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Do Low-Cost Seismographs Perform Well
Enough for Your Network? An Overview

of Laboratory Tests and Field Observations
of the OSOP Raspberry Shake 4D

by Robert E. Anthony, Adam T. Ringler, David C. Wilson, and Emily Wolin

ABSTRACT

Seismologists have recently begun using low-cost nodal sensors
in dense deployments to sample the seismic wavefield at
unprecedented spatial resolution. Earthquake early warning
systems and other monitoring networks (e.g., wastewater injec-
tion) would also benefit from network densification; however,
current nodal sensors lack power systems or the real-time data
transmission required for these applications. A candidate sen-
sor for these networks may instead be a low-cost, all-in-one
package such as the OSOP Raspberry Shake 4D (RS-4D).
The RS-4D includes a vertical-component geophone, three-
component accelerometer, digitizer, and near-real-time mini-
SEED data transmission and costs only a few hundred dollars
per unit. Here, we step through instrument testing of three
RS-4Ds at the Albuquerque Seismological Laboratory (ASL).
We find that the geophones have sensitivities constrained to
within 4% of nominal, but that they have relatively high
self-noise levels compared with the broadband sensors typically
used in scismic networks. To demonstrate the impact this
would have on characterizing nearby events, we estimate local
magnitudes of earthquakes in Oklahoma using Trillium
Compact broadband sensor data from U.S. Geological Survey
aftershock deployments as well as 23 Raspberry Shakes oper-
ated by hobbyists and private owners within the state. We find
that for My 2.0-4.0 carthquakes at distances of 20-100 km
from seismic stations, the Raspberry Shakes require events of
magnitude ~0.3 larger than the broadband sensors to reliably
estimate M at a given distance from the epicenter. We
conclude that RS-4Ds are suitable for densifying backbone

networks designed for studies of local and regional events.

INTRODUCTION

The choice of which seismic instrumentation to purchase for a
seismic network or field study is filled with trade-offs. Size, case
of deployment, power consumption, data format and storage,
cost, and performance of the sensor must all be taken into ac-
count. Of these, performance of the system in terms of noise,

doi: 10.1785/0220180251

dynamic range, and ability to recover true ground motion across
a broad range of frequencies may be the most difficult for
researchers to intuit and assess. However, the best-performing
sensors are not needed for all applications, which is advantageous
because sensor performance is often a direct trade-off with
sensor cost. Thus, to maximize use of available funds while still
accomplishing the goal of recording the seismic signal of interest
with acceptable fidelity, it is necessary for network designers and
rescarchers to understand how sensor performance is measured
and the meanings of the various metrics used to quantify this
performance. Additionally, data users must understand any lim-
itations in the fidelity of seismic waveforms that arise through
the performance of different sensors.

Recently, seismologists have begun rapidly exploiting rela-
tively low-cost, easily deployable geophone packages, referred to
as nodes, in temporary seismic deployments. The low cost of
nodes coupled with the ability to install the instruments quickly
has led to large numbers of sensors (> 100) being deployed in
spatially dense (< 200m station spacing) networks (e.g,
Schmandt and Clayton, 2013; Ben-Zion et al., 2015; Sweet et al.,
2018). In turn, this has enabled high-resolution imaging of the
shallow subsurface (e.g, Lin e al, 2013), reduced detection
thresholds of local seismicity (e.g, Hansen and Schmandk,
2015), and improved characterization of naturally occurring and
anthropogenic high-frequency (> 1 Hz) seismic noise sources
(e.g. Riahi and Gerstoft, 2015; Schmandt ez 4/, 2017).

Low-cost sensors may have additional utility in increasing
the spatial density of earthquake monitoring networks, includ-
ing earthquake early warning systems (EEWSs), monitoring of
wastewater injection sites, and aftershock deployments. Besides
enabling the detection and location of smaller events, this addi-
tional instrumentation has the potential to improve EEWSs by
reducing the spatial area near the earthquake epicenters that
would receive no warning before extreme ground motion
(Kuyuk and Allen, 2013). However, despite having acceptable
high-frequency sensor performance to capture these local
events (Ringler ez al., 2018), the current nodal sensors used
by the seismological community are likely not suitable for
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A Figure 1. A Raspberry Shake 4D (RS-4D) (upper-left inset) compared to the
equipment used in a typical U.S. Geological Survey (USGS) aftershock deployment.
Both systems incorporate a seismometer, three-component accelerometer, 24-bit
digitizer, and timing information. However, the RS-4D is more than an order of mag-

nitude less expensive.

long-term monitoring applications because of their relatively
short battery lives (~1 month), the inability to transmit data
in real time, and the clip level being lower than required for
near-source recordings. Instead, the recently developed OSOP
Raspberry Shake (Fig. 1) and other low-cost microelectrome-
chanical systems (MEMSs) accelerometer packages have been
proposed as candidate low-cost (< 1000 U.S.) sensor and digi-
tizer packages for densifying earthquake monitoring networks
because they use an external power source and are designed to
transmit near-real-time data (Evans ez 4/, 2014).

Here, we evaluate the performance of three Raspberry
Shake 4D (RS-4D; v. 5) seismographs through a series of labo-
ratory tests at Albuquerque Seismological Laboratory (ASL).
For comparative purposes, these metrics are referenced to a typ-
ical US. Geological Survey (USGS) aftershock station, which
we note is more than an order of magnitude more expensive.
Although our findings are recapped in the Summary of Instru-
ment Performance section at the end of the article, here we
describe how and why these tests are performed. We addition-
ally estimate local earthquake magnitudes in Oklahoma with
both USGS aftershock deployment stations and public data
from personal Raspberry Shakes deployed in the state. Our goal
is to provide seismologists with the information necessary to
determine if the RS-4D and similar sensors are suitable for use
in their networks and to explain how sensors are evaluated in
laboratory tests to yield information about our ability to
resolve ground motion.

USGS AFTERSHOCK DEPLOYMENT
VERSUS RS-4D

The instrumentation currently used in USGS aftershock
deployments is shown in Figure 1 and consists of a three-
component broadband seismometer (Nanometrics Trillium

2 Seismological Research Letters Volume XX, Number XX

Compact 120-s high-pass corner), a three-com-
ponent accelerometer (Kinemetrics EpiSensor
4g) for recording strong ground motion, a
24-bit digitizer (Ref Tek RT-130 digitizer), and
a Global Positioning System (GPS) antenna for
timing. Power is typically supplied by lead-acid
batteries connected to a solar panel (not pic-
tured), and real-time data transmission is often
achieved through a cell modem or wireless
router connecting to the landowner’s private
network. We note that on RT-130s, data may
also be stored locally on flash cards. The total
cost for a USGS aftershock station is a couple
tens of thousands of U.S. dollars.

In contrast, the sensors in the RS-4D
include a vertical-component 4.5-Hz geophone
with the corner frequency electronically ex-
tended to 0.5 Hz (e.g, Romeo, 2012) and a
three-component MEMS  accelerometer. The
internal digitizer is 24 bit, and the recorded
100-Hz data may be stored cither locally on
a flash drive and external Universal Serial Bus (USB) memory
stick or transmitted in near-real time (4-Hz packet transfer
rate) through a local network in miniSEED (Seismic Exchange
for Earthquake Data) format (Ahern e 4/, 2009). The RS-4D
also uses this network connection to provide time stamping of
the data using network timing protocol (NTP), although an
optional GPS antenna may be purchased separately to provide
a pulse per second timing signal (see Data and Resources for
link to Raspberry Shake technical specifications). Out of the
box, power is supplied by a transformer that converts alternat-
ing current (AC) power from a typical wall outlet to 5-V, 2.5-A
(12-W) direct current power channeled through a micro USB
port. Although it would be possible to power and provide
continuous data from the RS-4D in remote environments,
the sensor was designed to be installed within infrastructure
with reliable network connectivity and AC power. The cost of
an RS-4D ranges from a few hundred to approximately $1000
U.S. depending on whether a GPS antenna and all-weather
enclosures are purchased for the unit.

LABORATORY TESTS AND RESULTS

Self-Noise

All seismometers and digitizers generate internal noise through
both their electronics and thermally induced motion of the
masses (e.g., Aki and Richards, 2002). This noise is frequency
dependent, often increasing drastically at lower frequencies
(e.g., Sleeman er al., 2006), and defines the lower limit of
ground motions that can be detected by the instrument. Signals
falling well below (> ~5 dB) the self-noise level of an instru-
ment will not be recorded, and signals with similar amplitudes
as the self-noise level will be recorded with poor fidelity and
become difficult to decipher. Thus, it is imperative that seis-
mologists choose instrumentation that has self-noise levels well
below the signal of interest. Additionally, reasonable care
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With the exception of the ~0.1- to 0.2-Hz
secondary microseism peak (e.g., Peterson,
1993) and narrowband sources of high-fre-
quency energy at 9 and 18 Hz, ambient ground
motion in the surface vault falls below the self-

noise level of the RS-4D geophone and is not

—RS4D geophone self-noise
RS4D geophone PSD
— Trillium compact PSD
— Trillium compact self-noise |-
—STS-2 PSD

recorded (Fig. 2a). Furthermore, because the
secondary microseism peak during this time

window only exceeds the self-noise level of the

geophone by ~3 dB, the self-noise of the sensor
contributes to the PSD estimate in this band.
This results in overestimation of secondary
microseism amplitudes relative to the reference
STS-2. In contrast, the Trillium Compact re-
cords nearly identical ground motions as the

___________________________________________ —RS4D MEMS self-noise/PSD |7
"""""" — EpiSensor self-noise
—STS-2 PSD

STS-2 from ~0.07 to 30 Hz because of the

much lower self-noise levels of this sensor.
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A Figure 2. Self-noise estimates of the (a) RS-4D vertical-component geophone
and (b) accelerometer using a six-hour time window and the methodology of Slee-
man et al. (2006). For comparative purposes, we included the power spectral den-
sity (PSD) estimates over the same six-hour window for a variety of collocated
seismic instruments, the median self-noise models for a Nanometrics Trillium Com-
pact (Ringler and Hutt, 2010), and a Kinemetrics EpiSensor (Ringler et al,, 2015), as
well as the new high- and low-noise models (NHNMs/NLNMs; Peterson, 1993).

should be taken to isolate the sensors from seismic and
nonseismic noise sources such as wind (e.g., Hutt ez al., 2017),
cultural noise (e.g., Anthony ez al, 2015), thermal variations
(e.g. Doody er al., 2017), and atmospheric pressure variations
(e.g, Wolin et al., 2015).

To estimate the self-noise of the RS-4D, we collocated three
of these sensors in a surface vault at ASL and used three-channel
correlation analysis (Sleeman ez 4/, 2006) over a six-hour time
period free from transient signals (e.g., people entering the vault,
earthquakes). This methodology assumes that true ground mo-
tion will appear as a coherent signal on the three RS-4Ds and
attributes incoherent signals as self-noise of the instruments. For
comparative purposes, we provide estimates of ambient ground
motion attained by collocating a broadband Streckeisen STS-2
attached to a Quanterra Q330 digitizer recording at 200 Hz
with the RS-4Ds. We note that a STS-2 recording on a Q330
has significantly lower self-noise levels than background ground
motion at ASL over the frequency band considered here (Ring-
ler and Hutt, 2010). Additionally, a Trillium Compact was col-
located with the sensors, and we provide the median self-noise
estimates of a Trillium Compact from Ringler and Hutt (2010).
The power spectral densities (PSDs) and self-noise estimates pre-
sented here are given in decibels (relative to 1 (m?*/ s*)/Hz) and
have been smoothed across 1/64th octave windows using the
algorithm from the Incorporated Research Institutions for
Seismology noise tool kit (Incorporated Research Institutions

for Seismology Data Management Center [IRIS-DMC], 2014).

Seismological Research Letters Volume XX, Number XX

A peak in both the self-noise and the PSD
of the RS-4Ds at 36 Hz is the result of internal
noise from the digitizer that is referred to as an
“idle tone” (Reiss, 2008; A. Rodriguez and B.
Christensen, written comm., 2017). We note
that carlier versions of the Raspberry Shake
tested at ASL exhibited lower frequency idle
tones between 0.2 and 5 Hz that were unique
to each unit. These lower frequency idle tones
should only be present on v. 4 and 5 of the
Raspberry Shake 1D (RS-1D), a sensor similar
to the RS-4D but without the MEMS accelerometers. Sensors
produced after mid-2018 should have the idle tone issue
resolved all together (B. Christensen, written comm., 2018).

Idle tones are not present on the MEMS accelerometer
because the high self-noise levels of these sensors exceeds the
idle tone noise by > 40 dB (Fig. 2b). Over the range of
1-20 Hz, self-noise levels of the RS-4D accelerometer exceed
those of the EpiSensor by > 65 dB, and no ambient ground

motion was recorded by these sensors while they were deployed

20 30

in our surface vault. The accelerometers failed to record a local
(< 10 km) Mp 1.7 event, and we roughly estimate that local
events below M 2.5 and regional (~100 km) events below
M 5.0 will not be recorded on the accelerometer channels

(e.g- Clinton and Heaton, 2002).

Dynamic Range and Clip Levels

While the self-noise levels of a sensor constrain the lowest pos-
sible ground motion a sensor can record, the highest possible
signal is bound by the clip level of the sensor. Together, these
two parameters define the dynamic range of the sensor. The
dynamic range (Dy) is typically reported in decibels at a given
frequency (f) and is calculated as:

A
Dp(f') = 20 logy, (A;g;))

in which A is the clip level amplitude and A4}y is the amplitude
of the noise floor at the frequency of interest. Because the
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INSTRUMENT RESPONSE

Obtaining measurements of ground motion in

physical units (i.c, displacement, velocity, or
acceleration) is essential for many seismological
applications. Because most modern seismic
equipment records signals in units of digital
counts, seismologists must be able to correctly
deconvolve the response of the instrument to at-
tain estimates of true ground motion. Any errors
in the instrument response will be directly propa-
gated to ground-motion estimates. General prac-
tice within the seismological community is to

. assume that the response of any individual sensor
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A Figure 3. Self-noise and clip levels for the RS-4D geophone and vertical accel-
erometer plotted in one-octave acceleration amplitudes as a function of frequency
(after Steim, 1986). For reference, the Peterson (1993) NHNMs/NLNMs are addi-
tionally plotted. At 1 Hz, the geophone has 130 dB of dynamic range, and the ac-

celerometer has 94 dB.

sclf-noise levels are estimated as an acceleration PSD and clip
levels are an amplitude measurement, all quantities are converted
to amplitudes. This is accomplished by integrating the PSD es-
timates over 1-octave bands and enables direct comparison with
the clip levels (Fig. 3, Steim, 1986; Clinton and Heaton, 2002).

We determine the clip levels of the RS-4D by bolting it to
an aluminum plate along with a 4-g Kinemetrics EpiSensor and
subjecting both instruments to strong motion. The clip levels
were then determined by observing the maximum velocity or
acceleration that the RS-4D could output. We found that the
geophone could reliably record velocities up to 22 mm/s and
that the accelerometers could record vertical accelerations up to
1 ¢ and horizontal accelerations up to 2 g. The discrepancy in
clip levels for the accelerometer components arises because the
RS-4D installed in a normal configuration always registers 1 ¢
of positive acceleration due to gravity. Thus, the 2-¢ accelerom-
eter can only sustain another 1 ¢ of positive acceleration before
clipping occurs. Assuming these minimum clip levels, we
arrived at a dynamic range at 1 Hz of 130 dB (~21.5 bits of
resolution) for the geophone, 94 dB (~15.6 bits of resolution)
for the vertical accelerometer, and 100 dB (~16.6 bits of
resolution) for the horizontal accelerometers.

For comparison, a Trillium Compact seismometer has a
slightly higher nominal clip level of 26 mm/s and a much larger
dynamic range of ~152 dB at 1 Hz. This larger dynamic range
is a direct result of the lower self-noise of the sensor. The EpiS-
ensor accelerometer typically used in USGS aftershock deploy-
ments has a user-selectable clip level of up to 4 ¢ and a specified
dynamic range of 155 dB. We note that the Advanced National
Seismic System (ANSS) requires accelerometers used in both
regional and urban monitoring stations to have a minimum
clip level of 3.5 ¢ (Advanced National Seismic System [ANSS]
Working Group, 2008).

is accurately described by the manufacturer-
specified nominal response (e.g, Templeton,
2017). Here, we derive the response of the
RS-4D from first principles with the goal of
observing both how accurately the nominal re-
sponse is characterized as well as how much
the response varies between individual sensors.

Typically, the response of seismic recording
systems is broken down into the broad catego-
ries of (1) a frequency-dependent amplitude and phase re-
sponse of the sensor as ground motion is converted into an
analog voltage and (2) a scalar conversion factor as this voltage
is converted into counts by the digitizer. The digitizer gain can
usually be determined with extreme accuracy (< 0.2%, An-
thony ez al., 2017) by inputting a precisely known voltage into
the digitizer and recording the output. However, this is not
easily accomplished on the RS-4D because the sensors and digi-
tizer are directly connected from the factory as a single, inte-
grated unit. Thus, we incorporate the digitizer gain into the
frequency-dependent amplitude response and report the sensi-
tivity in units of counts per m/s for the geophone and m/s* for
the accelerometer.

Because accelerometers generally have a flat response out
to 0 Hz (e.g, Evans er al, 2014) and the nominal high-
frequency corner is close to the Nyquist frequency of the Rasp-
berry Shake (50 Hz), we do not estimate the frequency-
dependent response of the MEMS accelerometers. To attain
the sensitivities of the MEMS accelerometers, we attached each
sensor to a box with precisely squared faces and flipped it over.
This inverted each axis of the accelerometer such that each com-
ponent observed an acceleration change of 2 g (e.g., Evans ez 4/,
2014). Because the value of g (9.79188087 m/s?) has been pre-
cisely measured at ASL by an absolute gravimeter, this method is
capable of performing absolute calibrations of accelerometers to
< 0.1% accuracy (Anthony ez 4, 2017). We tested all three
RS-4Ds and observed 1.5% variability in the sensitivity of
the nine components (Table 1). We found that our determined
sensitivities are systematically ~4.3% higher than the nominal
sensitivity reported by OSOP.

Unlike accelerometers, geophones and broadband seismom-
eters are not capable of recording variations in acceleration of 2 g.
Instead, the sensitivity of these instruments is often determined by
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A Figure 4. (a) An example of the 0.1- to 10-Hz shake table swept sinusoid test
used to determine the sensitivity, damping, and free period of the RS-4D geophone.
The waveforms here have been filtered between 0.3 and 2 Hz to isolate the corner
frequency of the RS-4D geophone (~0.5 Hz). (b) The response of the RS-4D is in-
verted for by minimizing its residual waveforms with a Nanometrics Trillium Com-
pact reference sensor, with a known response.

However, the high self-noise levels of the RS-
4D geophones obscure true microseism ampli-
tudes (Fig. 2a). To generate coherent signals well
above the self-noise levels of the RS-4D geophone,
we attach the sensor next to a Trillium Compact
on a vertical shake table and drive the table with a
constant velocity (0.015 m/s 0-to-peak) swept
sine wave (0.1-10 Hz, Fig. 4). The amplitude
and phase response of the geophone can be mod-
cled as a damped harmonic oscillator, which can
be described by its free period, damping ratio, and
sensitivity (i.e., gain or the conversion factor from
digital counts to m/s in the flat band of
the response; Romeo, 2012). We use a swept sine
input signal encompassing the corner frequency
of the geophone so that we can simultaneously
invert for these three parameters (Ringler
et al., 2018).

To process the shake table data, we select a
2-min window of data beginning 20 s before the
start of the shake test. We then remove the
nominal response of the reference Trillium
Compact (Templeton, 2017) using the nominal
parameters for the ObsPy deconvolution rou-
tine (Krischer ez 4/, 2015), apply a 5% cosine
taper to the signal, and bandpass filter from
0.3 to 2 Hz. The response of the reference Tril-
lium Compact has been previously calibrated
using an absolute gravity method and was found
to match nominal to < 1% (Anthony et al,
2017). Finally, we estimate the best-fit parame-
ters using the downhill simplex algorithm
(Nelder and Mead, 1965) to minimize the

collocating them with a reference sensor and subjecting both sen-
sors to coherent ground motion (e.g., Pavlis and Vernon, 1994).
For most broadband sensors, this can be readily accomplished in a
vault using secondary microseisms (e.g,, Ringler ez al, 2017).

residual between the waveforms of the Trillium Compact
and the Raspberry Shake geophone. This method is similar
to CALEX used in Wielandt and Zumberge (2013). Because

geophones are often critically damped, we used 0.707 as an ini-

Table 1
Instrument Response of Three Raspberry Shake Sensors as Determined through Testing at Albuquerque Seismological
Laboratory (ASL)
Raspberry Shake 4D Accelerometer Sensitivity Geophone Sensitivity Geophone Free- Geophone
Station Name (Counts/(m/s?)) (Counts/(m/s)) Period (Hz) Damping
Nominal 386,825 335,815,000 0.57 0.707
RB7A0 N: 400,600 331,383,000 0.55 0.792
E: 401,900
Z: 401,800
R5D49 N: 405,700 348,314,000 0.59 0.848
E: 402,600
Z: 406,500
R141E N: 401,400 329,623,000 0.57 0.809
E: 403,300
Z: 406,300
Accelerometer sensitivities are given for the north (N), east (E), and vertical (Z) components.
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pact but fall below the self-noise levels of the
RS-4D. Visually, the waveforms have excellent
coherence with slight deviations occurring
due to timing errors and noise on the RS-4D
as discussed in the following sections.

TIMING ACCURACY

Measuring accurate arrival times of seismic wave-
forms is of crucial importance in many seismo-

logical studies, such as locating earthquakes and
body-wave tomography. The internal NTP server
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on the RS-4D maintains accurate timing by con-
tinually correcting for the timing offsets between
itself and a reference clock (e.g., see Data and Re-
sources). Internal logs of these timing offsets ex-
amined on seismic stations within the South
Carolina Earth Physics Project network suggested
that NTP timing errors are generally below 20 ms
and are roughly symmetrically distributed about
0 ms (Frassetto et al., 2003).

As a first-order test of timing accuracy, we
collocated an RS-4D with a Nanometrics Titan

Time (s)

A Figure 5. (a) The P-wave arrivals of a regional (7.4°) M,, 4.6 event in Oklahoma
recorded at Albuquerque Seismological Laboratory (ASL) on a collocated 0SOP
RS-4D and Nanometrics Trillium Compact. The first phase arrival (P,) is labeled
for reference. (b) The S-wave arrival of an Mp 1.7 local event recorded on three
collocated seismometers in the surface vault of ASL. The Streckeisen STS-2 and
Trillium Compact were recording on a Q330 digitizer with timing accurate to
< 1 ms (Kromer, 2006). Red circles indicate samples from the RS-4D that appear
to have a one sample (10 ms) lag compared to the other instruments.

tial guess for the damping parameter. The initial guesses of
0.5 Hz for the free period and 335,815,000 counts/(m/s)
for the sensitivity were based off the nominal response for
the RS-4D provided by OSOP.

The results of the shake table test are shown in Table 1. Over-
all, we found that the sensitivity of three RS-4D geophones varied
by 5.7% and were within 4% of the OSOP-specified nominal sen-
sitivity. For comparison, two Trillium Compacts calibrated in a
similar fashion had a variability of 1.0% and deviated from the
manufacturer-specified nominal sensitivity by no more than
0.8% (Anthony ez al., 2017). All of the RS-4D geophones were
found to be slightly overdamped with a 7% range in damping
constants. Finally, the mean free period of the RS-4D geophone
was found to be 0.57 Hz with a range of 7%.

For most applications, the manufacturer-specified nomi-
nal response for the RS-4D will likely be sufficient. Figure Sa
shows several P-wave phase arrivals from a regional (7.4°)
M, 4.6 carthquake in Oklahoma recorded on both the refer-
ence Trillium Compact and an RS-4D at ASL using the RS-
4D nominal response. The waveforms from both sensors have
been bandpass filtered between 0.5 and 10 Hz to remove
longer period signals that are recorded on the Trillium Com-

6 Seismological Research Letters Volume XX, Number XX

accelerometer on an aluminum plate. Both instru-
ments were securely fastened to the plate, and the
Titan accelerometer was connected to a Q330
digitizer recording at 100 Hz with a known
GPS timing accuracy of <1 ms (Kromer,
2006). We then subjected the plate to a strong
(> lg), impulsive, vertical acceleration and com-
pared with the waveforms of the two sensors to
quantify any timing errors in the RS-4D. This test
was carried out 10 times over the course of
two days.

During these tests, we observed that the strong accelera-
tion signal on the RS-4D always lagged the signal recorded on
the Titan by two samples (20 ms). Although the magnitude of
this error agrees well with previous studies of seismic equip-
ment using NTP timing (Frassetto ¢z al., 2003), the consis-
tency of the lag is unique. We additionally analyzed
carthquake data from small (Mp < 2.0), local events around
ASL during a time period when the RS-4Ds were collocated in
a surface vault with an STS-2 and Trillium Compact as dis-
cussed in the Self-Noise section. Figure 5b shows ~1 s of data
windowed around the S-wave arrival of a local M 1.7 event
on 25 April 2018. There are several occurrences during the
arrival of larger amplitude signals when the RS-4D appears
to begin lagging the other instruments by a sample (~10 ms,
red circles). We suspect that these lags arise when larger loads
on the Raspberry Pi board cause delays in evaluating the timing
offsets with an N'TP reference server. However, we are unable
to isolate the origin of these discrepancies (i.e., determine
whether they are produced by the sensor, digitizer, or both).
We anticipate that recorded arrival times of seismic phases on
Raspberry Shakes may be systematically delayed by up to 20 ms
depending on the amplitude of the phase.
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Information Center (NEIC). In total, we proc-
essed 6973 event—USGS station pairs and 3548
event—Raspberry Shake pairs.

To estimate M for cach event-station pair,
we begin by selecting a I-min time window
beginning 5 s before the origin time. We then
remove the instrument response and convolve
the resulting ground motion with the response
of aWood-Anderson seismometer following the
methodology of Borman (2013). Additionally, a
signal-to-noise ratio (SNR) is calculated by per-
forming an identical procedure for a 1-min time
window beginning 2 min before the event origin

time. Finally, M is calculated as

. M 20
® M25

i M. 3.0

M_3.5
M_4.0

M1 = log,y(x) + 1.11log,,(r)
+ 0.00189r — 2.09,

in which x is the largest displacement in nano-

ALl events
M > 3.0

Probability

2 -1 0 1
Misfit (station M -NEIC M)

Misfit (station M, -NEIC M, )

A Figure 6. (a) USGS aftershock seismic stations (green triangles) and Raspberry
Shakes (magenta triangles) that recorded local Oklahoma and Kansas earthquakes
(blue circles) between 1 January 2017 and 1 April 2018. Histograms of the misfit
between individual, vertical component station local magnitude (M,) estimates
compared with the reported National Earthquake Information Center (NEIC) M|
are shown for both the (b) USGS aftershock deployment stations and (c) Raspberry
Shakes as well as the standard deviation (st. dev.) of the misfits.

FIELD APPLICATION: REGIONAL EVENT
MAGNITUDE ESTIMATION IN OKLAHOMA

Methods

To evaluate how the Raspberry Shake geophone’s relatively
high self-noise levels could impact characterization of local
events, we compute local earthquake magnitude (M) using
seismic stations throughout Oklahoma. Oklahoma stations
were selected because this region has recently become one of
the most seismically active areas in the United States (e.g., Ker-
anen et al., 2014), and several hobbyists in the state have re-
sponded by installing personal Raspberry Shake seismographs.
Regional earthquakes from all 17 USGS aftershock stations in
Oklahoma (network code GS; Albuquerque Seismological
Laboratory/US. Geological Survey [ASL/USGS], 1980),
and 23 privately operated Raspberry Shakes (RS-1Ds and
RS-4Ds) between 1 January 2017 and 1 April 2018 were an-
alyzed (Fig. 6a). We use all events within 1.5° of each station
with M = 2.0 as reported by the USGS National Earthquake

Seismological Research Letters Volume XX, Number XX

All events
My > 3.0

meters measured on the vertical component of
the event time window and 7 is the hypocentral
distance in kilometers. We note that this calcu-
lation is traditionally carried out on the horizon-
tal components, but this is not possible with the
Raspberry Shake 1Ds and 4Ds because they only
have a vertical-component geophone. We antici-
pate that this difference will result in M7 esti-
mates that are systematically ~0.3 lower than
the NEIC estimates, because local events have
been observed to have roughly twice as much
ground acceleration as the vertical (e.g., Kalkan
and Graizer, 2007). However, when evaluating
if noise is influencing this measurement, we
are more interested in the standard deviation
(st. dev.) of the observations, which is unaffected
by this constant. Finally, for each event, we rec-
ord the difference between the M| estimated from each GS sta-
tion or Raspberry Shake and the NEIC’s reported M
(Fig. 6b.c).

RESULTS

For the full-event catalog, including events as small as M7 2.0,
the median misfit (station M| -NEIC M) and 1o st. dev.
is —0.25 £ 0.42 for Raspberry Shakes and —0.30 = 0.32 for
GS stations (Fig. 6b,c). A median misfit > —0.3 and a larger
st. dev. for the Raspberry Shake stations indicate that magni-
tude estimates from Raspberry Shakes tend to be slightly
higher and less consistent than estimates from GS stations.
However, if events of only M| > 3.0 are considered, the
median misfit and st. dev. for Raspberry Shake stations
(—0.36 £ 0.34) begin to approach the values reported for
GS stations (—0.33 % 0.30). We suspect that these observa-
tions can be attributed to the relatively high self-noise levels
of the Raspberry Shakes.
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A Figure 7. Median signal-to-noise ratios (SNRs) for USGS after-
shock deployments and Raspberry Shakes as a function of NEIC
local magnitude estimates. Station distances of 20-40 km (large
triangles) and 80-100 km (smaller triangles) from the event epi-
centers are plotted. An SNR of 2 (black line) is assumed to be
required to record the ground motion with high fidelity.

To test the hypothesis that the high self-noise levels of the
Raspberry Shakes could result in overestimation of earthquake
magnitudes, we plot median SNRs for both USGS aftershock
stations and Raspberry Shakes located at distances of 20-
40 km and 80-100 km as a function of NEIC M/ (Fig. 7).
To mitigate potential biases arising from limited observations,
we require a minimum of 10 SNR estimates at a given distance
and NEIC magnitude. We found that for both distance ranges,
the USGS aftershock stations always have a higher SNR for a
given magnitude event than the Raspberry Shakes. Assuming
an SNR of 2 (6 dB) is required to attain an estimate of true
ground motion not contaminated by instrument or local site
noise, a USGS aftershock station located at 20-40 km from the
epicenter of an carthquake would record an event as small as
My ~2.2 with high fidelity, but a Raspberry Shake would
require at least a M} 2.5. Similarly, at 80-100 km, a USGS
aftershock station can accurately record down to an My ~ 2.5,

but the Raspberry Shakes require a M 2.9.

DISCUSSION

Because the Raspberry Shake sensors are typically installed by
hobbyists in private residences, the local site amplification effects
are likely to be highly variable (e.g,, Safak, 1999). Thus, the ob-
servation that Raspberry Shake M1 misfits have a higher st. dew.
than USGS aftershock stations could be explained by the highly
heterogeneous locations in which these stations are installed.
However, this variability in local siting does not readily explain
the substantial drop in the st. dev. of misfits when only consid-
ering larger (M > 3.0) events. We instead attribute this obser-
vation, as well as lower SNRs recorded on the Raspberry Shakes,
to the higher self-noise levels of these sensors.

In particular, the idle tones of these instruments fall within
the “flat” region of a Wood—Anderson seismometer (e.g., Wang
et al., 1989) and will not be attenuated when estimating M7 .
Thus, carthquakes that fall below the idle tone noise of the
Raspberry Shakes will have the largest signals corresponding to
instrumentation noise as opposed to actual ground motion.

8 Seismological Research Letters Volume XX, Number XX

When automatically picking the largest amplitude signals
within a time window around an event, this results in overesti-
mation of the magnitude of these events. Recent updates to the
Raspberry Shakes to eliminate the idle tone (RS-1D v.7, RS-3D
v.5, RS-4D v.6; Branden Christensen, written comm., 2018)
should resolve this issue.

The 0.2- to 5-Hz idle tones found on the carly versions of
the RS-1D are particularly problematic, because they addition-
ally fall below the corner frequency of local earthquakes (e.g., Shi
et al., 1998). For low-SNR events, this idle tone noise will
artificially amplify the true ground-motion signal at the idle tone
frequency in a manner similar to the secondary microseism ob-
servations shown in Figure 2a. This will again result in overesti-
mation of earthquake magnitude for small-amplitude signals.
We note that this systematic overestimate of earthquake mag-
nitude only occurs when the SNR is low and that larger events
(M > ~3.0at 100 km) should still be recorded with high fidel-
ity. This explains why both the st. dev. and median estimate of
My for the Raspberry Shakes become more consistent with GS

stations when only considering these larger events (Fig. 6c).

SUMMARY OF INSTRUMENT PERFORMANCE

Overall, we found that the RS-4D performed within the spec-
ifications as described by OSOP. The sensitivity of both the geo-
phone and accelerometers was easily within the manufacturer’s
specification of 10%, and with the exception of a few acceler-
ometer axes, all components were within 5% of nominal. We
did observe that the nominal sensitivities of the accelerometers
were systematically ~4.3% too low, which would result in slight
overestimates of ground acceleration when using the response
provided by OSOP. Although these errors in response are four
to five times larger than we observed for the instrumentation
used in USGS aftershock deployments (Anthony ez al., 2017),
we anticipate this accuracy will be acceptable for densification of
local and regional earthquake monitoring networks. We addi-
tionally note that the higher frequency (> 1 Hz) signals that
these sensors are targeted at recording may be altered by >> 5%
by local site amplification (e.g,, Phillips and Aki, 1986), and this
variability in the instrument sensitivity could be insignificant
when analyzing earthquake data.

With a reliable network connection, we observed timing
errors no greater than 20 ms. These errors typically manifested
as a systematic lag during the arrival of large amplitude seismic
phases. These lags could prove problematic when correlating high-
frequency waveforms between individual shakes or measuring
changes in arrival times of phases across a very dense network.
However, P-wave travel-time residuals for regional events recorded
on relatively dense networks often exceed 0.5 s even when using a
regional velocity model (e.g.,, Darold ez 4/, 2015). We thus expect
unmodeled variations in velocity caused by local geologic structure
will play a much larger role in timing errors when locating events
than the < 0.02s lag introduced by NTP timing.

The largest drawbacks to the RS-4D are the relatively high
self-noise levels of the instruments. The geophones have similar
self-noise levels as the Kinemetrics EpiSensors used in USGS
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aftershock and ANSS deployments and therefore are expected to
have similar abilities to characterize earthquakes as these sensors.
The MEMS accelerometers have such high noise levels that they
will likely only record local (~10 km) events of M > 2.5 and
regional (~100 km) events of M > 5.0. The main benefits of
upgrading from the RS-1D to the RS-4D are the ability to rec-
ord strong ground motion on the horizontal components and
attain on-scale recordings of large (M > ~6), local events.

In general, ambient seismic background noise will not be
accurately recorded by the Raspberry Shake geophones, with
the exception of extremely noisy environments (e.g., volcanoes,
near-coastal installations). Over the three months that we had
an RS-4D installed in the surface vault, we found that we were
only able to identify the surface waves on the geophone of tele-
seismic earthquakes of ~M 6.5 or greater. Thus, Raspberry
Shakes are not suitable for studies using ambient seismic noise
or teleseismic events.

Instead, the RS-4D and its derivatives are much better
suited for the characterization of local and regional events. To
assess the potential of Raspberry Shake sensors to be integrated
into regional networks, we compared individual station esti-
mates of local earthquake magnitudes in Oklahoma using both
USGS aftershock deployments and privately operated Raspberry
Shakes within the state. We found the higher self-noise levels of
the Raspberry Shakes, in particular the idle tones found on car-
lier versions, likely contributed to slight overestimates of local
carthquake magnitudes for small (M} < 3 events). For events
larger than M7 3, the variability in magnitude estimates for the
Raspberry Shakes is very similar to USGS aftershock deploy-
ments. We conclude that the low cost of such sensors combined
with their ease of installation and transmission of near-real-time
data should make them an ideal candidate for use in densifica-
tion of seismic networks designed to identify and characterize
local and regional events. However, it is important for network
operators to understand the relative performance and drawbacks
of these stations compared with broadband sensors.

DATA AND RESOURCES

All laboratory data were collected at the US. Geological Survey
(USGS) Albuquerque Seismological Laboratory (ASL/USGS,
1980) and are available through the Incorporated Research Insti-
tutions for Seismology (IRIS) Data Management Center under
network code GS. All Raspberry Shake data from Oklahoma are
freely available and were downloaded from https://fdsnws
.raspberryshakedata.com (last accessed April 2018). Additionally,
the IRIS nominal response library is available at http://
www.iris.edu/NRL (last accessed March 2018). All MATLAB
(www.mathworks.com/products/matlab, last accessed May 2018)
and ObsPy (Beyreuther ez 4/, 2010) codes used in this analysis
is freely available on GitHub (https://github.com/reanthony-
usgs/Raspberry_Shakes, last accessed October 2018). Raspberry
Shake technical specifications may be found at https://manual
.raspberryshake.org/specifications.html#techspecs (last accessed
August 2018). Network transfer protocol is available at www
.ntp.org (last accessed March 2018). BY
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