compass, while their verticality was
checked by means of the bull's eye spirit level mounted on the case of all the
seismometers. Overall, for our comparison, we considered data collected in 6
different sites and approximately 65 hr of field measurements.

Based on the outcomes of the previously described laboratory tests, we evaluate the performance of the RS3Ds
considering the data collected by the NT20s as a reference. The pre-processing sequence described in the follow-
ing applies to couple of seismic stations that were installed in the field close to one another. First, the initial
15 min or more of the collected time series have been discarded in order to consider sensor stabilization after

Figure 5. Field tests performed by deploying RS3Ds and NT20s on top of an unstable rock pillar (a), on a slope affected by an earth flow (b) and on asphalt (c).
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field deployment. Especially for the NT20, continuous quality data are available within minutes of deployment
with no requirement for further intervention. Likewise, the last part of the recording was eliminated to get rid of
the close-range high-amplitude signals and other artifacts generated by the field technicians when switching off
the units. Second, signals were resampled to a common sampling frequency. In our case, considering that the
RS and Trillium sampling frequencies were set to 100 and 200 Hz, respectively (Table 1), we resampled the raw
time series by means of sinc interpolation to 1,000 Hz. This allows us to set a common initial time independently
of when the two seismic stations started recording. After resampling, signals of the two seismometers could be
perfectly aligned and cut over a common time interval and they were subsequently decimated to 200 Hz to limit
the computational costs of the following steps. Finally, signals were band-pass filtered with a zero-phase IIR
filter in the band 0.7-39 Hz to reject low-frequency high-amplitude signals and to focus the evaluation within the
—3 dB band of the RS3D validated previously.

We used the accurate GNSS time reference to evaluate any possible time delays between the two tested seismic
stations that we could not appraise with the lab tests. We resorted to normalized cross correlation that is routinely
used in countless applications to determine the time lag between two signals and to evaluate their similarity in
terms of waveforms. Unsurprisingly, cross correlation easily identified anomalous lags whenever one of the two
tested units experienced issues with the locking to the GNSS network. Overall, we observed a positive lag of
nearly 0.5 s meaning RS3Ds are delayed with respect to NT20s. This was also confirmed by an additional test in
which we deployed the seismic stations on asphalt one next to the other (Figure 5c). In this test, pairwise cross
correlation between components of the same seismometer type indicates lags are always zero, with normalized
cross correlation (x y z) peak values (0.90 0.90 0.91) for RS3D and (0.74 0.65 0.97) for NT20. To investigate
whether the observed systematic lag could be due to the phase spectra of the seismometers (Figure 1), we slightly
modified the pre-processing sequence described above. In more detail, simple band-pass filtering was discarded
and Nanometrics data were first deconvolved by Centaur Digitizer and Trillium sensor frequency responses
(Templeton, 2017, p. 10% pre-whitening was applied to avoid boosting low frequencies excessively) and subse-
quently convolved with the RS one (Figure 1). However, no appreciable differences were obtained, and the
systematic lag was still observed. Moreover, the delay is also found in the comparison of raw time series, so that
we can confirm that the processing sequence we applied does not introduce any artifacts.

As far as cross correlation peak values are concerned, differences between band-pass filtered and deconvolved
data have mean value around 20%. Generally, higher peak values are observed for the vertical component prob-
ably because of inaccurate alignment of the sensors in the horizontal plane. It was observed that low normalized
peak values are obtained in case collected signals are disturbed by several high-amplitude transients (e.g., gener-
ated by operators on site).

Data collected in the field with the different seismometers were obviously compared also in terms of amplitude
spectra. Pre-processing steps like the ones described above were applied, however no convolution/deconvolution
was performed. Instead, time series were high-pass filtered with a 0.05 Hz zero-phase IIR filter and passband
ripple of 0.1 dB and then converted from counts to physical units considering the maximum sensitivity estimated
from the nominal transfer functions of the seismometers (i.e., 3.6150-10% counts/(m/s) for RS3D and 3.0124-108
counts/(m/s) for NT20; Table 1). In addition, signals collected by seismic stations pairs were time aligned by
delaying RS data considering the median lag value estimated previously for the vertical component, that is, 0.48 s,
except for data affected by GPS issues that were corrected for the median value of delays computed for the three
components. The multitaper method was again used to estimate amplitude spectra, and, for statistical robustness
of the comparison, the collected time series were divided in 200s-long time windows (Tw) and multitaper esti-
mation was applied to each of them. The length of the selected time window should guarantee accurate spectral
estimation down to frequency of 0.05 Hz, obtained with the relationship 10/Tw (McNamara & Buland, 2004).
Finally, we computed component-wise spectral ratios (RS3D/NT20) for each analyzed couple of seismic stations
deployed at different sites, after the estimated spectra were smoothed with the frequency-dependent averaging
function proposed by Konno and Ohmachi (1998).

Figure 6 illustrates the results obtained for the two tested RS3Ds in the 0.2—45 Hz band. Ratios are expressed
in decibel and presented in terms of relative probability, that is, for each frequency, the values of the estimated
amplitude spectra are partitioned into bins (from —0.025 to 2.525 with step 0.05) and the value of each bin is
the ratio between the number of elements in the bin and the total number of elements (i.e., the sum of all the
bin values gives unity). The images also show the median spectral ratio, together with the 25th and the 75th
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Figure 6. Estimated component-wise spectral ratios for RS3D1 (a) and RS3D2 (b). Z is the vertical component. Ratios are expressed in dB and presented in terms of
relative probability. Magenta curve is the median spectral ratio (i.e., 50th percentile), while upper and lower black curves are 75th and 25th percentile, respectively. Red
solid lines mark the nominal —3 dB band of the RS3D (Table 1).

percentiles ratios. In addition, red lines limit the —3 dB band of the RS3D, that according to the technical speci-
fications of the V5 release, should span across the 0.7-39 Hz frequency range (Table 1).

It can be noted that the best matching between RS3D and NT20 amplitude responses is observed in a band
approximately ranging from 1 to 30 Hz, although the spectral values of the low-cost seismometer are always
larger than the Trillium ones (i.e., ratios are always greater than 0 dB), this indicating that the nominal sensitivity
of the RS3D may be overestimated. If we consider the median curves, the lower corner of the nominal —3 dB
band of the RS3D could be extended down to about 0.55 Hz on average.

4. Discussion and Conclusions

The laboratory tests performed to evaluate the vertical component of 2 RS3Ds in response to extremely high
amplitude excitation signals highlighted the non-linear behavior and differences in the FRF magnitude of the
tested seismometers, though in presence of different input amplitudes (Figure 4a). Still, the measured —3 dB
bandwidth is within the nominal specifications. Anthony et al. (2019) have proposed the lab characterization
of the Raspberry Shake 4D, which includes a 0.5 Hz (hyper-damped) vertical component geophone and a
3-component MEMS accelerometer. Though this study is a useful baseline to compare the experimental charac-
terization presented here, some interesting differences can be highlighted. Focusing on the geophone, the authors
tested the sensor on vertical shake table and drive the table with a swept sine wave from 0.1 to 10 Hz and
0.015 m/s constant velocity (0-to-peak). They modeled the FRF by using a single-degree-of-freedom oscillator
with viscous damping and give the results only in terms of the best-fitting knee frequency (near 0.5 Hz) and
of the related damping. On the contrary, our approach allows retrieving the instrument response in the whole
band of interest (0.5-40 Hz), highlighting the variability of the FRF within this band and the discrepancy up to
about—?2 dB between the nominal and the measured FRFs (Figure 4). Moreover, we have identified the non—
linear behavior of the instrument versus the input (validated by both the sweep sine and step sine testing), that
was neither mentioned nor quantified in any previous studies. In addition, we point out that no idle tones, either
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Figure 7. (a) Amplitude frequency response functions obtained in a field test
where the same RS3Ds tested in the lab were deployed on asphalt, together
with two NT20s, considered as reference. (b) Interferograms obtained

by cross-correlating the signals collected by the RS3Ds (top) and NT20s
(middle) and the associated mean cross correlation curves (bottom). In the
interferograms, single cross correlations are normalized to their maximum
value.

low- or high-frequency, are found in RS3D V5, contrary to what has been
observed in previous releases or in other units belonging to the Raspberry
Shake family (Anthony et al., 2019).

3-component field measurement sessions involving RS3Ds and NT20s (used
as reference) benefited from much lower excitation signals. We evaluated
that mean rms values of field data as detected by NT20 seismometers are
in the range 1-8 pum/s, with higher amplitudes generally on the horizontal
components, that is approximately three orders of magnitude lower than the
excitation amplitudes tested in the lab (Figure 4). The estimated magnitude
FRFs extend the —3 dB lower frequency limit down to 0.55 Hz for all the
components. We attribute the variance of the computed RS3D/NT20 spectral
ratios mainly to differences in coupling between the seismic stations, inac-
curate alignment of the two sensors, especially in the horizontal plane, and
to non-linear effects affecting the RS3Ds in presence of high-amplitude tran-
sients as observed in the lab. The analysis of the estimated PSDs confirms
that recorded signals are above the RS3D self-noise level, that has been
estimated to range between —150 and —120 dB (rel. 1 m2/s4-Hz-1) in the
0.5-40 Hz frequency band (Anthony et al., 2019).

In order to better evaluate the RS3D performance in the field, we consid-
ered into more detail the test with the seismic stations deployed on asphalt
(Figure 5c¢), thanks to which we have low excitation signals (rms below
3 um/s) and can neglect relevant differences in sensor coupling as well as
high-amplitude transients. The processing sequence is the same we used to
obtain magnitude FRFs (Figure 6), and, for sake of comparison, spectral
ratios are now performed considering the same reference NT20 for both the
deployed RS3Ds. The obtained results (Figure 7a) show, as expected, higher
FRF values because of lower excitation signals, a good agreement with
the nominal response at low frequency and a wider roll-off band at high
frequency. Nevertheless, the —3 dB band can still be considered to span
approximately from 0.7 to 39 Hz. It can be noticed that there are differences
of 0.5 and 0.4 dB (i.e., around 6%) between the components of the same seis-
mometer and between the same component of the two RS3Ds, respectively.
With the aim of simulating a SNI test, we constructed two interferograms by
cross-correlating the vertical component of signals collected by the RS3Ds
and NT20s subdivided in 200 s-windows (Figure 7b). It can be observed that
the results are very similar, with a marked peak at zero lag and a sinusoidal
trend that are both due to the fact that the computed cross correlations are
actually autocorrelations, given the very short offset between the seismic
stations. However, the peak of the RS3D interferogram jitters about 10 ms
(1 sample) around zero lag because of the limit on the nominal timing accu-
racy (Table 1). What stated above is also confirmed by considering the aver-
age cross correlation curves (Figure 7b), where the peak of the RS3D curve
occurs 10 ms before the peak of the NT20 one.

Another field survey that we considered more carefully is the one we performed to monitor four conglomerate
rock towers about 100 m high and separated by wide cracks, that are believed to be involved in a lateral spreading
phenomenon (Arosio et al., 2019). In more detail, we focus on the two westmost towers (hereafter T1 and T2;
Figure 8a) that are known to have their first vibration modes with frequency around 2 Hz. Seismic noise data
were collected in late March 2019 by deploying the RS3Ds tested in the lab together with two NT20s (one couple
for each monitored tower). All seismic stations were connected to GNSS antennas correctly locked to the GNSS
network. The processing sequence was similar to the one used in the asphalt test, but, to evaluate the reliability
of the low cost sensors in 3C acquisitions, it was decided to compute the horizontal-to-vertical spectral ratio as
a function of azimuth (HVSRA). Accordingly, first the horizontal components are projected along a specific
direction, second multitaper estimation is applied to both radial and vertical components after the time series
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Figure 8. (a) 2 X 2 m DTM of the investigated area with Towers 1 and 2

in the foreground. (b) HVSRA estimated by RS3Ds (top) and by NT20s
(bottom). (c) Interferograms obtained by cross-correlating the signals collected
by the RS3Ds (top) and NT20s (middle) and the associated mean cross
correlation curves (bottom). In the interferograms, single cross correlations are
normalized to their maximum value.

have been subdivided in 200s-time windows, third horizontal-to-vertical
spectral ratios (HVSRs) are computed for each time window and, finally,
all the HVSRs are averaged using a geometric mean that is most sensitive
to low values so as to produce a robust HVSR estimate. This procedure is
repeated for several directions in the horizontal plane and yields the HVSRA
estimate. The first vibration modes for T1 and T2 are found with RS3Ds
at 1.68 and 1.93 Hz, respectively, and closely match the outcomes obtained
with the NT20 seismometers, both in terms of natural frequencies and vibra-
tion directions, the only difference being the peak amplitude, that is about
20% lower for the RS3D (Figure 8b). Also, the interferograms computed in
the RS3D —3 dB band to discard high-frequency transients recorded by the
NT20s are very similar with again some jittering affecting the RS3D results.
The mean cross correlation curves are essentially overimposed (Figure 8c). It
is interesting to note that the interferograms are not symmetrical with respect
to zero lag and have more energy at negative lags. According to the theory
of SNI (Wapenaar et al., 2010), this suggests that seismic noise sources are
not evenly distributed around the seismic stations and more seismic energy is
traveling from T1 to T2, probably because T1 is more exposed to wind action.

The obtained results confirm that the 3-component recordings of RS3Ds
are comparable to the NTS20 ones, despite possible differences in ground
coupling between the seismometers, and that the hyper damping is reliable,
as the low-cost units correctly identify the resonance frequency of the moni-
tored rock pillars well below the natural frequency of the mounted geophones
(i.e., 4.5 Hz). The obtained results, show that, as partial adjustment to what
stated by Anthony et al. (2019), the RS3D can be used for—at least shallow—
studies using ambient seismic noise.

Regarding RS3D timing accuracy and jittering possibly affecting the
computed interferograms, this may have an impact on seismic noise inter-
ferometry used, for example, to estimate velocity variations due to satura-
tion changes in the shallow subsurface. According to the theory of CWI
(Snieder, 2006)

6t/t = —6v/v

where Of is the time perturbation of seismic arrivals in a time window
centered in ¢ caused by a homogeneous velocity variation dv in a medium
with initial propagation velocity v. The relative velocity variation (8v/v) is
dominated by shear-wave velocity changes (Snieder, 2006) and it is generally
much smaller than 10% (e.g., Voisin et al., 2016). Considering commonly
found propagation velocities and seismic station distances in shallow SNI
surveys, in some instances the lower RS3D timing accuracy may mask the
sought velocity variations or yield noisier results. But these issues could be
tackled by careful planning of field operations and effective data processing.
Of course, any passive seismic survey designed with closely spaced receivers
and in presence of high propagation velocities should consider if the timing
accuracy could be a limiting factor to obtain meaningful results.

Together with the Raspberry Shake development team (Richard Boaz and
Branden Christensen, written comm., 2021-2022), we analyzed the aver-
age timing offset of 0.48 s (48 samples) that we found in the field datasets.
Firmware version of our units was updated to the latest release (0.20) and

the Linux service daemon gpsd (a service process that runs in the background and monitors any GPS receiver
attached to the RS3D through the USB port) was updated so that it also looks at the correct USB port for GPS
data. We performed additional acquisitions with RS3D and NT20 units placed on the asphalt, but the timing
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Figure 9. Example of seismic noise collected in the field showing that RS3D data lag NT20 data of approximately 0.5 s. Timing was provided by GPS antennas

connected to the units.
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offset still persists (Figure 9). Similarly to what has been suggested by other Raspberry Shake users, we believe
that our GPS module is not exposing the PPS signal to the Raspberry Pi board. This may happen because it is
difficult for a GPS dongle manufacturer to guarantee that the PPS signal is delivered accurately and flawlessly
over the USB port due to inaccuracies caused by the inherent delay in the USB interface. The Raspberry Shake
team strongly suggests to use the GPS module that is officially offered, since it is configured to deliver the PPS
signal over USB to the shared memory slot used by the NTP daemon. As far as the authors are aware, no issues
have been reported when Raspberry Shake units are connected to the internet and rely on NPT servers for timing.
Finally, we report that timing accuracy between the two tested RS3Ds was found to be <10 ms (i.e., 1 sample
at worst). For sake of completeness, we recall that tests performed by Anthony et al. (2019) to analyze NTP
timing accuracy with the accelerometer included in the Raspberry Shake 4D indicate that collected signals always
lagged reference ones by two samples (20 ms).

Data Availability Statement

The datasets collected both in the laboratory and in the field, as well as the MatLab routines used to process the
data and generate the figures presented in this study are available at Harvard Dataverse repository via https://
doi.org/10.7910/DVN/MAJMEA with license CC BY-NC-SA 4.0. Additionally, the Incorporated Research Insti-
tutions for Seismology (IRIS) nominal response library is available at https://ds.iris.edu/ds/nrl/ (last accessed
February 2023). JEvalResp, a Java utility for evaluating and processing instrument response descriptions, is
freely available on IRIS web site (https://ds.iris.edu/ds/nodes/dmc/software/downloads/jevalresp/, last accessed
February 2023). Raspberry Shake nominal responses may be found at https://manual.raspberryshake.org/meta-
data.html#raspberry-shake-rs3 (last accessed February 2023).
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