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Abstract. Modern seismic ground-motion sensors have
reached an excellent performance quality in terms of dy-
namic range and bandwidth resolution. The weakest point
in the recording of seismic events remains spatial sampling
and spatial resolution, due to the limited number of installed
sensors. A significant improvement in spatial resolution can
be achieved by the use of non-conventional motion sen-
sors, such as low-cost distributed sensors arrays or position-
ing systems, capable of increasing the density of classical
seismic recording networks. In this perspective, we adopted
micro-electro mechanical system (MEMS) sensors to inte-
grate the use of standard accelerometers for moderate-to-
strong seismic events. In addition, we analyse high-rate dis-
tributed positioning system data that also record soil mo-
tion. In this paper, we present data from the 2016 Central
Italy earthquakes as recorded by a spatially dense prototype
MEMS array installed in the proximity of the epicentral area,
and we compare the results to the signal of local 1s GPS sta-
tions. We discuss advantages and limitations of this joint ap-
proach, reaching the conclusion that such low-cost sensors
and the use of high rate GPS signal could be an effective
choice for integrate the spatial density of stations providing
strong-motion parameters.

1 The 2016 Central Italy seismic sequence

In 2016 an important seismic sequence took place in the
Central sector of the Apennines belt, in the Italian peninsula
(Fig. 1). The seismic sequence struck the region close to the
towns of Norcia and Amatrice. The main shock events and

the triggered aftershocks were located along the central part
of the belt extending in NW-SE direction (Fig. 1). The first
main shock with an estimated magnitude of My, =6 (Tinti
et al., 2016), occurred at the 01:36:32 UTC of 24 August,
with epicenter located near the towns of Accumoli and Am-
atrice (Fig. 1). The seismic sequence was characterized by
numerous aftershocks. On 26 October an event of magni-
tude My, =5.9 (Tinti et al., 2016) shook again the central
Apennines with an epicenter located northwest of the previ-
ous main earthquake. A stronger event occurred on 30 Octo-
ber at 06:40:17 UTC, with a magnitude of My, =6.5 (Tinti
et al., 2016), with epicentre close to Norcia (Fig. 1). The
fault plain solutions of these three main shocks (http://cnt.
rm.ingv.it/tdmt, last access: 1 August 2019), exhibit normal
faulting consistent with the tectonic regime of the area (Gal-
adini et al., 2000). The Central Apennines are characterized
by a Quaternary NE-SW oriented extensional regime (Bon-
cio and Lavecchia, 2000; Mantovani et al., 2019). The kine-
matic pattern, inferred from the continuous GPS stations (e,g,
Cenni et al., 2012), confirms that these extensional tectonic
processes are still active. The horizontal GPS velocity field
shows that the Eastern Adriatic sector of the Central Apen-
nines moved significantly faster and more Easterly with re-
spect the inner Tyrrehnian sector, with consequent develop-
ment of extensional to transverse deformation in the axial
part of the belt. The 2016 central Italy sequence was recorded
by the Italian Seismic Network (RSN) and by the Accelerom-
eters National Network (RAN). The main shocks of the se-
quence, and in particular the shocks of 24 August and 30 Oc-
tober, were also recorded by a prototype MEMS low-cost
distributed array installed for research purposes (Boaga et
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al., 2018). Figure 2 shows the locations of the prototypal
MEMS array, of the continuous GPS stations (CGPS) and
of the Italian Seismic Network and Accelerometers Network
stations in the area struck by the seismic events. The GPS
sites shown in Fig. 2 are all equipped with a multi-frequency
geodetic instruments and the observations, acquired with a
30 s sampling rate, have been used to estimate the co-seismic
movements (e.g. Cheloni et al., 2016, 2017). Some authors
(Avallone et al., 2016; Xiang et al., 2019) have also esti-
mated the co-seismic dynamic displacements related to the
2016 main shocks analysing the observation acquired by the
CGPS stations in the epicentral area with a higher sampling
rate (< 1s). A low-cost GPS network (equipped with single
frequency instrument and they are not shown in Fig. 2) lo-
cated near the epicenter of the 30 October event provides im-
portant information about the propagation of slip from depth
on the surface rupturing (Wilkinson et al., 2017).

In this work, we compare the co-seismic displacements
field as estimated by the high rate 1Hz daily position time se-
ries of the CGPS (located at a distance smaller than 100 km
from the epicentres area) with the evidence collected by the
prototype MEMS low-cost distributed array. We restricted
ourselves to comparing the observation acquired by the clos-
est MEMS and GPS stations located near Foligno (Fig. 1),
in the relative far field of the seismic sequence, since some
authors (e.g. Avallone et al., 2011) suggest that a 1Hz-
sampling GPS site located in the near source of a moderate
magnitude event (M 6 class) can provides an aliased solution
about the co-seismic time series.

2 The low - cost distributed MEMS array

An efficient seismic wavefield recording is achieved if the
network has sufficient sensors dynamic range, frequency re-
sponse and spatial resolution (Evans et al., 2005). The first
two aspects can be tackled by the installation of modern
seismographs with very large dynamic range (> 120dB) and
broadband response (1072 to 10? Hz). The weak point in
the experimental seismic response analysis still remains the
limited number of sensors installed throughout the territory.
Densely distributed arrays would lead to better earthquake
localization and local seismic response definition, but the use
of high-quality sensors makes this option prohibitively ex-
pensive, in terms of both purchase and maintenance costs.
An alternative approach can be based on the use of cheaper
sensors such as Micro Electro-Mechanical Systems sensors
known as MEMS (Fleming et al., 2009; Evans et al., 2014).
Analogic and digital MEMS technology has proven to reach
a performance efficient enough to be adopted as ground mo-
tion accelerometers for moderate (M >4) to strong seismic
events (D’Alessandro et al., 2014; Lawrence et al., 2014;
Boaga et al., 2019). Nowadays, MEMS can easily meet
the moderate-to-strong motion seismological needs, having
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Figure 1. The Central Italy earthquake sequence. The epicentres
of the events occurring during the period 1 June 2016-26 Decem-
ber 2017, available from http://cnt.rm.ingv.it/ (last access: 1 Au-
gust 2019), are indicated with the white circles, with size pro-
portional to the moment magnitude (My). The thick black lines
show the main tectonic lineaments from the Database of Individ-
ual Seismogenic Sources (DISS, Basili et al., 2008). The time do-
main moment tensor (TDMT) solutions of the three main shocks are
also shown (INGV TDMT Catalog available at http://cnt.rm.ingv.it/
tdmt, last access: 1 August 2019). Main cities and towns in the study
area are shown with white squares. (Built with the Generic Mapping
Tool software GMT — Creative Commons Attribution 4.0 License.)
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Figure 2. MEMS, RAN and CGPS networks in the area impacted
by the 2016 Central Italy earthquake sequence. The epicentres of the
events occurring during the period 1 June 2016-26 December 2017
are shown as in Fig. 1. The diamonds and inverted triangles show
respectively the locations of the continuous GPS stations and of the
prototype MEMS low-cost distributed array. The white pentagons
show the locations of the accelerometers of the National Network
(RAN). The thick black lines are the principal tectonic lineaments
from the Database of Individual Seismogenic Sources (DISS, Basili
et al., 2008). (Built with the Generic Mapping Tool software GMT
— Creative Commons Attribution 4.0 License.)

www.adv-geosci.net/51/1/2019/


http://cnt.rm.ingv.it/
http://cnt.rm.ingv.it/tdmt
http://cnt.rm.ingv.it/tdmt

N. Cenni et al.: 2016 Central Italy Earthquakes

Table 1. Technical specifications of the ADEL D600003A MEMS
accelerometer.

Axes 3
Range +1.7¢g
Bandwidth 100Hz
Theoretical Resolution 52 ug (A/D converter 16 bit)
Real Resolution 120 ug
Sensitivity 1000 mV gf1
Signal noise 1 mV rms
Noise density 110pugHz™ 1/2 tms
(0.1-10Hz)
Power 6—15V max, 50 mA max
Communication 1 Rs—422 or RS485
serial channel
1 PSTN@57600 baud rate
Memory Sd card up to 4 Gb
Dimensions Length: 110 mm
Width: 60 mm

Height: 40 mm

instrumental noise of ~ 100 ug Hz~'/2, a fairly broad fre-
quency response and an acceleration range up to 1-4 g.

In the spring of 2016 we installed 20 prototypes of MEMS
accelerometers in the Perugia — Foligno area in the Central
Apennines (Fig. 2). The MEMS network was installed in
the local telecommunication infrastructures (owned by Tele-
com Italia Mobile — TIM S.p.A.), originally for infrastructure
monitoring purposes. The MEMS accelerometers are new
prototypes designed and built by AD.EL, a company spe-
cialised in distributed sensors and telecommunication sup-
plies. The MEMS prototypes, named D600003A, were first
tested under excitations at sweeping frequencies in a cer-
tified shaking table, giving deviation compared to the ref-
erence of less than 0.3 % for frequencies below 20Hz in
the acceleration range 0.1-10 ms~2. The MEMS sensor has
small size (110mm x 60 mm x 40 mm) and includes: 3 com-
ponent accelerometers, a local storage card and several pos-
sible communications options from cable Ethernet transmis-
sion to GPRS communication tool. Timing was provided
by an external GPS antenna. The technical specifications of
D600003A are provided in Table 1.

The prototype MEMS sensor arrays recorded the main
shocks of 24 August and 30 October of the Central-Italy 2016
sequence. The resulting data are of good quality, especially
if compared to the closest high-quality National Accelerom-
eters Network stations (RAN see Fig. 2) — see Boaga et
al. (2018) for details. The National Accelerometers Network
stations (RAN, ran.protezionecivile.it) adopt conventional
high quality strong motion sensor such as the Kinemetrics
Episensor ES-T (kinemetrics.com/post_products/episensor-
es-t). Figure 3 shows, as an example, the comparison be-
tween MEMS and the high-quality RAN station close to the
city of Gubbio and Spello for the 2 main earthquakes of
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24 August and 30 October. The stations inter-distances were
less than 0.2 km and both are located in the same soil condi-
tion. Both peak ground acceleration and spectral response are
comparable, especially in the range of interest for a-seismic
design (0-15 Hz).

3 The GPS data and the 2016 Central Italy sequence

The earthquake sequence occurred in an area where a number
of scientific and technical continuous GPS (CGPS) stations
are active (Fig. 2). An accurate study of the CGPS time series
can provide information about co-seismic and post seismic
displacements, as proven by many authors (e.g. Cheloni et
al., 2017; Cenni et al., 2012; Savage and Langbein, 2008).

The GPS observations, acquired with a sampling rate of
30s, were initially analysed using the GAMIT/GLOBK soft-
ware, 10.7 release (Herring et al., 2018a, b) adopting a dis-
tributed approach (Dong et al., 1998; Cenni et al., 2012,
2013). This procedure provides the daily time series of the
local geodetic components North, East and Vertical for each
position, referred to the international frame ITRF2014 (Al-
tamimi et al., 2016). The estimated time series were then
analysed separately by the procedure suggested by Cenni et
al. (2012, 2013) in order to estimate: (i) the tectonic velocity,
(i1) the discontinuities due to seismic events and instrumental
features, (iii) seasonal signals and noise. The daily positions
were firstly processed to detect and remove outliers, allowing
a preliminary estimation of velocity and displacement val-
ues. A theoretical model of the time series is then estimated
and subtracted from the observed data. The residual time se-
ries are then analysed adopting the Lomb (1976) and Scar-
gle (1982) approach in order to evaluate the first 5 frequen-
cies with the most powerful peaks in the interval between one
month and half of the observation time span. These frequen-
cies have been successively considered for a more detailed
model of the coordinate time series:

W) = At vty + > e H (1= T))

27t; 27t;
+ Z;Zl (Blk cos (%) + Cj sin (%))

+ &k (1) (D

where k is the local geodetic component of the position
(North =1, East =2 and Vertical = 3), A; and vy are the in-

tercept and tectonic velocities, Dy = ,/ Blzk + Clzk is the am-
plitude of the / seasonal signal with period P, g; terms
are the estimated offset magnitudes for the N discontinuities
due to instrumental changes or seismic events eventually oc-
curred at the T'j epochs, while H is the Heaviside step func-
tion, & (t;) is the error term.

The parameters can be estimate by the Weight Least
Squared Method (WLSM), highlighting the discontinuities
due to events or instrumental changes which occurred in a
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Figure 3. Comparison between MEMS based prototypes (black) and closest RAN sensors (grey) for the 24 August “Accumoli” earthquake
(a, ¢, e) and the 30 October “Norcia” earthquake (b, d, f). (a, b) “Spello” and “Padule” MEMS time series are compared to national stations
RAN “CSA” and “GBC”; (¢, d) frequency domain responses; (e, f) Elastic response spectra in the period range 0-5 s (5 % damping).

time span of few days. The lack of data between two discon-
tinuities can limit the reliability the displacements estima-
tion. This problem could manifest itself when two or more
seismic events occur in a few days, as for example in the
central Italy sequence where the main event of the 30 Oc-
tober (M =6.5) occurred only 4d after another shock of
My, =5.9. During these few days the operations of several
CGPS sites could have been interrupted and the observations
lost. For these reasons, here we focus on the 24 August earth-
quake main shock data, in order to use all available stations
data. The geodetic displacements for the 24 August earth-
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quake are shown in Fig. 4. The estimated co-sesmic displace-
ments are also reported in Table A1 (Appendix Al).

The co-seismic patterns shown in Fig. 4 are consistent with
the activation of a SW dipping normal fault system and the
results obtained by other research groups (e.g. Cheloni et
al., 2016, 2017). The horizontal field is characterized by a
general SW-NE oriented extension, while the vertical move-
ments show a more heterogeneous pattern. In particular, the
stations located within few tens of km from the epicentre and
placed on the hanging-wall Tyrrhenian sector (Fig. 4) present
an uplift not completely coherent with a normal fault source
as described by the focal mechanism. The recorded displace-

www.adv-geosci.net/51/1/2019/
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Figure 4. Horizontal (a) and Vertical (b) co-seismic displacements due to the 24 August 2016 main event. The displacements (millimetres)
are estimated analysing the coordinate time series of the continuous GPS permanent stations located at a distance smaller than 100 km
from the epicentral area. The white diamonds indicate the locations of the CGPS sites. The epicentres of the events occurring during the
period 1 June 2016-26 December 2017 are also reported in the Figure, with the circles’ size of proportional to the moment magnitude. Ts =
hanging-wall Tyrrhenian sector; As = footwall Adriatic sector. (Built with the Generic Mapping Tool software GMT — Creative Commons

Attribution 4.0 License.)

ments are anyway in good agreement with InSAR observa-
tions analysed by Bonini et al. (2016). The vertical field on
the footwall Adriatic sector (Fig. 4) shows a more coherent
pattern, even if some sites located at few tens of km from the
event show a non-negligible subsidence in contrast with the
movements of the entire structure. These differences could
be due to local movements of the building where the CGPS
stations are installed, or to local displacements.

4 Comparison between low-cost MEMS sensor and
GPS signals

Over the past decade, several authors (Avallone et al., 2009,
2012; Bock et al., 2004; Cheloni et al., 2016; Wang et al.,
2007; Xiang et al., 2019) demonstrated that the GPS instru-
ments are able to infer the dynamic features of fault rupture
processes, when they are set up with an high frequency sam-
pling interval (< 1 Hz). These dynamic observations are sev-
eral orders of magnitude less sensitive than the common high
quality seismometers readings, but do not suffer from drift,
clipping, or instrument tilting (Avallone et al., 2009). The
so-called High-Rate GPS (HRGPS) time series have been re-
cently compared with the strong motion data acquired from
high-quality accelerometric networks (Cheloni et al., 2016).
In this work we want to compare the HRGPS series with the
data acquired from the low-cost MEMS prototype distributed
network, in order to understand if such not-conventional net-
works can be also adopted to retrieve seismic motion parame-
ters. We used the available high rate recordings of the CGPS
stations compared to the closest available MEMS data (see
Table 2). We selected the area close to Foligno (Fig. 5) that
hosts a CGPS station, with observations acquired during the
events with a sampling rate of 1Hz, and 4 MEMS sensors
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Table 2. Distances in km between the MEMS accelerometers and
the Foligno CGPS site (FOL1, Fig. 5), and the earthquake epicen-
tre of 24 August 2016 event. The North and East columns contain
the distance along these horizontal components, while in the Dist.
columns we report the modulus of the horizontal distance.

Distance from FOL1 ‘ 24 Aug 2016 event
Code  North East Dist. | North East Dist.
B00393 35 21 4.1 32.1 457 558
B00402 00 04 0.4 28.6 432 518
B00399 22 1.8 2.8 264 418 494
B00396 89 31 9.4 19.6 405 450
FOL1 28.6 43,6 52.1

in the surrounding (named respectively B00393, B00396,
B00399 and B00402).

The GPS observations at 1 Hz sampling have been anal-
ysed using the GAMIT/GLOBK software (Herring et al.,
2018a, b), using the kinematic module TRACK. This module
performs a relative kinematic positioning, where it is neces-
sary to define a reference station. The reference observations
should be not affected to the dynamic displacement due to the
seismic rupture. Therefore, we assumed as a reference station
the Cassino site (CASS, Figs. 1 and 2), that is located outside
the strike area of the earthquake. The distances between the
GPS station and the MEMS sensors are smaller than 10 km,
and two accelerometers are particularly close to the Foligno
CGPS station with distance within 1.5 km range. In order to
get a fair comparison between data, the MEMS observations
have been decimated at the same frequency (1Hz) of the GPS
data.

Adv. Geosci., 51, 1-14, 2019
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Figure 5. Location of the Foligno CGPS site (FOL1, diamond)
equipped with a sampling rate of 1Hz and the closest (distance
< 10km) MEMS sensors in the area (inverted triangle). The thick
back lines show the principal tectonic lineaments from the DISS
database of Individual Seismogenic Sources (DISS, Basili et al.,
2008). The epicenters of the events occurring during the period
1 June 2016-26 December 2017 are indicated with gray circles,
the size of the symbols are proportionally to the moment magni-
tude (My) following the scale on the figure. The star indicates the
location of the 24 August 2016 main shock. (Built with the Generic
Mapping Tool software GMT — Creative Commons Attribution 4.0
License.)

The noise level in the time series must be taken into ac-
count in order to investigate whether dynamic displacements
due to the seismic event can be detected by the HRGPS sta-
tion. As a representative level of the noise we have taken the
Root Mean Square (RMS) value estimated during the time
interval ranging from 90 s before the origin time of the event
(01:36:32 UTC, Marchetti et al., 2016) and 10s afterwards
(we considered the data up to 10 s after the UTC main shock
because the MEMS and HRGPS Foligno arrays are located
about 50km from the epicentral area, so not including the
event). The estimated RMS values of the HRGPS compo-
nents and MEMS time series are reported in Table 3.

4.1 Results

Figure 6 shows the HRGPS displacement time series and the
MEMS accelerations acquired during the 24 August earth-
quake. The horizontal axis in Fig. 6 is scaled in seconds
from the main shock origin time (01:36:32 UTC, Marchetti et
al., 2016). The North component of Foll GPS station (thick
dashed line in Fig. 6) shows an initial displacement of about
30 mm peak-to-peak, while the displacement along the East
coordinate is about 20 mm peak-to-peak. These values are
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Table 3. Root Mean Square (RMS) values of the HRGPS and
MEMS time series estimated using the data available from 90s be-
fore and 10 after the main UTC time of the event, during quite ac-
quisition time. The GPS and MEMS values are respectively in mm
and ms~2. The columns reported the values estimated analysing the
time series of the North, East and Vertical components.

Id code North  East  Vertical
MEMS B00393 8.0 4.0 6.0
MEMS B00396 7.0 7.0 8.0
MEMS B00399 6.0 6.0 5.0
MEMS B00402 7.0 6.0 7.0
GPS FOL1 9.0 7.0 10.0

about twice the RMS values reported in Table 3, assumed as
the noise amplitude of the time series. The co-seismic dy-
namic displacements observed on the vertical component are
conversely similar to the RMS value (about 10 mm), there-
fore it is difficult to identify the first arrival of the seismic
sequence and the other seismic signals. The inelastic co-
seismic movements observed at the same station are shown
in Fig. 4 and are of —3.4 and —0.6 mm (Table A1) along re-
spectively the East-West and North-South directions, while
the vertical component shows a subsidence of —2.1 mm (Ta-
ble Al). These values are one order of magnitude lower than
the initial elastic displacements observed in the HRGPS time
series during the event.

The local geodetic coordinate system adopted to show the
results in Fig. 6 is probably non optimal to compare the high
rate GPS time series against the data from MEMS. There-
fore, the horizontal components (North and East) of GPS and
MEMS sensors have been rotated with respect to the epicen-
ter and presented in the Radial-Transverse (RT) coordinate
system. The azimuth angle adopted to rotate the horizontal
components in the RT system is 303° as suggested to other
authors (Avallone et al., 2016). The radial component should
contain mainly P and SV-wave arrivals, while the SH-wave
modes should be predominant in the transverse component.

To analyse the similarity between MEMS and HRGPS ob-
servation we have transformed in displacements the MEMS
recording by applying a double-integration. We have firstly
filtered the MEMS and HRGPS observations by a Butter-
worth high pass filter. Figures 8 and 9 show respectively the
MEMS and HRGPS displacements times series of the local
geodetic components (North, East, Vertical) and the ones in
the RT coordinate system.

The displacement waveforms of the MEMS network and
GPS station are qualitatively in agreement (Figs. 8 and 9).
The displacement amplitude observed by the MEMS instru-
ments are in fact similar to ones registered on GPS sites. Only
the B00396 MEMS radial component presents greater dis-
placement compared to the HRGPS station ant others MEMS
stations. These differences are probably due to the large dis-
tance between the B0O0396 and GPS (about 9 km, Table 2)

www.adv-geosci.net/51/1/2019/
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Figure 6. GPS-derived displacement waveform recorded at the
Foligno permanent station (thick dashed line) and low-cost MEMS
array signals (thin solid line). Observations are presented for the
three local geodetic components: North, East and Vertical, with the
same sampling rate of 1 Hz. The MEMS instrument code is reported
in each figure. The horizontal axis is given in seconds after the main
shock origin time: 01:36:32 UTC of 24 August 2016. The right ver-
tical axis denotes GPS displacements, while accelerations refer to
the left axis. According to the epicentral distances, the MEMS sig-
nals of the four stations are arranged in decreasing order from top
to bottom. (Built with the Generic Mapping Tool software GMT —
Creative Commons Attribution 4.0 License.)

and the other accelerometers (Table 2). Also, the BO0396 site
is the closest to the earthquake respect the other MEMS and
the FOL1 station. It can be noted as the displacements ob-
served by MEMS and GPS at greater distance from the epi-
center (about 50-55 km, Table 2) present similar displace-
ment values (Figs. 8 and 9).

In order to quantify the similarity between the MEMS and
GPS displacements we have estimated the correlation coef-
ficients between the time series (Table 4). In particular, we
have estimated the values analysing the displacements ob-
served in the 30-40s period after to the main shock event
(01:36:32 UTC). It can be noted in fact in Figs. 8 and 9 as
the first arrivals in the time series appears about 30 s after the
main shock origin time.

The average absolute values of the correlation coefficients
is 0.5, if we consider the 30—40 s period after the main shock
in radial and transverse components (Fig. 9). This indicates
a quite agreement between the waveforms compared, in par-
ticular between the components of the CGPS station and the
MEMS sensors located at a relative distance lower than 3 km
(Table 2). The worst values are observed in the compari-
son between FOL1 GPS station and the B00393 MEMS site,
probably due to the relatively weak signals observed in this
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Figure 7. Acceleration time series from MEMS and HRGPS dis-
placements in the Radial-Transverse coordinate system. The thick
dashed lines represent displacement estimated using the HRGPS
displacements of the Foligno (FOL1) permanent site. The thin
solid lines show acceleration time series recorded at four differ-
ent MEMS stations — the code of each instrument is reported. The
MEMS signals of the four stations are arranged in decreasing order
from top to bottom according to epicentral distances. The horizon-
tal axis denotes seconds from the origin time of the main shock:
01:36:32 UTC of 24 August 2016. The right vertical axis denotes
GPS displacements, while accelerations refer to the left axis. (Built
with the Generic Mapping Tool software GMT — Creative Com-
mons Attribution 4.0 License.)

Table 4. Absolute Correlation coefficients estimated comparing the
double-integrated MEMS data and GPS displacements filtered time
series. The values refer to the time interval between 30 and 40 s after
the origin time of the main shock (01:36:32 UTC).

Sensor North East Vertical Radial Transverse
name

B00396 0.6 0.0 04 0.5 0.6
B00399 0.8 0.2 0.3 0.4 0.6
B00402 0.1 0.0 0.5 0.6 0.5
B00393 0.3 0.1 0.3 0.3 0.4

MEMS site (Figs. 8 and 9). B00393 is located at a distance
of about 56 Km from the epicenter (Table 2), and the noise
in the time series could be comparable with the amplitude of
the seismic signals.
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Figure 8. MEMS (thin solid line) and HRGPS (thick dashed line)
displacements time series obtained after the filtering and the double-
integration. Observations are presented for the three local geodetic
components: North, East and Vertical, with the same sampling rate
of 1 Hz. The MEMS instrument code is reported in each figure. The
horizontal axis is given in seconds after the main shock origin time:
01:36:32 UTC of 24 August 2016. According to the epicentral dis-
tances, the MEMS signals of the four stations are arranged in de-
creasing order from top to bottom. (Built with the Generic Mapping
Tool software GMT — Creative Commons Attribution 4.0 License.)

5 Discussion and Conclusion

We compared the seismic motion during the 2016 Cen-
tral Italy Earthquakes as recorded by two types of non-
conventional sensors arrays: a distributed low-cost MEMS
network and the local continuous GPS stations. Even if
both network are initially designed for different purposes,
the motion results are comparable (Figs. 8 and 9) and po-
tentially useful to integrate the data recorded by the con-
ventional high-quality seismic motion network. The low-
cost distributed MEMS network was initially installed for
telecommunication infrastructures monitoring but, for such
moderate events as the 2016 Central Italy sequence, proved
to be comparable in terms of motion response to high-quality
sensors (Boaga et al., 2019). On the other hands the CGPS
stations have been adopted for decades to evaluate tectonic
patterns and relative displacements, but only recently the
High-Rate GPS (HRGPS) time series proved to be sensi-
tive to real-time seismic motion in case of moderate-strong
earthquakes (eg. Avallone et al., 2016, 2012; Larson et al.,
2003; Larson, 2009; Miyazaki et al., 2004; Xiang et al.,
2019). We compared the displacements estimated by the ac-
celerograms recorded by the low-cost MEMS instruments
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Figure 9. MEMS and HRGPS (thick dashed line) displacements in
the Radial-Transverse coordinate system. Thick dashed lines and
thin solid lines represent respectively the HRGPS and MEMS dis-
placements. The MEMS signals of the four stations are arranged in
decreasing order from top to bottom according to epicentral dis-
tances, and the code of each instrument is reported on the fig-
ures. The horizontal axis denotes seconds from the origin time of
the main shock: 01:36:32 UTC of 24 August 2016. (Built with the
Generic Mapping Tool software GMT — Creative Commons Attri-
bution 4.0 License.)

and the displacements observed from the closest High-Rate
GPS station for the main shock of the 2016 central Italy
sequence, i.e. the M, =6 event occurred on 24 August at
01:36:32 UTC. The time series analysed coming from these
two non-conventional sensor arrays present promising sim-
ilarity, especially for the horizontal components of motion
(Fig. 9). In particular the quite agreement in the radial and
transverse components between the GPS and MEMS located
at a distance lower than 3 km (Fig. 9 and Table 4).

In particular, the MEMS and GPS displacement wave-
forms registered few seconds after the first arrival show in-
teresting similarity: the displacements observed from the two
instruments are of few millimetres, while absolute value of
correlation coefficients of the main event indicate a quite
agreement between the waveforms (Table 4). The differences

www.adv-geosci.net/51/1/2019/
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in the second part of the seismograms are probably due to
the different characteristics of the instruments and the sites
where they have been installed.

The Foligno continuous GPS station has been installed and
managed for professional positioning purposes, therefore not
for scientific monitoring of the central Apennines area. The
GPS antennas in such technical sites are usually installed on a
steel bar anchored to the roof of a building or iron/steel pipes
solidly connected to supporting walls. This non-geophysical
installation could introduce different amplifications of the
horizontal and/or vertical components as a response to the
co-seismic shacking of the building. Also, the MEMS and
GPS instruments are not located in the same position (the
minimum distance is about 400 m, Table 2), therefore local
site effects could introduce some differences in the seismic
response of the sites and in the time series observed.

This study confirms that the GPS observations can detect
both the co-seismic static displacements and the body-wave-
arrival dynamic displacements. However, the quite agree-
ment between the GPS and MEMS waveforms suggest the
possibility to augment a seismic network with such a not-
conventional arrays, in order to provide important informa-
tion about earthquake radiation pattern, source parameters
and site effects. In particular, the low cost MEMS distributed
array and CGPS sampled at high rate would provide helpful
contributions in case of moderate to strong-motion events.

Data availability. GNSS DATA are available at “High-Rate
GPS data archive of the 2016 Central Italy seismic sequence”
Ring-INGV  repository  (ftp://gpsfree.gm.ingv.it/amatrice2016/
hrgps/data/, last access: 1 August 2019). MEMS data are property
of the company owner of the prototype network and are not public
available. Private request can be sent to AD.EL srl, Martellago,
Venezia , Italy.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/adgeo-51-1-2019-supplement.
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Table A1. Coseismic displacements determined for the GPS stations lying within 100 km from the epicenter of the 24 August main shock. The
GPS code of the CGPS site is reported on the first column, the geographical coordinate (Lon = Longitude and Lat = Latitude) are reported
in the second and third column. Dn, De and Dv are respectively the coseismic anelastic displacement along the North, East and Vertical
direction. The uncertainties associated to the coseismic displacements have been estimated by a Weight Least Square Method adopted to
evaluate velocity, discontinuities due to earthquakes and/or equipment changing and seasonal signals, as discussed briefly in the text (Cenni

etal., 2012, 2013).

Id Code Lon. Lat. North (mm) East (mm) Vertical (mm)
AQUI 13.35 42.37 —-1.6+£09 —-06+£0.6 —-03+1.8
INGR 12.51 41.83 —03£06 —-0.0+£0.6 0.7+1.5
SIEN 11.34 43.31 —0.8£0.6 0.54+0.6 37+£1.38
UNPG 1236 43.12 —05+06 —-05+0.6 —-12+1.8
MAON  11.13 42.43 —-0.1£0.9 0.1+0.6 —4.0+2.7
RSTO 14 42.66 04+0.6 2.7+0.6 —0.5+1.5
TOLF 12 42.06 0.2+0.6 1.0+0.9 03+£1.5
FRES 14.67 4197 —0.0£1.2 0.24+0.9 32+36
UNTR 12.67 42.56 -31£09 —-65+09 —0.5+£2.1
MOSE 1249 41.89 —-13+£06 —-03+£0.6 —32+1.5
REPI 12 4295 0.6+09 —1.1+£09 —34+24
ITGT 12.78 43.23 —-0.1+12 —-04+£1.5 —3.7+3.6
ALRA 14.03 41.73 —05+12 09+1.5 —2.8+33
AQRA 13.37 4237 —04£09 -1.0+£09 1.9+24
BLRA 13.56 41.81 12+12 18+1.5 2.0+3.3
CDRA 13.72  42.37 0.2+0.9 0.1£0.9 32427
FRRA 1429 4242 —0.8+0.6 0.1+0.6 20+1.8
MRRA 1392 42.89 0.9+0.6 3.7+0.6 —0.1£1.8
MTRA 1324 4253 —-10.1£09 -—-7.940.6 —-03+27
OCRA 13.04 42.05 0.6+09 —-03+09 22421
OVRA 13.52 42.14 08+1.8 —14+£1.5 —04+39
SCRA 14 42.27 —-13+0.6 0.2+0.9 23+£27
SMRA 13.92  42.05 —1.0£09 —-14+0.6 —1.0£3.0
TERA 13.7  42.66 —0.8+0.6 8.34+0.6 25+2.1
VTRA 1471 42.11 —-0.6+0.6 0.34+0.6 —0.5+1.8
OTRA 13.65 41.95 01£+15 -37+12 —0.9+3.9
ALAT 13.38 41.67 1.2+09 —-08+0.6 1.7+2.1
RIET 12.86 4241 —43+06 —-64+0.6 —0.8+2.1
OLGI 12.36  42.05 —23+£06 —19+0.6 —1.8+1.8
VIT1 12.1 4243 —-04+06 —-29+0.6 —-16+1.8
TARQ 11.76  42.25 —0.1£06 —-1.6=+0.6 —22+1.8
PAGL 145 42.16 —03£06 —-04+0.6 02424
PSAN 14.14  42.52 —-04+06 —-15+0.6 1.5+1.8
GRAM  13.87 4298 2440.6 5.0+£0.6 0.1+1.5
ASCC 13.59 42.86 6.8+0.6 159+0.6 —-09+24
ANCG 13.5 43.6 —0.0+0.6 1.9+0.3 —-27+15
MACE 13.45 43.29 26+09 —-07+£0.6 1.8£2.7
FOSS 12.81 43.69 —0.1£06 —1.1+£0.6 —0.1£1.8
TERI 12.65 42.57 —-3.0+£06 —-46+0.6 —14+£2.1
GUB2 12.58 43.35 0.5+0.9 0.1+0.9 —2.14£33
FRMO 13.73  43.17 0.7+0.6 2.6+0.6 —1.5£2.1
FOL1 12.7 4295 —-06+06 —-34+0.6 —2.1+24
CIT1 1225 4347 0.8+0.9 0.54+0.6 —3.8+2.7
CAMU 1198 43.26 —04£09 -0.8+£0.6 26+24
PITI 11.67 42.63 —-03+£09 —-16+09 —24+27
MCIN 11.49 43.06 —02+£06 —-09+0.6 24424
GAVO 10.89 4294 —04+£09 -03+0.6 —25+24
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1d Code Lon. Lat. North (mm) East (mm)  Vertical (mm)
PIBI 1245 43.13 —0.24+0.6 0.3+0.9 —2.343.0
PSTE 11.12 4243 06+1.2 —1.0£0.6 147+3.9
TERN 12.63  42.57 —3.240.6 —5.6+0.6 —-124+24
ROAN 12.42 41.9 —-1.24+0.6 —0.6+0.6 —04+1.8
CAMG 13.07 43.14 —0.0+0.9 0.7+0.9 0.8+2.1
FIOR 11.59 42.83 0.8+0.9 —1.8+0.9 —-06+24
GEOT 13.51 43.57 0.54+0.6 0.0+0.6 —1.7+24
GINE 13.38 43.12 34+£0.6 0.9+0.6 —2.1+1.8
GRTG 13.87 4297 1.7+£0.6 49+0.6 05+2.1
MAGL 13.59 43.14 3.7+£0.6 244+0.6 —13+1.8
MOIE 13.12 43.5 0.0+0.6 0.7+0.6 1.1£1.8
PSST 11.12  42.43 —-0.5+£0.9 —-1.6+£0.6 05+24
PULC 11.82  43.16 —0.14+0.9 —1.5+0.9 0.5+2.7
SENI 13.21 4371 0.24+0.6 —0.0£0.6 044+1.8
AVZZ 1345 42.03 —-2.5+0.9 —-0.8+0.9 09+24
CIST 12.83  41.58 1.0£0.9 1.44+0.9 —4.54+2.7
FIAN 12.59 42.16 —-27+£0.9 —2.1£0.6 0.1+24
ITRA 14  42.66 —0.34+0.6 34+£0.6 3.6+1.8
LANC 14.38 42.2 —0.34+0.6 —0.1£0.6 25+2.1
PAGA 13.47 4236 0.24+0.9 —1.24+0.6 0.6+24
PESC 142 4247 —-0.6£0.9 0.5+0.9 1.2+2.7
VITE 12.11 4242 —1.14+0.6 —1.9+0.6 —3.0+1.8
ZAGA 12.75 41.86 —1.84+0.9 1.8£0.9 —324+24
ATBU 12.55 4348 —88+12 —11.7+1.2 182+3.0
ATFO 12.57 43.37 —0.34+0.9 —1.4+0.9 14+2.1
ATLO 1241 4332 —-12+0.6 1.0£0.6 1.1£1.8
ATMI 1227 43.33 0.440.6 0.7+0.6 044+1.8
ATTE 12.35 43.2 —0.44+0.6 —0.3+0.6 1.8+1.5
CAFI 11.97 4333 —-1.24+0.9 —0.1£0.6 43421
CESI 129 43.01 —-0.4+0.6 —-1.5+0.6 27+1.8
CSSB 12.25 4321 —0.44+0.6 —0.9+0.6 —04+1.5
MGAB 12.11 4291 0.1+£0.6 —2.0+0.6 —0.0+1.8
MURI1 12.52 4326 —0.8+£0.6 0.8+0.9 1.2+1.38
MVAL 1241 4338 —0.54+0.6 0.5+0.6 —03+1.8
PIET 124 43.45 —0.4+0.6 0.8+0.6 1.9+1.5
SACS 1191 42.85 —-0.2+0.9 —-19+09 —0.7£2.1
VALC 12.28 4328 —0.44+0.6 —0.6+0.6 —04+1.5
UMBE 12.33 4331 0.440.6 0.6+0.6 52+2.1
ANCN 13.53 43.61 52+1.2 0.74+0.6 1.4+1.8
GUMA 1334 43.06 0.6+0.9 —-0.2+0.9 —3.94+2.7
MLAG 12.78 43.43 —-1.94+0.9 —1.8+0.9 —-02+1.8
GUAR 13.31 41.79 —1.34+0.6 —0.5+0.6 0.7+24
MTER 13.21 4251 —9.84+0.9 —-5.0+0.6 1.9+2.1
BARS 13.58 42.34 —-1.0+£0.9 —-03+0.6 20+24
CAOC 13.48 4229 —28+1.5 —-3.0+0.9 22+2.1
CERT 1298 41.95 —1.54+0.6 —0.9+0.6 1.3+1.8
CONI 13.39 4241 —-03+£0.9 —-2.0+0.6 39421
GNAL 13.52  42.58 —1.4+0.9 49+0.9 —0.7£2.1
LNSS 13.04 426 —16.0+£0.6 —20.7+0.9 45424
LPEL 14.18 42.05 —1.1+£0.9 04+12 1.2+33
MTTO 1299 4246 —-7.940.6 —7.84+0.9 27+24
POFI 13.71  41.72 0.94+0.6 —1.4+0.6 1.2+1.8
RDPI 12.71  41.76 03+0.6 —0.7+£0.6 —23+1.8
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Id Code Lon. Lat. North (mm) East (mm)  Vertical (mm)
RMPO 127  41.81 —0.440.6 —1.1£+0.6 —-09+2.1
RNI2 14.15 41.7 —0.14+0.6 —0.4+0.6 —04+1.8
ROPI 13.34  42.33 —1.04+0.6 —2.74+0.6 0.0+1.8
SGRE 13.5 4234 —1.74+0.6 —2.240.6 35+2.1
TRIV 1455 41.77 0.14+0.6 0.0+0.6 0.7+2.1
VVLO 13.62 41.87 1.240.6 0.14+0.6 —434+1.8
CAMR 13.07 43.14 1.6 0.9 —1.0+0.6 03424
SULM 13.93 42.04 —1.34+0.9 0.24+0.9 —494+33
ACQL 11.86 42.74 —-29+0.9 —-09+0.9 —-25+2.1
AMAT 13.29 42.63 23.2+0.9 —7.7+0.6 —-50.7+2.4
ARDE 12.54 41.61 —0.54+0.6 —0.5+0.6 —0.7+1.8
CVTV 11.8 42.1 —1.24+0.6 —1.24+0.6 —334+1.8
FIUM 1223 41.77 —0.7+0.6 —0.6+0.6 —1.2+1.8
FROS 13.35 41.64 1.24+0.9 —1.1£0.6 —3.742.1
MOCL 11.6  42.35 —0.64+0.6 —1.240.6 —-284+1.5
RIFL 1248 4221 —2.0+0.6 —1.9+0.6 —0.2+2.1
ROUN 1249 41.89 —0.7+0.6 —0.4+0.6 —-1.2+1.8
RITI 12.86 4241 —17.14+£21 —-22941.5 9.1+54
VALM 1292  41.78 —0.5+0.9 —0.1£+0.6 —0.5+2.1
VIRB 12.11  42.42 —1.1+£0.6 —1.1£0.6 —2.6+1.8
VIVA 12.89 42.02 —-2.0+£0.6 —-03+0.6 02424
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