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Abstract The recent development of low-cost citizen seismometers has opened new avenues for earth-
quake analysis. We explore the integration of Raspberry Shake citizen seismometerswith the national GeoNet
seismic network to improve the precision of earthquake locations in Wellington, New Zealand. We use a
dataset of 19 earthquakes betweenmagnitudes 1.1 and 3.5 and between hypocentral distances of 22 km and
102 km. Our findings demonstrate that using Raspberry Shake seismometers in conjunction with the GeoNet
network is effective for both the locating and characterisation of earthquakes. Notably, we find that precise
station locations are less critical for precise earthquake location, a significant factor given that the publicly
available Raspberry Shake locations are obfuscated to protect user privacy. These results suggest that, de-
pendent on network geometry, citizen seismometer data can be a valuable tool in seismic monitoring and
improve earthquake location capability, whilst remaining cost-effective.

1 Introduction
In recent years the advent of low-cost and low-
maintenance seismic sensors has enabled citizen
scientists to record seismic data at their homes. Of
particular note is the “Raspberry Shake” (RS) family of
seismometers, which at the time of writing has more
than 2000 seismometers active around the globe. Rasp-
berry Shake seismometers areminiature (140×135×60
mm for the RS4D) but powerful publicly available seis-
mometers powered by Raspberry Pi hardware (Upton
and Halfacree, 2016) that connect to a global seismic
network (https://www.raspberryshake.org). The inten-
tion of the project is to improve global earthquake
detection at a low cost ($550–$1100 USD). RS currently
markets three models of seismic “shake” devices: the
RS1D sensormeasures the vertical component of veloc-
ity, the RS3D sensor measures all three components of
velocity, and the RS4D sensormeasures vertical velocity
and all three components of acceleration. A fourth
device, the Raspberry Boom, contains an infrasonic
sensor to measure acoustic signals, and the RS&BOOM
incorporates the features of both a RS1D and Raspberry
Boom. The RS network has been utilised for a variety
of applications, including the monitoring of rockfall,
and icequakes, and identification of buildings subject
to high levels of shaking (Manconi et al., 2018; Özcebe
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et al., 2022; Winter et al., 2021). It has also proved to
be a highly effective education and outreach tool (e.g.,
Subedi et al., 2020)

RS seismometers pose a set of challenges for locating
earthquakes. Unlike traditional seismometers that are
installed in contact with the ground and in locations
where there is little noise that could interfere with
earthquake signals, RS installation is unregulated
and chosen at the user’s discretion. A RS located
within a household is subjected to local signals such
as washing machines which can confound recordings
of earthquake signals. A RS may be installed attached
to flooring or furniture, and thus not directly measure
ground shaking at that location. The commonly used
RS4D sensors have relatively high levels of self-noise
through their internal electronics across a frequency
range of 0.05–30 Hz, which can mask smaller signals
and contribute to overestimation of earthquake mag-
nitudes (Anthony et al., 2019). Another challenge with
using RS data for earthquake locations is that publicly
available seismometer positions are obfuscated by up
to 1 km to protect user privacy. For each of the RS
seismometers employed here, the precise location had
been recorded during the network deployment, so
we were able to locate earthquakes using the correct
sensor locations. Notwithstanding these challenges,
several studies have investigated the applicability of
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Figure 1 The seismic network in the Wellington region showing the permanent national GeoNet network (blue and orange
triangles), and the citizen science Raspberry Shake network (red hexagons) used in this study. GeoNet earthquakes from
2022-12-01 and 2023-12-01 are shown in blue and sized by magnitude. Black lines denote active faults (Langridge et al.,
2016) and the inset shows the study area in New Zealand.

RS seismometers to seismological research, and have
concluded that they are capable of reliably estimat-
ing earthquake magnitudes (Anthony et al., 2019),
detecting and locating both local earthquakes (Subedi
et al., 2024) and large-magnitudemainshock-aftershock
sequences (Calais et al., 2022; Paul et al., 2023), mon-
itoring volcanic eruptions (Balangue-Tarriela et al.,
2022) and induced geothermal seismicity (Holmgren
and Werner, 2021). RS seismometers have also been
used for less conventional seismological investigations
such as monitoring African elephants (Lamb et al.,
2021) and criminal forensics (Hinzen et al., 2022).

Earthquakes in New Zealand are routinely detected
and located by GeoNet, using a national network of
seismometers (GNS Science, 2024; Petersen et al.,
2011). However, the installation and maintenance of
this high-quality seismic network is expensive so the
national seismic network is relatively sparse, with an
average spacing of approximately 30 km in the North
Island of New Zealand. In the Wellington region,
there are 20 evenly distributed GeoNet seismometers
(Figure 1, triangles). These GeoNet seismometers are
a combination of both short period sensors (Lennartz
Electronic LE-3DliteMkIII) and broadband (Streckeisen
STS-6A VBB, Güralp CMG-3ESP, Nanometrics Trillium
Horizon TH120-1). In this study, we used data from a
high-density network of RS4D sensors in Wellington,

New Zealand, to investigate whether these instru-
ments can supplement the national seismic network
in the detection, location, and characterisation of low-
magnitude earthquakes. The CRISiSLab research team
at Massey University, Wellington, implemented this
RS seismometer network to explore the feasibility of
generating Earthquake Early Warnings using low-cost
MEMS-based sensors (Prasanna et al., 2022; Chan-
drakumar et al., 2023). This network is entirely hosted
in private homes as part of a community engagement
initiative. The locations of the RS seismometers are
selected based on historical seismic activity recorded in
and around the Wellington region over the past twenty
years to generate alerts primarily for the residents of
Wellington City. The deployment of this network is
guided by responses from a social media campaign
conducted among the Wellington community, reflect-
ing public willingness to participate. In our study, the
RS network was utilised to determine the locations of
earthquakes, assessing its potential to complement
the existing national seismic network. The intro-
duction of these sensors to the pre-existing GeoNet
network increases our combined network to 42 sensors.
We focus here on a swarm of earthquakes detected by
GeoNet beneathWainuiomata (Figure 1). We determine
earthquake locations using different configurations
of the network: GeoNet stations alone, a combined
network of GeoNet and RS stations, and a combined

2 SEISMICA | volume 4.1 | 2025



SEISMICA | RESEARCH ARTICLE | Citizen science seismometers: case study from New Zealand

Figure 2 A waveform comparison for a) earthquake
2023p928723 (MLv 1.4) and b) earthquake 2023p923809
(MLv 3.5), both located near Wainuiomata. Both waveforms
have a 1.5 Hz highpass filter applied. Top panels shows RS
seismometer RFE44, 33 km away, and the bottom panels
shows GeoNet seismometer CAW, 36 km away. The RS seis-
mometer clearly shows a lower signal to noise ratio for the
smallermagnitude earthquake (a), while the signal to noise
ratio is high for both theRSandGeoNet seismometers in the
larger magnitude earthquake (b).

network of GeoNet and obfuscated RS stations. We
analyse the best-fit hypocenters and the associated
probability density functions for each earthquake, as
well as calculating focal mechanism solutions, with
different configurations of the network to assess the
performance of Raspberry Shake seismometers as a
complementary network to the national network.

2 Data andmethods

The network used in this study consists of the pre-
existing short-period and broadband GeoNet network
(Petersen et al., 2011) over the greater Wellington
region and northern South Island. The study area is
between the latitudes of –40.5◦ and –41.6◦, and be-
tween the longitudes of 173.5◦ and 176.5◦, and between
depths of 0 km and 40 km. Raspberry Shake seismome-
ters within the study area were used to augment the
permanent GeoNet network, expanding the network
from 20 stations to 42 stations (Figure 1). These RS
seismometers used the Network Time Protocol (NTP)
and were predominantly installed on the floors of
single-level homes. The 20 GeoNet stations in the
network are distributed with spacings of 15–50 km, and
all stations are on land. The nature of the RS network

comprising citizen seismometers renders the spacing
of stations irregular and concentrated in the more
populated urban areas. 36% of the RS seismometers
within our network lie within the bounds ofWellington
City, where only one GeoNet station (WEL) is located
(Figure 1).

We used waveform data from each station from 2023-
12-07 00:00:00 UTC and 2023-12-13 00:00:00 UTC. With
all available RS seismometers being equipped with a
vertical velocity sensor, all picks on both RS and GeoNet
waveforms were made on the vertical component. We
used the Snuffler toolbox from Pyrocko (Heimann et al.,
2019) to manually pick P- and S-wave arrival-times and
first-motion polarities across the network. Picks were
only made on stations where the arrival-time could be
identified with confidence, based on analyst experi-
ence. Poor signal-to-noise ratios made picking on RS
waveforms more challenging than on GeoNet stations,
particularly for small (M<2) magnitude earthquakes
(Figure 2a). However for larger earthquakes the signal
on RS seismometers is clear (Figure 2b). All picks were
madewithout filtering, then stationswith no pickswere
reviewed with variable bandpass filtering. Picks were
thenmanually associatedwith each unique earthquake.

To examine the effect of using obfuscated sensor
locations on earthquake locations, we located the same
catalogue of earthquakes with the publicly available
RS station locations. Through checking residuals,
we were able to identify anomalous picks and either
remove or reassess the pick, and were able to verify
that picks made on obfuscated RS stations were usable
for locations (Figure 3). Hypocenters were computed
using NonLinLoc, a non-linear earthquake location
programme (Lomax et al., 2000), with the IASP91
velocity model (Kennett and Engdahl, 1991) used by
GeoNet for routine earthquake locations nationwide.
We use a pick uncertainty of 0.5 s for both P- and
S-wave picks on both sensor types. Once hypocenters
had been computed, focal mechanism solutions were
calculated using MTFit (Pugh and White, 2018) and
first-motion polarities, with the azimuths and take-off
angles obtained with NonLinLoc.

3 Results

The final catalogue consists of the 19 earthquakes
detected by GeoNet in the Wellington region between
2023-12-07 00:00:00 UTC and 2023-12-13 00:00:00 UTC,
located with both RS and GeoNet stations (Figure
4). Hypocentral probability density functions (PDFs)
were calculated for each earthquake using: 1) GeoNet
stations alone, 2) the combined network of GeoNet
stations and precise RS station locations, and 3) the
combined network of GeoNet stations and publicly
available obfuscated RS station locations. A total
of 651 arrivals (388 P-picks, 262 S-picks) were used
to create the catalogue. 235 of the total picks (146
P-picks, 89 S-picks) were made on RS stations, and
416 picks (242 P-picks, 174 S-picks) were made on
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Figure 3 A comparison of travel-time residuals for earthquakes when using GeoNet stations alone (gold), the combined
network of GeoNet stations and RS stations with precise locations (blue), and the combined network of GeoNet stations and
obfuscated RS stations (red).

Figure 4 Hypocentral PDFs of earthquakes in the catalogues located using GeoNet stations (gold) and the combined net-
work of GeoNet stations and RS stations with precise locations (blue). The black line illustrated in the A–A’ and B–B’ vertical
cross-sections represents the interface between the subducting Pacific plate and Australian plate (Williams et al., 2013).

GeoNet stations. The earthquake with the largest
number of picks was GeoNet earthquake 2023p923809
(https://www.geonet.org.nz/earthquake/2023p923809)
with 37 P-picks (18 RS, 19 GeoNet) and 35 S-picks (19 RS,
16 GeoNet). The mean number of RS stations used per
earthquake was 7, and for GeoNet stations it was 12.

We explored the quality of the NonLinLoc earthquake
locations using the distribution of the PDFs, 1σ depth
uncertainty, and the dimensions of the 1σ horizontal
uncertainty ellipse for each earthquake. The lengths of
the long and short axes were used to describe the un-
certainty ellipse and indicate the non-spherical nature
of the location uncertainties. We sampled 10000 scatter
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Figure 5 A comparison between earthquake location
uncertainties for earthquakes 2023p923809 (top) and
2023p920082 (bottom), both beneath Wainuiomata, when
using the GeoNet network (orange) and the combined
network of GeoNet station and RS stations with precise
locations (blue). Scatter points denote probability distri-
bution. Cross sections show the modelled surface of the
subducting Hikurangi slab (Williams et al., 2013).

points from the PDF to visualise the uncertainty cloud
(Figure 4). A widespread scatter represents a poorly
constrained earthquake, while tight scatter represents
a well-constrained earthquake (Lomax et al., 2009).

We located the five GeoNet archived earthquakes
in the Wainuiomata cluster with a range of GeoNet
local magnitudes measured on the vertical component
(MLv) of 1.2–3.5. The earthquakes were located using
GeoNet stations alone, and with the combined network
of GeoNet stations and RS stations with precise loca-
tions. When located with the combined network, the
uncertainty ellipse associated with the MLv 3.5 earth-
quake (www.geonet.org.nz/earthquake/2023p923809) is
±1.4 km in the long axis and ±1.1 km in the short axis,
with a depth uncertainty of ±1.1 km (Figure 5a). This
earthquake was located with 37 P-picks and 35 S-picks.
When located with GeoNet stations alone (19 P-picks
and 16 S-picks), the uncertainty ellipse is ±1.6 km in
the long axis and ±1.4 km in the short axis, with a
depth uncertainty of ±1.4 km. In comparison, the un-
certainty ellipse of a nearby (3 km away) MLv 1.2 earth-
quake (www.geonet.org.nz/earthquake/2023p920082) is
±2.4 km in the long axis and ±1.6 km in the short axis,
with a depth uncertainty of ±2.0 km when located with
the combined network (Figure 5b). This earthquake
was located with 12 P-picks and 10 S-picks. When
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Figure 6 A comparison between earthquake location un-
certainty for earthquake 2023p922973 when using the
GeoNet network (orange) and the GeoNet and RS combined
network (blue). Scatter points denote probability distribu-
tion. Cross sections show the modelled surface of the sub-
ducting Hikurangi slab (Williams et al., 2013).

located with GeoNet stations alone, with 8 P-picks
and 6 S-picks, the uncertainty ellipse is ±3.7 km in
the long axis and ±1.9 km in the short axis, with a
depth uncertainty of ±3.5 km. Both earthquakes see an
improvement in location confidence with the addition
of RS stations, regardless of the magnitude of the
earthquake. The mean reduction of uncertainty over
all five earthquakes in the cluster is 12% in the short
axis, 16% in the long axis, and 26% in depth uncertainty.

Weexplored the variation inhypocentral location and
PDF distribution of an earthquake located beneath the
south coast ofWellington (Figure 6). ThisMLv 2.2 earth-
quake (www.geonet.org.nz/earthquake/2023p922973)
was located with 17 GeoNet P-picks, 13 GeoNet S-picks,
15 RS P-picks, and 8 RS S-picks. The uncertainty ellipse
when located with the combined network is ±2.0 km
in the long axis, ±1.8 km in the short axis, with a
depth uncertainty of ±1.2 km. When located with
GeoNet stations alone, the maximum uncertainty is
±2.7 km, minimum uncertainty is ±1.8 km, and depth
uncertainty is ±2.8 km. This shows that the inclusion
of RS data significantly improves the location accuracy
for this earthquake.

The hypocenter location and uncertainty of the same
earthquake is only slightly altered by the use of the
GeoNet network in conjuction with the RS network
with obfuscated locations, as opposed to true locations
(Figure 7). With the combined network of GeoNet
stations and obfuscated RS stations, the uncertainty
ellipse of the earthquake is ±2.1 km in the long axis,
±1.8 km in the short axis, with a depth uncertainty of
±1.2 km.

Focal mechanism solutions could be computed for
seven of the 19 earthquakes located. Two of these
earthquakes yielded a focal mechanism solution with
data from both the combined network and the GeoNet
network alone. Five earthquakes yielded focal mecha-
nism solutions only when using the combined network.
A total of 98 polarity picks were used to create focal
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Figure 7 A comparison between earthquake location un-
certainty for earthquake 2023p922973 when using the
GeoNet and RS combined network with precise RS station
locations (blue) and obfuscated RS station locations (red).
Cross sections show the modelled surface of the subduct-
ing Hikurangi slab (Williams et al., 2013).

mechanisms, 64 of these determined from GeoNet
waveforms and 34 from RS waveforms. The earthquake
with the most polarity picks was GeoNet earthquake
2023p923809 (MLv 3.5) with 14 GeoNet picks and 16
RS polarity picks. Focal mechanism solutions using
GeoNet stations alone and the combined network were
obtained for two earthquakes in the Wainuiomata
cluster (Figure 8). These focal mechanisms revealed
predominantly NE–SW-orientated normal faulting.
The RS polarity picks are consistent with those from
GeoNet stations and maintain the general geometry of
the focal mechanism, however the increased density of
data points better constrains the nodal planes.

4 Discussion

In this study, we aimed to evaluate whether Raspberry
Shake seismometers can complement the national
seismic network for earthquake location and charac-
terisation. We used one week of seismic data from
a network of 20 GeoNet stations and 22 RS stations
in the Wellington region to locate 19 earthquakes of
magnitudes up to 3.5. We compared the location un-
certainties when located with the combined network to
those located with GeoNet stations alone. Additionally,
we compared hypocentral uncertainties when located
with precise RS station locations to those with publicly
available, obfuscated RS station locations.

By comparing the distribution of PDFs, 1σ horizontal
confidence ellipses, and depth errors associated with
earthquake locations, our testing finds the addition
of RS to the GeoNet network improves the accuracy
of earthquake locations. For each earthquake, the
PDF scatter clouds are more tightly clustered when
located with the combined network. Over our entire
catalogue, the mean reduction of uncertainty is 14%
on the long axes and 19% on the short axes of the
confidence ellipse with the addition of RS stations,
and the mean reduction in depth error is 20%. This is
attributed to the improved spatial coverage provided by

Figure 8 Focal mechanism solutions for earthquakes in
the Wainuiomata cluster produced using first-motion po-
larities from the Raspberry Shake stations (triangles) and
GeoNetnetwork (circles). Dilitational picks are inwhite, and
compressional picks are in red. Possible nodal planes are
shown in gray, the highest probability nodal plane is shown
in purple.

the addition of RS to the network, and can significantly
improve our understanding of these earthquakes. For
an earthquake located at 20 kmdepth beneath the south
coast of Wellington, we find a 56% reduction in the 1σ
depth uncertainty, likely attributed to the high density
of RS stations located nearby in Wellington City. The
PDF of the earthquake when located by GeoNet stations
alone intersects with the subsection interface, so there
is little certainty of the earthquake source mechanism.
The PDF cloud of the combined network location is
entirely above the subduction interface, constraining
the earthquake to the upper plate (Figure 6).

We also compared the amplitude of earthquake ar-
rivals at both the Raspberry Shake and GeoNet sensors
after removing individual instrument responses. This
showed that for comparable hypocentral distances, the
amplitudes measured at Raspberry Shake sensors were
comparable to those at GeoNet sensors (Figure 9). This
suggests that Raspberry Shake sensors can also be used
to support the estimation of earthquake magnitudes
for local seismicity such as that shown in this study.
Finally, we investigated the viability of using RS stations
to constrain focal mechanisms. The comparatively low
signal-to-noise ratio in RS waveforms often makes it
difficult to obtain polarity picks, especially for low-
magnitude and distant earthquakes. Nevertheless,
when polarity picks can be successfully obtained, we
find the picks are consistent in polarity with those of
GeoNet stations, and that the addition of RS stations
refines the focal mechanism solutions (Figure 8). The
quality of a focal mechanism is influenced by both
the density and distribution of stations around the
hypocenter, where a variety of take-off angles and
azimuths can be obtained. Because the locations of RS
stations in the Wellington region are concentrated in
urban areas, the range of azimuths and take-off angles
is limited when an earthquake is located outside of the
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Figure 9 A comparison between amplitudes measured for four earthquakes on the vertical component of both Raspberry
Shake and GeoNet seismometers. This shows there is good agreement between different sensor types and that Raspberry
Shake can be used to estimate earthquake magnitudes.

RS network. However, the RS network complements
the GeoNet network, which offers a broader range
of azimuths and take-off angles, and provides dense
coverage in its respective area of the focal sphere. In
the instance of theWainuiomata cluster, the SE-dipping
nodal plane of the obtained focal mechanism solution
coincides with the cluster of stations inWellington City,
allowing for the plane to be better constrained with the
combined network (Figure 8).

GeoNet reported a moment tensor solution for earth-
quake 2023p923809 (Ristau, 2013). This solution was
obtained using seven GeoNet stations, and suggests
the earthquake occurred at a depth of 4 km based on
variance reduction (Figure 10b). The moment tensor
solution at this depth is a NE-SW-oriented reverse
mechanism. Our combined network locates the same
earthquake at a depth of 28 km with a NE-SW-oriented
normal mechanism (Figure 10a). Our assigned depth
approximately corresponds to a second peak in the
variance reduction curve reported by GeoNet and the
focal mechanism we obtain is similar to the GeoNet
moment tensor solution for the earthquake if it were to
have occurred at this depth (Figure 10b). This suggests
that the combined network has better constrained
the depth of the earthquake, changing the ray take-off
angles and improving the focal mechanism solution
for the earthquake. Disparities in velocity models and
methodology may further explain variations between
the routine GeoNet moment tensor solution and our
own.

4.1 Limitations

A limitation of using RS seismometers for earthquake
locating and characterisation is the unavailability of
precise station locations from the Raspberry Shake
FDSN. The distance that each station location is altered
is not publicly available, though understood to be
around 1 km. With our network, the median distance
that station locations are altered by is 0.9 km, with
a maximum of 6.8 km and a minimum of 0.2 km.
However, through comparing best-fit hypocenters
and PDFs of all earthquakes located by our combined
network with precise station locations and the same
earthquakes located with the obfuscated station lo-
cations available through the Raspberry Shake FDSN,
we find that the precision of the station location does
not significantly impact the best-fit location nor its
uncertainty. We illustrate this with an earthquake on
the south coast ofWellington (Figure 7), the hypocenter
location is only shifted by 0.03 km, and uncertainty
reduced by only 2%. This means that it may be possible
for other researchers to integrate RS data into their
analysis without knowing precise station locations,
though this will be dependent on network geometry
and earthquake location errors will be underestimated.

Despite the capability of improving earthquake loca-
tions and characterisation with a combined network, it
is important to consider the limitations ofRS seismome-
ters. RS arenot as robust as conventional seismometers;
the comparatively higher self-noise levels and limited
instalment regulation impact the overall quality of the
RS network. Obscured station locations further compli-
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Figure 10 a) Shows the focal mechanism solutions produced using first-motion polarities from the Raspberry Shake sta-
tions (triangles) andGeoNet network (circles) for earthquake 2023p923809. Dilitational picks are inwhite, and compressional
picks are in red. Possible nodal planes are shown in gray, the highest probability nodal plane is shown in purple. b) Shows the
variance reduction with depth for moment tensor solutions calculated by GeoNet (Ristau, 2013). This shows that at depths
which match the maximum likelihood hypocentre we calculate (dashed red line, 27.9 km), the moment tensor solutions are
in agreement with that shown in panel a.

cate their use for earthquake location if the uncertainty
in station locations exceeds the uncertainty in earth-
quake location. The devices are easily removed and de-
ployed elsewhere under the same serial number, so it
is important to check metadata for changes in site loca-
tions before using in analyses. Finally, when using RS
for earthquake analyses, proper practice should include
using vertical component data to remove any errors as-
sociated with possible horizontal component misorien-
tation, checking arrival-time residuals for anomalous
residuals that might suggest the true station location is
far away, and requesting site information.

5 Conclusions

Raspberry Shake seismometers are miniature but pow-
erful citizen seismometers powered by Raspberry Pi,
with the potential to improve seismic studies. We inves-
tigated the performance of the RS network in Welling-
ton, New Zealand at improving earthquake locations
and characterisation when integrated with the national
permanent GeoNet network. Our findings indicate that,
despite the lower sensitivity of the RS sensors, the com-
bined network improves both location certainty and fo-
cal mechanism solutions. Furthermore, while the pre-
cise locations of RS stations are obfuscated to protect
user privacy, this does not significantly compromise the
accuracy of earthquake locations. Ultimately we find
that with careful checking of metadata and data qual-
ity, researchers can effectively integrate RS data into
their seismic studies. Furthermore, incorporating cit-
izen seismic networks like RS to national seismic net-
works can improve our understanding of earthquake
dynamics.
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