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1. Introduction

In May-July 2012, Emilia Romagna (northern Italy) was
struck by a significant seismic sequence, which was charac-
terized by two moderate-magnitude earthquakes: a M; 5.9
event on May 20, 2012, at 02:03:53 UTC, and a ML 5.8 event
on May 29, 2012, at 07:00:03 UTC, about 12 km to the west
of the first mainshock. The earthquake sequence produced
a total of 20 casualties and severe and widespread damage,
mainly to historical and commercial buildings. A detailed de-
scription of the seismic sequence can be found in Sco-
gnamiglio et al. [2012, this volume].

The largest of the earthquake static displacements were
recorded by tens of continuous global positioning system
(cGPS) stations, as described in Serpelloni et al. [2012, this vol-
ume]. Most of these stations were operating with a sampling
frequency of 1 Hz, and they belonged to scientific or com-
mercial networks: RING (http:/ /ring.gm.ingv.it); ITALPOS
(http:/ /smartnet.leica-geosystems.it); GeoTop (http:/ / www.
netgeo.it); Fondazione Geometri Emilia Romagna (http:/ / www.
gpsemiliaromagna.it; Lombardia [http:/ / www.gpslombardia.
it); and Veneto (http://147.162.229.63). Some hours after the
first mainshock, the sampling frequency of the near-field
RING stations (SBPO and MODE) were switched to 20 Hz,
thus recording the coseismic displacements produced by the
May 29, 2012, earthquake at higher frequency. This sampling
frequency was previously used for the detection of coseismic
dynamic displacements only for the My, 9 Tohoku-Oki 2011
event [Colosimo et al. 2011b]. Thus, the 20-Hz-sampling dis-
placements for the Tohoku-Oki 2011 earthquake and the
May 29, 2012, Emilia event might represent important
recordings to investigate coseismic contributions at frequen-
cies higher than 1 Hz with GPS.

In the present study, after the description of the high-rate
GPS (HRGPS) data analysis, we will show and compare the
preliminary results. Then, for the two mainshocks, we will

773

compare the displacements recorded by the HRGPS (1 Hz up
to 20 Hz) and the strong-motion time histories (100 Hz) at
MODE, where the different instruments were approximately
co-located (Figure 1, inset, relative distance of ca. 90 m).

2. High-rate GPS data analysis strategies and results

The available HRGPS data were analyzed with two dif-
ferent approaches, using two noncommercial, geodetic-qual-
ity, software modules for kinematic processing: the TRACK
module of GAMIT (http:/ /wwwgpsg.mit.edu/~simon/
gtgk/), which was developed at Massachusetts Institute of
Technology; and the GD2P module of GIPSY/OASIS II
(http:/ / gipsyjpl.nasa.gov), which was developed at the Jet
Propulsion Laboratory (JPL, California, USA). We will
briefly describe the computing strategies of these two soft-
ware packages. Then, we will analyze the noise levels of
each solution and the consistency of the two different solu-
tions, by comparing the epoch-by-epoch time series of the
cGPS stations located within 90 km of the epicenter and
well placed along the two profiles shown in Figure 1. Finally,
we will describe the peculiar MOO5 results. The HRGPS
data of the RING stations are available at ftp:/ / gpsfree.gm.
ingvit/emilia2012.

2.1. GD2P (GIPSY/ OASIS) data-processing strategy

We used the GD2P.PL (version 6.1) module of the
Gipsy-Oasis II software package [Bertiger et al. 2010], fol-
lowing the precise point positioning approach [Zumberge et
al. 1997] in kinematic mode. With this approach, single re-
ceiver ambiguity resolution is achieved by processing dual
frequency GPS data together with wide-lane phase bias esti-
mates from a global GPS receiver network [Bertiger et al.
2010]. The same global network is used to tie in and calculate
satellite fiducial orbits and clocks in the current reference
frame. Thus, we used the JPL final high rate (30 s sampled)
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Figure 1. Locations of the high-rate (1 Hz and 20 Hz) ¢GPS stations operating during the Emilia-Romagna 2012 seismic sequence (squares). Red trian-
gle, co-located strong-motion station of MODE; dashed boxes, N-S and W-E profiles of the coseismic displacements of Figure 2A, B. The two largest events
(yellow stars), their focal mechanisms (beach balls), and the spatial distribution of the ca. 2300 events aftershocks (dots) are shown, as updated to July 20,
2012 (data from http:/ /iside.rm.ingv.it and described in Scognamiglio et al. [2012]). The color scale indicates the depths of the aftershocks.

fiducial orbits and high rate (30 s sampled) clocks to process
the code and phase the GPS data, and to obtain the epoch-by-
epoch time series directly in the International Terrestrial Ref-
erence Frame (I'TRF)08 reference frame [Altamimi et al.
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2011]. Following Avallone et al. [2011], the satellite fiducial
orbits and clocks were held fixed to estimate the receiver
clocks, random walk zenith troposphere delay, and white
noise receiver positions. However, with respect to Avallone et
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al. [2011], two main additional aspects were applied in this
study: the absolute antenna phase center corrections for the
GPS receivers and transmitters, and the epoch-by-epoch am-
biguity resolution [Bertiger et al. 2010].

2.2. TRACK (GAMIT) data-processing strategy

We used TRACK (version 1.27), the kinematic module
of the GAMIT/GLOBK software [Herring et al. 2010], to
perform epoch-by-epoch solutions of the HRGPS data and
to obtain the three-dimensional time-series of the surface
dynamic displacements. TRACK uses floating point LC (L3)
observations and the Melbourne-Wubbena wide-lane com-
bination, with ionospheric delay constraints, to determine
integer ambiguities at each epoch, adopting Kalman-filter
smoothing while estimating atmospheric delays. We use the
International Global Navigation Satellite Systems (GNSS)
Service (IGS) final orbits and absolute antenna phase center
model. Different from the precise point positioning strategy
of GIPSY, TRACK performs relative kinematic positioning,
and it requires at least one reference station and one, or
more, kinematic ('moving') station. For the 1 Hz data, we
chose the RING site of MAGA as a fixed, 'reference’, station,
as it was the one with the highest data quality (i.e., low mul-
tipaths) outside the epicentral area. Having no GPS stations
available outside the epicentral area with 20 Hz sampling
frequency, we analyzed the higher-rate data available for
MODE at 10 Hz, using as the fixed station the only 10-Hz-
recording RING site, INGR. Although it has a longer base-
line (MODE-INGR, 336 km) with respect to the 1-Hz
solution (MODE-MAGA, 100 km), the noise level of the 10-
Hz solution was comparable to the 1-Hz solutions (0.5 cm).
The coordinates of the reference points are expressed in the
ITRFO08 reference frame.

2.3. Level of noise estimation and comparison of the HRGPS
solutions

To quantify the noise levels of our HRGPS solutions,
for each station and each solution, we calculated the resid-
uals with respect to a linear fit in the 40-s time window be-
fore the earthquake. Then, we calculated the histograms
of the residuals of all of the sites for the two solutions
(Figure 2A). For these two earthquakes, the distributions
showed that, on average, more than 96% and 72% of the
residuals were within 0.5 cm for the horizontal and verti-
cal components, respectively. These values are representa-
tive of the noise level of each solution. Moreover, to
correctly compare different solutions for the same site, we
also needed to quantify the consistency of each solution
with respect to the other ones. Thus, we compared the
May 20 and 29, 2012, HRGPS time series produced by the
two analysis strategies, on two profiles (Figure 2B) that
were roughly oriented in cross-strike (ca. N-S) and along-
strike (ca. W-E) directions of the causative faults [Serpel-
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loni et al. 2012]. These profiles show the variations of the
waveform amplitudes at each station with the distance
from the epicenter as a traditional seismic array. We con-
sidered the HRGPS time series recorded at CONC as un-
reliable during the May 29, 2012, event, as discussed in
Serpelloni et al. [2012] for the static signal. To quantify the
consistency between the GD2P and the TRACK solutions,
we firstly calculated the epoch-by-epoch differences be-
tween the two solutions site-by-site. Then, we calculated
the distribution of the so-determined residuals for all of
the sites (Figure 2C). The histograms of these residuals
show that the two solutions agree within +1 cm accuracy.
Thus, although significantly different, the differences in the
parameter tuning and, in general, in the processing strate-
gies did not significantly affect the observations of the co-
seismic dynamic displacements. This comparison indicates
two additional aspects.

First, the N-S and W-E profiles clearly show the propa-
gation of the seismic waves generated by the occurrence of
the May 20, 2012, M, 5.9 earthquake and the May 29, 2012,
M, 5.8 earthquake, the epicenters of which are given in
Figure 1. The waveform amplitudes reached the noise level
(ca. 3 mm) at stations located at a distance greater than 60
km from the epicenter. Furthermore, considering the sta-
tions located approximately at the same distance from the
epicenter, but on opposite sides (Figure 2A, SERM and PERS;
Figure 2B, GUAS and FERA-FER1), there appeared to be sig-
nificant differences in the waveform amplitudes for the May
20, 2012, event. This difference might be related to a source
directivity effect, and we will investigate this more rigorously
and in more detail in future studies. In contrast, it is of note
that there were no differences in the waveform amplitudes
for the May 29, 2012, event.

Second, the north component of MOO05 for the May
20, 2012, event shows an initial displacement of about 50
cm peak-to-peak before this quickly decreased in amplitude
until the noise level (Figure 2B). The first preliminary in-
vestigations have been performed to understand if this
large displacement is reliable. The MOO05 antenna was
mounted on a 1-m-tall steel rod that was anchored to the
top of the southward side of a school building in Finale
Emilia, a village very close (6 km) to the epicenter. The side
of the building where the antenna was located was not af-
fected by macroscopic fractures or fissures, and neither lig-
uefactions nor other local effects of the coseismic shaking
were observed at its base. Minor damage might have been
localized in the points where the steel rod was fixed to the
building, making the mounting less stable. However, if this
were the case, an increase in the noise level in the MOO05
time series would be expected. Instead, the noise level be-
fore and after the mainshock that occurred and was
recorded by the GD2P and TRACK solutions spanning a
350-s time interval (Figure 2D) remained unchanged on the
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Figure 2. A. Distribution of the residuals of all of the time series in a pre-

seismic 40-s time window for GD2P (red) and TRACK (green). B. North (left)

and East (right) components of the 1-Hz GD2P (red) and TRACK (green) time series of sites located along the N-S and W-E profiles, respectively, of
Figure 1, in a time interval of 190 s spanning the May 20, 2012, M; 5.9 (top) and May 29, 2012, M, 5.8 earthquakes (bottom). C. Distributions of the resid-
uals obtained by the epoch-by-epoch difference between the GD2P and TRACK solutions on the North (left) and East (right) components. These his-
tograms include the residuals of all of the sites of the two profiles in (B) for the May 20, 2012, event (doy 141, top) and the May 29, 2012, event (doy 150,
bottom). D. Detailed comparison between GD2P (red) and TRACK (green) solutions for MOO05 of May 20, 2012. The time series spans a time interval of
350 s. Dashed vertical bars, occurrence of the May 20, 2012, mainshock and of the two immediately successive aftershocks.

three components. The low noise level at MOO05 allowed
us to also detect the small coseismic dynamic displace-
ments related to the two aftershocks immediately follow-
ing the May 20, 2012, event. Whether the observed
displacements at MOO5 are directly related to the ground
movement or to amplification effects due to the building
oscillations is still unclear. This last aspect will be further
investigated in the near future.

3. HRGPS and strong motion

Previous studies [Larson et al. 2003, Bock et al. 2004,
Ohta et al. 2006, 2012, Bock et al. 2011, Colosimo et al.
2011a] have shown that GPS can detect seismic waves (both
body and surface waves) for large earthquakes, and that
HRGPS position time series are comparable to strong-mo-
tion data. In the case of the My, 6.1 L'Aquila 2009 earth-
quake, Avallone et al. [2011] showed that the 1-cm accuracy
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of the HRGPS solutions allowed the detection of the first
arrivals at near-field HRGPS sites also for moderate-magni-
tude earthquakes.

Both the May 20, 2012, M; 5.9 and the May 29, 2012,
M, 5.8 Emilia earthquakes were recorded by co-located
GPS and strong-motion instruments at the MODE station
(Figure 1, inset: Modena). For the first earthquake (Figure
3A), the GPS station was acquiring data with a 1-Hz sam-
pling frequency, whereas, for the second earthquake (Figure
3B), the GPS was operating with a 20-Hz sampling fre-
quency. As mentioned above, for the second mainshock, 20-
Hz and 10-Hz solutions were carried out by GD2P and
TRACK, respectively. The strong-motion station was
equipped with a Kinemetric Episensor coupled with a Gaia2
digitizer (produced in the INGV laboratories), and it was
recording with at 100-Hz sampling rate. On the N-S com-
ponent of the strong-motion data, we marked the picking
of the first arrivals (P-waves and S-waves) observed at this
station (Figure 3A, B, top). Since the S-wave arrival ap-
peared more uncertain for the second earthquake, we
marked an interval within which we would suggest the S-wave
was sure to have arrived (T'1-T2).

To analyze the similarity between the strong-motion
time series and the HRGPS solutions, we doubly integrated
the strong-motion data, to obtain displacements (Figure
3A, B, center). In a short time window (20-100 s), we then
corrected the strong-motion displacement drifts by remov-
ing the linear trend and subtracting the mean of the dis-
placement. The comparison between the displacement
waveforms was obtained by cross-correlating both the
HRGPS solutions with the strong-motion data (Figure 3A,
B, bottom). For the May 20, 2012, event, the normalized
cross-correlation functions revealed correlation coefficients
of 0.85 and 0.84 for GD2P and TRACK, respectively. Con-
sidering the maximum value of 1 (autocorrelation of strong
motion), we can affirm that the cross-correlations show a
relatively good match between the different solutions. For
the May 29, 2012, event, the normalized cross-correlation
functions showed even better correlation coefficients (0.95
for GD2P, and 0.96 for TRACK), potentially due to the
higher sampling frequency, and then better similarity, of the
HRGPS solutions.

In correspondence with the P-wave and S-wave arrivals
on the displacement time series, we can observe a significant
variation either in amplitude or frequency in both the
HRGPS waveforms, in good agreement with the strong-mo-
tion data. This observation confirms the possibility that
HRGPS can detect the arrival of the body waves. In Figure
3B, the sampling rate of the HRGPS solutions was higher
than in Figure 3A, and different between each other (20 Hz
for GD2P, 10 Hz for TRACK). However, no additional fea-
tures appear to be present in the 20-Hz solution with respect
to the 10-Hz solution.

778

4. Conclusions

The 1-Hz sampling coseismic GPS displacements were
observed for the seismic wave propagation related to the two
mainshocks of the Emilia-Romagna 2012 seismic sequence.
The higher sampling solutions (10 Hz and 20 Hz), as well as
the strong-motion data, are dominated by low frequencies,
which is mainly due to two factors: 1) the lithology that gen-
erally outcrops in the investigated area, which is character-
ized by a huge amount of alluvial sediments of the Po Plain
that quickly attenuate the high frequencies; 2) the distance
from the epicentral area (35 km).

The results of this study confirm previous studies con-
cerning the possibility that HRGPS measurements can de-
tect both the coseismic static displacements and the
body-wave-arrival dynamic displacements, without the draw-
back of the bias due to double integration when strong-mo-
tion data are used [Boore 2001]. The several scientific and
commercial ¢GPS stations in Italy, operating at high-rate
(mainly 1 Hz) sampling rates, allowed us to use the GPS data
as seismic data. A further effort in developing denser cGPS
networks that operate with sampling intervals =10 Hz would
provide helpful contributions, as well as the strong-motion
data, to seismology. This applies from the study of the kine-
matic rupture processes of causative faults [Miyazaki et al.
2004, Yokota et al. 2009, Avallone et al. 2011, Yue and Lay
2011] to the estimation of earthquake focal mechanisms
[Zheng et al. 2012]. Furthermore, in the last few years, the
real-time-telemetered dense cGPS networks have allowed a
move towards real-time GPS seismology [Colosimo et al.
2011a, Ohta et al. 2012] for earthquake early warning [Bock
et al. 2011] or tsunami early warning [Blewitt et al. 2006,
Sobolev et al. 2007] purposes.
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