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Abstract

We describe and make available a dataset of 64 data points of Global
Positioning System (GPS) displacements for significant, shallow earthquakes in
PublicationEICH Greece during the period 1997-2017. The displacement data can be used by
earthquake geologists, engineers and seismologists in an effort to better
understand the faulting process, the rupture mechanics, the pattern of ground-
motions, and in engineering applications. We include recordings from GNSS
networks at near-source to regional distances (2-132 km) for 11 earthquakes
between global CMT moment magnitudes (Mw) 5.5 and 6.9. We also model the
magnitude scaling properties of peak ground horizontal displacements (PGD
and PGD-S) for these events using L1-norm minimisation regression. Our data
indicate an almost linear attenuation of seismic strain with distance for this
©2018. The Authors range of seismic magnitudes. We developed a set of relationships based on PGD
(in cm) and distance to hypocentre R (in km), which may be used for the rapid
estimation of the earthquake magnitude in near real-time.
My P = [LOG(PGD) + 8.2849]/(1.6810 — 0.2453LOGR)
M"¢P-S = [LOG(PGD-S) + 8.0839]/(1.6793 — 0.2447LOGR)
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LepiZnyn

2TV Tapovoa EpYacio. TEPLYPOPOVUE Kol dlabétovue uia foaon eCnvta teoodpwv
(64) oceioikawv petaromiocwv arod Tic katTaypopés uoviuwv otaluav GPS, korta
mv eikooaety ypoviky mepiodo 1997-2017. Or uetarormioeis opeilovior o€
UEYBAOVG, ETLPAVEIOKODS TELTUOVS aTov EAANVIKG ydpo o1 omoiol mpoxaieoov
ETLPAVEIOKES KIVIOEIS (TS TACEWS  YIAOOTOV €S OEKGOMV  EKOTOTTDV)
oviyvevoiues aro oiktvo. GPS-GNSS. Xtyv faon mepiloufavovior dedouéva
UOVIUNG UETATOTIONGS YLO ATOOTAOELS UETALD 2-132 KM amd to vmokevipo kat yio.
11 oeiouovs e peyédn pomng uetold 5.5<Mw<6.9. Avtd to. dedouéva eivou
APNOWUO, T YEWAOYOVS, GELOUOLOYOVS KOL UNYAVIKODS ETELON GOUSGLovY aTnv
TANPETTEPY KOTOVONGH THG UNYOVIKHG TV O10pPHEEDV, THG KOTOVOUNS TV
EMPOVELOKDV TOPOUOPPDTEDY UETC OTO UEYALOVS GEIGUOVS OALG KOl TE OAAES
EQPaPUOYES TELoIKNG unyovikng. Emmiéov, éyve avaloon ue mpaty vopuo. (L1-
norm) moAvopounons s omocPeons ™S uoviung, opiloviiog ETIPAVELOKNG
UETATOTLONG GVVOPTHOEL TOV UEYEHOVS Kal DVTOKEVIPIKNGS amdaTtoonS. Bpnkoue ot
70 OE00UEVA OGS TAIPLALOVY KOADTEPOL UE LUIOL YPOYUIKY GOUTEPLPOPE. Y10, OVTO TO
evpog ueyebwv. Ilpoteivovue 000 EUTEIPIKES TYETEIS VIO TOV DTOLOYIGUO TOD
OELoUIKOD UEYEOOVS Paoel THG EOOPIKNG UETATOTIONG KO THS OTOOTAGEWS OO TO
DITOKEVTPO, 01 OTOIeS UTOPODV va. ypnoiuoroinfodv epocov eivor orabéoyues

EMADOEIS OTAOUDY OE TYEIOV-TPAYUATIKO XPOVO.
Aéeis kderona: GNSS, Aryaio, puetaromion, oelouog, ovoyétion
1. Introduction

1.1 GNSS data for ground displacements

Over the last twenty (20) years, displacements from Global Navigation Satellite
System (GNSS) data, specifically from Global Positioning System (GPS) have
become a useful measurement in seismology and earthquake geology. Such data
have been used to quantify the intensity of ground deformation following strong
earthquakes, to infer the geometry and kinematics of the seismic fault in case of
“blind” ruptures as well as to contribute to fault inversion models (Ganas et al.,

2009; 2013; 2016; Hreinsdottir et al. 2009; Devoti et al. 2012; Saltogianni et al.,
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2015; Briole et al. 2015; Chousianitis et al., 2016; Avallone et al., 2017; Melgar
etal., 2017; Howell et al., 2017; Chousianitis, and Konca, 2018).

The GNSS technique relies on precise measurements of electromagnetic waves
between a GNSS antenna and a constellation of satellites with precisely known
orbits. Geodetic analysis of the dual-frequency GNSS data results in reliable and
unsaturated measurements of ground motion displacement (e.g. Melgar et al.,
2015; Geng et al., 2016; 2017). GNSS directly measures displacements in an
absolute global reference frame (ITRF 2008 and so on), but rigorous post-
processing of the data is necessary to measure offsets at the sub-millimetric
level. Thus, the space observations are useful for extracting ground
displacements following moderate to large events (5<M<9) as it has been
demonstrated in many cases (see Melgar et al., 2015 and Ruhl et al. 2017, 2018,

for a summary of recent literature).

Accordingly, GNSS technology is widely used in earthquake source studies
where it is usually inverted on its own, or jointly with other geophysical data
sets (e.g. INSAR, seismology), to image the kinematic source process of M6+
events (Huang et al. 2013; Chousianitis et al., 2016; Melgar et al., 2017,
Avallone et al., 2017). High-rate GNSS has also been employed in studies of
long-period ground motions, and in structural monitoring (Moschas and Stiros,
2011; 2014). The latest application of GNSS is the incorporation of the geodetic
component in earthquake early warning systems (e.g. Murray et al., 2018). A
review of the evolution, uses, and algorithms behind GNSS can be found in Bock
and Melgar (2016).

1.2 NOANET and other GNSS networks

In Greece NOA operates a national GNSS network, NOANET (Ganas et al.,
2008; 2011; 2012; 2013a; Chousianitis et al., 2013) under an open data policy.
Thus, it is possible to access the data after a seismic event. The GNSS data are
collected in a centralized repository and they are accessible via the NOA GSAC
tool (Argyrakis et al., 2016). All stations are equipped with dual-frequency GPS

receivers.
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The first installation of NOANET was completed on February 12, 2006 in the
island of Cephalonia, lonian Sea (Fig. 1). This site is co-located with the NOA
seismological station VLS and had been tested for several months during 2005
using a Leica 1200 receiver provided by Joel VandenBroek of Leica-
Geosystems SA. A similar test was synchronously performed in another co-
located station, RLSO in NW Peloponnese (using geodetic equipment provided
by Evangelos Lagios, NKUA; operated until 9 March 2009 under the code
RLS ). In both localities, GPS signal quality was excellent. Station NOA1 was
installed on March 13, 2006; it is serviced by a Leica 1200GRX receiver and a
AT 504 Choke-ring antenna. Then, given the limited amount of resources
available to us during the period 2007-2015, we focused in high seismic hazard
regions such as western Greece - south Peloponnese and in the central-northern
Aegean, respectively. Stations VLSM, KIPO, PONT and SPAN are aligned
along the Cephalonia Transform Fault (CTF), a large dextral transcurrent fault
zone associated with strong, shallow earthquakes. The 140-km long, right-lateral
CTF accommodates the relative motion of the Apulia (Africa) and Aegean
(Eurasia) lithospheric plates with a 70-85 km cumulative dextral displacement
(Pearce et al., 2012). Stations PONT and SPAN are located on the island of
Lefkada at about 7 km to the east of CTF. Station KASI is located in northern
Corfu island at about 30 km to the east of the Apulian thrust, a rather unexplored
active structure which may be associated with large historical earthquakes (e.g.
Nappi et al., 2017). Stations PRKV, SKYR and LEMN are located near to the
North Anatolian Fault (NAF) branches in the North Aegean Sea. Most stations
are co-located with broadband seismometers and/or strong motion instruments.
All above stations provided excellent data after strong, shallow earthquakes in
Greece since 2008.

In this paper we describe and make open a database of GNSS displacement data
that various authors have published over the last 20 years in the broader Aegean
region. The earthquakes that caused the ground deformation are listed in Table
1. The displacements database consists of 64 two-component GNSS recordings
of ground motion, rigorously processed in standard geodetic approaches
including by point positioning algorithms (PPP; for example, Lefkada 2015
M6.5 event; Ganas et al., 2016; Avallone et al. 2017) or double-difference
approach (as the RLSO station during the 2008 Kato Achaia M6.5 earthquake,
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Ganas et al., 2009) to obtain displacements in geodetic coordinates. The
displacement data are presented in a unified text format in supplementary
material (Table S1). The number of recordings per station is shown in

Supplementary Figure S1.

Table 1. Focal parameters of strong and shallow Greek earthquakes used in this
study, period 1997-2017. Data for individual events are referenced in the last

column. Moment magnitude is determined after http://www.globalcmt.org/.

Location of events is shown in Fig. 1.

E\l/ﬁgtber Date Latitude Longitude (Ii;p)th ?éI;VCV:MT) Reference

1 19971118 | 37.4800 20.6900 10.0 6.6 ISC Event 1053117

2 20010726 | 39.0500 24.3500 19.0 6.4 NOA catalogue

3 20030814 | 38.8300 20.6400 6.8 6.2 llieva et al. 2016

4 20080608 | 37.9400 21.4780 18.0 6.4 Ganas et al. 2009

5 20100118 | 38.3962 21.9039 8.5 55 Ganas et al. 2013

6 20100122 | 38.4075 21.9422 51 5.4 Ganas et al. 2013

7 20140126 | 38.2102 20.4614 16.5 6.1 Karastathis et al. 2015
8 20140203 | 38.2734 20.4310 4.6 6.0 Karastathis et al. 2015
9 20140524 | 40.2900 25.4000 14.0 6.9 NOA MT event page

10 20151117 | 38.6755 20.5930 9.6 6.5 Ganas et al. 2016

11 20170720 | 36.9553 27.4484 9.2 6.6 Ganas et al. in review

In addition, this type of data is useful to remove offsets of tectonic origin from
GNSS time-series so the station velocity can be used in tectonic geodesy studies
(e.g. Avallone et al., 2004; Reilinger et al., 2006; Rontogianni, 2010; Ganas et
al., 2013a; Chousianitis et al., 2015; Marinou et al., 2015; Sakkas and Lagios,
2017). As a demonstration of the utility of the database for earthquake source
studies, we applied regression analysis to obtain peak ground displacement
(PGD) scaling relationships, following the procedures provided by Crowell et
al. (2013, 2016) and Melgar et al. (2015). This analysis also helps to understand
the attenuation pattern of seismic strain immediately following strong

earthquakes.
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Fig. 1: Location map of Aegean seismic events (blue stars) with GPS records
reported in this study. Beachballs indicate focal plane solutions (lower
hemisphere, compressional quadrant in red colour) from moment Tensor
inversion data (http://www.globalcmt.org/CMTsearch.html). We use EMOD
bathymetry, and the ASTER GDEM for relief. Yellow triangles are NOANET

stations. lllumination from SE.

2. Data and methods

2.1 Data selection - networks

The dataset consists of GNSS horizontal displacements for 11 large (>M5.5)
earthquakes in Greece (see Table 1 and Figure 1). The majority of the recordings
are collected by NOA at 1H; as raw observations and they are subsampled to 30-
s and translated to RINEX format. Users of the data have published offsets in
the literature (see Table S1 for a reference list), from where we selected 64 data

points for further analysis.
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The events range in magnitude from Mw=5.5 (2010 Efpalion; Ganas et al.,
2013b) to Mw=6.9 (2014 Samothraki; Saltogianni et al., 2015; Kiratzi et al.,
2016). The database includes continental strike-slip (e.g. 2008 Mw=6.5 in NW
Peloponnese; Ganas et al., 2009), intraplate normal (e.g. 2010 My=5.5 Efpalio)
and Hellenic subduction zone events (1997 Strofades; Hollenstein et al., 2006).

All events have hypocentres shallower than 30 km and the number of stations
available for each event varies widely (Table 2). Some have only a few sites,
such as the 1997 My=6.6 Strofades earthquake on the Hellenic megathrust or
the Mw=6.4 2001 Skyros earthquake which have only two stations with data.
More recent events, like the My=6.9 2014 Samothraki earthquake and the Kos
2017 My6.6 earthquake have 15 and 18 records, respectively. As GNSS data are
noisy, some of the stations in operation during moderate magnitude events, but
located far from the source, did not record any meaningful signals. We use the
global CMT moment magnitude database for our scaling tests since it has been

available long before the rise of the GNSS era (late 80s).

Table 2. List of strong and shallow Greek earthquakes with published GPS
offsets, period 1997-2017. The horizontal offsets are combined into a peak
ground displacement (PGD) as defined in equation 1 below. Column stations
denotes the number of permanent GNSS stations with available recordings.
Location of events is shown in Fig. 1.

Event Event Name Source of GPS offsets Stations | RGD range
No (cm)

1 Strofades Eq 1997 Hollestein et al., 2006 2 1.40-6.45
2 Skyros Eq 2001 Hollestein et al., 2008 2 2.60-4.15
3 Lefkada Eq 2003 Hollestein et al., 2008 10 0.10-4.50
4 SW-Achaia Eq 2008 Ganas et al., 2009 1 0.35

4 SW-Achaia Eq 2008 Gianniou, 2011 2 0.50-0.55
5 Efpalion Eq 2010-01-18 Ganas, et al., 2013 1 0.48

6 Efpalion Eq 2010-01-22 Ganas, et al., 2013 1 0.24

7 Cephalonia Eq 2014-01-26 | Ganas et al., 2015 5 0.08-3.60
8 Cephalonia Eq 2014-02-03 | Ganas et al., 2015 3 0.09-1.23
9 North Aegean Sea Eq 2014 Ganas _ et al, 2014, 4 1.31-3.51

unpublished report

9 North Aegean Sea Eq 2014 | Saltogianni et al., 2015 11 0.24-6.45
10 Lefkada Eq 2015 Ganas et al., 2016 4 0.05-27.80
11 Kos Eq 2017 Ganas et al., in review 18 0.20-9.90
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The data comprise GPS static offsets (measured on the horizontal components,
North-South and East-West) regarding the following earthquakes (Table 2):
1997 Strofades M6.6 (Hollenstein et al., 2006), 2001 Skyros M6.4 (Hollenstein
et al. 2008), 2003 Lefkada M6.3 (Hollenstein et al. 2008), 2008 Kato Achaia
M6.5 (Ganas et al., 2009; Gianniou, 2011), 2010 Efpalio M5.5 (Ganas et al.
2013b), 2014 Cephalonia M6.1-M6.0 (Ganas et al., 2015), 2014 Samothraki
M6.9 (Saltogianni et al, 2015), 2015 Lefkada M6.5 (Ganas et al., 2016), and
2017 Kos M6.6 (Ganas et al. in review). The offsets on the vertical component
were not retrievable in most cases or were within the level of GPS noise, so this

component was ignored in further analysis.

The displacement data are structured as follows (Table S1). There are several
records per event clearly labelled with event names. For each event important
metadata are reported (date, magnitude) as well the GPS site (network code) that
provided co-seismic offsets. There are two columns which contain static offsets
named PGD (Peak ground displacement) and PGD-S (PGD-squared) offsets,
respectively. PGD/PGD-S are defined as in equations (1) and (2) respectively.
Mu is the known moment magnitude for the earthquake from the global centroid

moment tensor (CMT) catalog (http://www.globalcmt.org/ ), and R is the

hypocentre- to-station distance calculated on a spherical Earth.

For each station-event pair, we compute the hypocentral distance R, using either

the manual location by NOA (http://www.gein.noa.gr/en/seismicity/earthquake-

catalogs) or relocated data when available (Table 1; for example for event #1
location is from I1SC; event #3 location is from llieva et al., 2016; events #7 and
#8 locations are from Karastathis et al. 2015) as we seek to minimize location
error in our regression analysis. We chose to work with hypocentral distance
because our station coverage is relatively dense so many stations are located at
distances < 25 km for the epicentre (about 1/3 of our data) so the depth factor
becomes important for regression. Furthermore, many local GNSS networks are
expanding in Greece (under the framework of project HELPOS) so more near-
field data will become available and our equations can be used readily in order

to estimate moment magnitudes.
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2.2 GNSS data quality

The quality of the GNSS data (in short QC) obtained by the NOA receivers is
monitored routinely. Our QC analysis examines the daily, 30-second RINEX
data file for each NOANET receiver focusing primarily on multipath effects.
The multipath error describes the reflections of the GNSS satellite signals that
come back to the antenna and it is mainly produced from surfaces in the vicinity
of the antenna such as iron, water, glass etc. The signals arrive to the antenna
through two different paths which causes delaying compared to the direct path.
Delaying introduces errors in pseudorange and carrier phase measurements. To
examine the level of multipath error of the GNSS stations during the day of the
earthquakes we use TEQC (Estey and Meertens, 1999) to process RINEX
(Receiver Independent Exchange Format) files. Quality control with TEQC
produces files of satellite azimuth, satellite elevation, multipath at L1 (1575.42
MH_) and multipath at L2 (1227.60 MH_) frequencies, also signal to noise ratio
of L1, L2 if data exist, in COMPACT2 format.

Then, we modified the GNU-qgcplot software http://www.gnuplot.info/ to

produce skyplots and receiver plots of stations that recorded the co-seismic
offsets (Fig. 2 and Fig. 3). A skyplot is a simple illustration of GPS satellite
trajectories over a given GPS site (Marshall, 2002; Hilla, 2004). These plots,
also called satellite visibility diagrams, provide an intuitive feel for satellite
geometry and they reveal the impact of obstructions on satellite visibility, as
well as they display where the positive and negative values of pseudorange
multipath are plotted with respect to each satellite's azimuth and elevation (Fig.
2, Fig. 3). The Qcplot software process the TEQC outputs and produces a file
from combination of azimuth and elevation with respect to multipath files of L1
and L2. With the use of skyplots it is easy to identify and eliminate if possible
the source of multipath around the antenna and produce high quality RINEX
files. In our examined dates (see Table 1) we confirm that the data (GPS
observations) used in further processing are free of multipath effects. The only
exceptions include a) for the 17 November 2015 earthquake station PONT in L1
(Figure 2a; but not in L2; see Fig. 3a) there is multipath at 3 satellites at azimuth
NI150°E at 15° elevation b) for the 8 June 2008 earthquake at station RLS L2
(Riolos; new code is RLSO) there is multipath that affects 4 satellites at azimuth
N330°E around 20° elevation (Fig. 2b).
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station: PONT, date: 17/11/2015, type: MP1
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station: RLS date: 08/06/2008, type: MP1
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Geological Society of Greece

Fig. 2: Skyplots showing L1 multipath effects for four NOA stations that
recorded co-seismic offsets. Event dates are shown beneath each plot. The daily
rinex file was processed: a) PONT b) RLS_ ¢) SPAN and d) VLSM. Elevation
cut-off angle is 10°. Colour scale is in m. [see online supplementary material for

higher resolution of this figure].
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Fig. 3: Skyplots showing L2 multipath effects for four NOA stations that
recorded co-seismic offsets. Event dates are shown beneath each plot. The daily
rinex file was processed: a) PONT b) RLS_ c¢) SPAN and d) VLSM. Elevation
cut-off angle is 10°. Colour scale is in m. [see online supplementary material for

higher resolution of this figure].

3. Discussion

3.1 PGD scaling relationship for Aegean earthquakes
Melgar et al. (2015) and Ruhl et al. (2018) produced PGD scaling laws and
proposed algorithms for their real-time use as an unsaturated estimator of
earthquake magnitude. In this study we use only horizontal offsets to investigate
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their usefulness in the magnitude range 5.5<M<6.9, which most frequently
occurs in the Aegean region. The complete database includes 11 events during
the period 1997-2017 (see Fig. 1 for locations). We consider those published
offsets as mostly co-seismic because they originate from averaged positions of
a few days following the mainshock although we are aware that a small post-
seismic contribution maybe present in the data. For example, comparable events
to the Aegean ones examined here like the 2003 M6.5 San Simeon earthquake
were followed by postseismic moment release of 14% w.r.t that of the

mainshock (Johanson and Biirgmann, 2010).

We used the An-s and Ae.w components of ground displacement (A stands for
amplitude), North-South and East-West direction, respectively. Then, we
calculated the quantities PGD (Peak Ground Displacement) and PGD-S (Peak
Ground Displacement - Squared) as follows:

PGD = (JAn-s| + |Ae-w|)/2 ()
PGD-S = (An-s? + Ae-w?)? (2)

So PGD is the mean value of the absolute horizontal displacement in two
orthogonal directions (in cm), while PGD-S is the resultant horizontal

displacement (in cm). We want to estimate a relation of the type:
LOG(x) = A +B*Mu+C*My*LOGR 3)

where X is either PGD or PGD-S, My is the magnitude of the earthquake event
and R is the hypocentral distance of the GPS station to the earthquake’s epicenter
(see Table S1 for data).

We use L1-norm minimization regression to correlate My and LOGR with PGD
(Fig. 4) and PGD-S (Fig. 5). This regression is a least squares method with a
penalty of the L1-norm form multiplied by a factor A. Using the lasso command
in MATLAB with y = LOG(PGD) or y’ = LOG(PGD-S), x1 = My and xz =
MwLOG(R) we obtain sets of the coefficients A, B and C for different values for
L. We applied 6-fold validation to our results and selected the set A, B, C for the
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A factor that minimized the MSE (Mean Square Error). The regression values

are given in Table 3.

The regression for PGD-S minimizes the Mean Square Error in comparison to
PGD, so we expect it to show a better fit. The best example of PGD scaling over
a 10-100 km hypocentral distances is presented by the Kos 2017 earthquake data
(red rhomb symbol; Fig. 4 and Fig. 5).

In Fig. 4 & 5 we plot the GNSS displacement data as in colour scale from blue
to red based on the real magnitude of the earthquakes (so the data corresponding

to the highest magnitude M6.9 are shown in dark red).

Table 3. Results of regression performed in MATLAB software.

Regression A min MSE (Mean Square A B C
Target Error)
PGD 0.0000217 0.1209 -8.2849 | 1.6810 | -0.2453
PGD-S 0.0000216 0.1193 -8.0839 | 1.6793 | -0.2447

So, using the values of Table 3 equation (3) becomes:

LOG(PGD) = -8.2849 + 1.6810*M,, - 0.2453*My*LOGR  (4)
and LOG(PGD-S) = -8.0839 + 1.6793*M,, — 0.2447*M,*LOGR (5)

For the parameters A, B and C of the two relationships are also reported the
corresponding values from the var-covariance matrix (Table 4 for PGD and
Table 5 for PGD-S, respectively). The derivation of the var-covariance matrix
is presented in the Supplementary Text S1 (at the end of this paper).

Table 4. The covariance matrix for the A, B, C coefficients calculated using
PGD (equation 4).

PGD A B C

A 4.2659 | -0.8515 | 0.1188
B -0.8515 | 0.1700 | -0.0237
C 0.1188 | -0.0237 | 0.0033
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PGD-S (equation 5).

PGD-S A B C

A 4.2337 | -0.8450 | 0.1178
B -0.8450 | 0.1687 | -0.0235
C 0.1178 | -0.0235 | 0.0033

Table 5. The covariance matrix for the A, B, C coefficients calculated using

log(PGD) = -8.2849 + 1.6810Mw - 0.2453MwlogR for hypocentre
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Fig. 4. Scatter plot in log-log space showing decrease of PGD (cm) with
hypocentral distance (km) in the magnitude range 5.5-6.9 (11 events from the
Aegean area, period 1997-2017). Date format in legend (upper right) is
DDMMYYYY. The oblique black lines are the predicted scaling values for a
particular earthquake magnitude from the L1 regression of the PGD
measurements. PGD is defined in (1). The PDG colour scale ranges from blue
to red based on the real magnitude of the earthquakes (so the data corresponding
to the highest magnitude M6.9 are shown in dark red).
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log(PGD-S) = -8.0839 + 1.6793Mw - 0.2447MwlogR for hypocentre
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Fig. 5: Scatter plot in log-log space showing decrease of PGD-S (cm) with
hypocentral distance (km) in the magnitude range 5.5-6.9. Date format in legend
(upper right) is DDMMYYYY. The oblique black lines are the predicted Mw
scaling values from the L1 regression of the PGD-S measurements. PGD-S is
defined in (2).

3.2 GNSS magnitude (estimated) vs real Magnitude

The paper focuses on the derivation of a relationship between the Peak Ground
Displacement (PGD & PGD-S), as it is defined by GNSS (GPS) measurements,
and the moment magnitude (Mw) of the earthquake. The main aim is to develop
a set of relationships based on eleven (11) earthquake cases in Greece, which
may be used for the rapid estimation of the earthquake magnitude in near real-
time. As such it would be useful to produce a comparison table for those 11
events, with the real magnitude (Mw) and the GNSS-estimated one (Mgnss; as
the average of the estimates of the corresponding earthquake including the

uncertainty range). This might not be representative for earthquakes with very
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few stations (for example the 2010 Efpalion events or the 1997 event offshore
Strofades; see Table 2) but still it will draw more easily the final conclusions.

For every seismic event i we had N; values for Mw. We calculated the mean
estimated values Mwi®Pmean and Mui® ®°Smean, the standard errors s”°P and s”¢P-
S and the differences AMPP = My - Mui"®Prean and AMPCPS = My - Myi”P-
Smean. The results of this analysis are presented in Table 6 (for PGD) and Table
7 (for PGD-S) for the data set of the 64 points. We calculated the standard
deviation for our GNSS estimated magnitudes (Mw or Menss) for each seismic
event for PGD and PGD-S approach. For events with several data points (for
example events #3, #9, #11) the standard deviation of estimated magnitudes is

less than 0.3 units.

We then solved the LOG(PGD) and LOG(PGD-S) relations for M.
We got:

Mu"CP = [LOG(PGD) + 8.2849]/(1.6810 — 0.2453LOGR) (6)
Mu"CP-S = [LOG(PGD-S) + 8.0839]/(1.6793 — 0.2447LOGR)  (7)

Where PGD and PGD-S are in cm and R in km, respectively.

In 7 events the magnitude difference (AM) Mw-Manss is less than or equal to 0.1
units using the PGD approach (this is true for 6 events using the PGD-S
approach). The largest deviation is observed in the case of event 4 (the 2008
M6.4 earthquake in NW Peloponnese) where the estimated magnitude from
GNSS is 5.88 (PGD relationship) or 5.87 (PGD-S relationship), i.e. it is
underestimated by 0.5 units of magnitude. The reason for this underestimation
is the relatively large depth of mainshock (18 km; Ganas et al., 2009) and the
thick pile of sedimentary rocks in NW Peloponnese (including several km of
Triassic evaporites; Serpetsidaki et al. 2014) that resulted in significant
attenuation of the released elastic strain energy. The second larger deviation
concerns the 2001 Skyros strike-slip earthquake where the GNSS-estimated
magnitude is larger than the Mw by 0.44 units of magnitude. Here, we believe

that the GNSS offsets may have been overestimated by the analysts.

113



Volume £

Table 6. GNSS-estimated magnitude (Mwi"®Pmean) Vs real magnitude using the

PGD relationship (6). s"®P is the standard deviation and AM is calculated as

AMPGD = Mw- MWiPGDmean .

Estimated Standard
Event No of Magnitude Deviation Mw
Number Date stations  Muwi"®Prmean sPeb (GCMT) AM
1 19971118 2 6.67 0.55 6.6 -0.07
2 20010726 2 6.84 0.09 6.4 -0.44
3 20030814 10 6.39 0.29 6.2 -0.19
4 20080608 3 5.88 0.27 6.4 0.52
5 20100118 1 5.52 - 5.5 -0.02
6 20100122 1 5.12 - 5.4 0.28
7 20140126 5 6.00 0.26 6.1 0.10
8 20140203 3 5.98 0.14 6 0.02
9 20140524 15 6.92 0.19 6.9 -0.02
10 20151117 4 6.43 0.37 6.5 0.07
11 20170720 18 6.55 0.21 6.6 0.05

Table 7. GNSS-estimated magnitude vs real magnitude using the PGD-S

relationship (7).

Event No of Estimated Standard Mw
Number Date stations Magnitude Deviation (GCMT) AM
1 19971118 2 6.68 0.60 6.6 -0.08
2 20010726 2 6.84 0.03 6.4 -0.44
3 20030814 10 6.38 0.29 6.2 -0.18
4 20080608 3 5.87 0.21 6.4 0.53
5 20100118 1 5.49 - 55 0.01
6 20100122 1 5.12 - 5.4 0.28
7 20140126 5 5.99 0.27 6.1 0.11
8 20140203 3 5.97 0.12 6 0.03
9 20140524 15 6.90 0.18 6.9 0.00
10 20151117 4 6.46 0.31 6.5 0.04
11 20170720 18 6.56 0.21 6.6 0.04

While the good fit of our GNSS-estimated magnitude vs. the real magnitude

determined from moment tensor inversion is expected given the training dataset

of Table S1 we investigated further the applicability of our empirical

relationships (equations 6 & 7) using an independent dataset of GNSS co-

seismic displacements. We used the co-seismic offsets of the 2018 October 25,

22:54 UTC megathrust earthquake offshore Zakynthos (lonian Sea, Greece;

https://earthquake.usgs.gov/earthquakes/eventpage/us1000hhbl/executive ) at

nine (9) stations that were provided to us by Pierre Briole (ENS, Paris; table 8).
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To perform the validation, we used the NOA catalogue epicentre (37.3410°
North - 20.5123° East), the NOA depth (9.9 km) and the GCMT Mu=6.8 (the
NOA Mu=6.7). We obtained a GNSS magnitude = 6.73 which was derived as a
mean value of all 9 data points (stations and distances in Table 8). Our estimate
differs by an amount of 0.03 magnitude units from the NOA moment magnitude
estimation and by 0.07 magnitude units from USGS & GCMT moment
magnitudes. We note that this encouraging result is due to the availability of co-
seismic offsets from nine (9) stations, however the magnitude variability ranged
from 5.8-5.9 (VLSM) to 7.0-7.1 (ZAKU and ZAKY). This is a clear message
that single-station estimates may be risky in real-time applications of this

method.

Table 8. Estimation of earthquake magnitude for the 2018 Zakynthos
earthquake using the GNSS data. PGD/PGD-S is in cm, R is in km. The
magnitudes were calculated using the empirical relationships of equation 6
(PGD) and equation 7 (PGD-S).

PGD R PGD-S MPGD MuPGD-S Station
1.30 90.410 1.89 6.99 6.96 AMAL
0.25 135.058 0.36 6.63 6.60 TROP
3.40 59.771 4.91 7.08 7.05 ZAKU
3.30 59.420 4,74 7.07 7.03 ZAKY
1.20 92.345 1.79 6.98 6.96 PYRG
0.25 116.036 0.41 6.54 6.56 KOPA
3.50 46.582 5.15 6.94 6.92 STRF
0.05 93.727 0.10 5.83 5.92 VLSM
0.25 115.525 0.41 6.54 6.55 PYLO
6.73 mean Mw PGD
6.73 mean Mw PGD-S

3.3 Scaling implications for seismic strain attenuation

Our results indicate almost linear scaling of PGD/PGD-S with hypocentral
distance and earthquake magnitude (Mw), or that seismic strain attenuation
scales linearly with earthquake magnitude and distance from hypocentre. It is
impressive that for elastic strains the GNSS technology can map earthquake-
induced deformation at 100 km distance from the hypocentre, that is up to 4-5

fault lengths for magnitude M6+ events. This indicates that at such short time-
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scales the earth’s upper crust is 100% coupled and it behaves as an almost perfect

elastic body.

In addition, this empirical scaling approach seems to hold irrespective of the
mechanism of the earthquake, although more data are needed to support this
statement. Our Aegean dataset is dominated by strike-slip events (7 out of 11)
while normal-slip events (3 out of 11) and reverse-slip (1 out of 11) are under-
represented. We note that our successful validation (Table 8) was conducted on
the 2018 Zakynthos megathrust event. The inclusion of more dip-slip events in
our database may also necessitate the future incorporation of the Up-component
in our PGD (as in Ruhl et al., 2018) as ruptures along inclined planes create
significant vertical deformation which is asymmetric (i.e. King et al., 1988;
Atzori et al. 2008; Cheloni et al. 2014; Ganas et al, 2018).

The observed PGD-Mw-R scaling also implies that the gradient of the co-seismic
displacement (and hence the efficiency of seismic radiation in inducing
permanent deformations) is more dependent on the elasticity properties of the
medium than on the details of the rupture pattern along the fault plane; however,
we note the examined magnitude range 5.5<Mw<6.9 so this statement may not
hold for larger ruptures involving more than one asperities or more than one fault

planes.

Another important implication of this result (Fig. 4; Fig. 5) is that once a set of
PGDs is determined immediately after a strong earthquake, at distances less than
100-km from the epicentre (where broadband seismometers are usually clipped),
it may be used to empirically estimate the moment magnitude of the event with

an accuracy of 0.3 units.
4. Conclusions

a) We describe and make available a database of GPS horizontal displacements
for 11 shallow earthquakes between Mw=5.5 and 6.9 around Greece, during the
period 1997-2017. We include offsets from GPS sites at near-source to regional
distances (2-132 km) with 0.05<PGD<27.80 cm or 0.10<PGD-S<40.58 cm.
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b) We investigated the magnitude scaling properties of both PGD and PGD-S
for these events as a testing for linear attenuation of seismic strain with distance
and provide empirical equations relating earthquake magnitude to surface
displacement. We find coefficients (see table 3) that are well fit over the
magnitude and distance ranges used. The PGD data plot on average around 0.3
magnitude units to the predicted scaling value.

c) a validation of our estimated (GNSS) magnitude in the case of the 2018
Zakynthos earthquake using the formulas (6) & (7) showed that the magnitude
difference with real magnitude (Mw from GCMT) is less than 0.1 magnitude
units.

d) This initial dataset of 64 records may be useful to geologists, seismologists
and engineers and we hope to encourage and facilitate the incorporation of
GNSS data into ground-motion studies, early-warning systems, and structural

monitoring applications.
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Supplementary material

Figure S1. Number of earthquake recordings per GNSS station. Data are

reported in Table S1.
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Table S1. GPS Displacement data for Greek earthquakes, period 1997-2017.
Data sources (column REF) are: (1) Hollenstein et al., 2006 (2) Hollenstein et
al., 2008 (3) Ganas et al., 2009 (4) Gianniou, 2011 (5) Ganas, et al., 2013 (6)
Ganas et al, 2015 (7) Ganas et al, 2014, unpublished report
http://www.gein.noa.gr/Documents/pdf/May 24 2014 GPS_report.pdf (8)
Saltogianni et al., 2015 (9) Ganas et al., 2016 and (10) Ganas et al. in review
(including data from Tiryakioglou et al., 2017). PGD and PGD-S are calculated

according to equations (1) and (2), respectively.

Distance to
(I\i:)fset ;\;ent Date :\g‘gMT) GPS Site Hypocentre :’cil))-s :ﬁ?) REF
(km)
1 1 19971118 | 6.6 STRF 39.686 11.76 6.45 1
2 1 19971118 | 6.6 KERI 24.201 2.02 1.40 1
3 2 20010726 | 6.4 NSKR 31.119 7.45 4,15 2
4 2 20010726 | 6.4 CG38 51.637 3.68 2.60 2
5 3 20030814 | 6.2 APAX 48.821 0.78 0.55 2
6 3 20030814 | 6.2 VONW 21.063 3.11 2.20 2
7 3 20030814 | 6.2 AMFI 46.110 0.50 0.35 2
8 3 20030814 | 6.2 1KVL 8.164 7.21 4.50 2
9 3 20030814 | 6.2 VASI 26.338 4.04 2.30 2
10 3 20030814 | 6.2 DUKA 31.559 5.59 3.95 2
11 3 20030814 | 6.2 FISK 42.065 3.45 2.15 2
12 3 20030814 | 6.2 ASSO 52.143 2.94 1.85 2
13 3 20030814 | 6.2 GERO 77.079 0.20 0.10 2
14 3 20030814 | 6.2 LKTR 78.774 0.22 0.15 2
15 4 20080608 | 6.4 RLSO 22.162 0.70 0.35 3
16 4 20080608 | 6.4 030A 26.241 0.80 0.55 4
17 4 20080608 | 6.4 012A 51.264 0.70 0.50 4
18 5 20100118 | 5.5 EYPA 9.401 0.68 0.48 5
19 6 20100122 | 5.4 EYPA 5.662 0.37 0.24 5
20 7 20140126 | 6.1 VLMS 20.239 1.17 0.79 6
21 7 20140126 | 6.1 PONT 49,535 0.25 0.15 6
22 7 20140126 | 6.1 AGRI 49.094 0.11 0.08 6
23 7 20140126 | 6.1 SVOR 20.331 1.30 0.85 6
24 7 20140126 | 6.1 KEFA 16.701 5.32 3.60 6
25 8 20140203 | 6.0 VLMS 18.057 1.79 1.23 6
26 8 20140203 | 6.0 PONT 40.953 0.27 0.16 6
27 8 20140203 | 6.0 AGRI 93.779 0.13 0.09 6
28 9 20140524 | 6.9 CANA 89.490 3.04 2.08 7
29 9 20140524 | 6.9 IPSA 109.030 1.93 1.31 7
30 9 20140524 | 6.9 LEMN-Gi 49.521 5.25 3.51 7
31 9 20140524 | 6.9 LEMN-Ga 49.521 4.95 3.24 7
32 9 20140524 | 6.9 018B 26.924 10.20 6.45 8
33 9 20140524 | 6.9 089A 47.820 5.69 3.75 8
34 9 20140524 | 6.9 019A 70.655 1.94 1.37 8
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35 9 20140524 | 6.9 036A 86.966 1.08 0.74 8
36 9 20140524 | 6.9 076A 127.601 0.34 0.24 8
37 9 20140524 | 6.9 020A 137.857 0.89 0.63 8
38 9 20140524 | 6.9 022A 118.047 1.02 0.71 8
39 9 20140524 | 6.9 069A 90.536 0.92 0.60 8
40 9 20140524 | 6.9 091A 131.284 0.41 0.24 8
41 9 20140524 | 6.9 CANA 89.490 3.04 2.05 8
42 9 20140524 | 6.9 IPSA 109.030 2.00 1.41 8
43 10 20151117 | 6.5 KASI 132.204 0.10 0.05 9
44 10 20151117 | 6.5 SPAN 16.717 9.32 6.55 9
45 10 20151117 | 6.5 VLSM 56.279 0.70 0.35 9
46 10 20151117 | 6.5 PONT 11.500 40.58 27.80 9
47 11 20170720 | 6.6 086A 33.960 1.35 0.95 10
48 11 20170720 | 6.6 087A 82.852 0.58 0.40 10
49 11 20170720 | 6.6 BODR 12.351 16.45 9.90 10
50 11 20170720 | 6.6 CAMK 44.562 2.81 1.50 10
51 11 20170720 | 6.6 DATC 36.144 3.35 2.10 10
52 11 20170720 | 6.6 DIDI 49.861 1.96 1.20 10
53 11 20170720 | 6.6 KALU 44.219 0.71 0.40 10
54 11 20170720 | 6.6 KNID 32.099 5.39 3.50 10
55 11 20170720 | 6.6 KYCZ 110.402 1.34 0.90 10
56 11 20170720 | 6.6 MARM 50.907 0.63 0.40 10
57 11 20170720 | 6.6 MUG1 85.973 0.40 0.20 10
58 11 20170720 | 6.6 MUMC 27.014 7.27 4.60 10
59 11 20170720 | 6.6 ORTA 16.612 10.73 6.95 10
60 11 20170720 | 6.6 ROD2 112.609 0.63 0.40 10
61 11 20170720 | 6.6 SAMU 99.015 0.91 0.50 10
62 11 20170720 | 6.6 TGRT 20.186 2.66 1.70 10
63 11 20170720 | 6.6 TRKB 22.811 6.96 4.50 10
64 11 20170720 | 6.6 YALI 12.795 15.32 8.00 10
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Text S1.
The A, B, C coefficients we are calculating can be assumed as random variables.
Using 6-fold cross validated lasso regression in MATLAB we calculated 100
values for each coefficient for 100 different A.
We put the values in a single matrix M which we can consider as a random
vector. Each column represents a vector with elements the 100 values of the
coefficient A, B, or C.
We would need the 3x3 covariance matrix to fully characterize the variation of
the coefficients. The covariance matrix represents the variance of A, B and C
and the covariance between A and B, B and C and A and C.
The variance Var(X) and covariance Cov(X,Y) are calculated as follows:
Var(X) = Zi(Xmean— Xi)? = Zixi?/N

Cov(X,Y) = Zi(Xmean — Xi)(Ymean— Yi) = ZiXiyi/N
Where X; and Y; are the i-th elements of the X and Y vectors that represent the
sets of N random values for the X and Y random variables, Xmean and Y mean

represent the mean values of X and Y and X = (Xmean— Xi), ¥i = (Y mean— Yi).

Using MATLAB we calculated the covariance matrix for the coefficients A, B
and C that lasso regression returned and we obtained two matrices, one for the
PGD-approach and one for the PGD-S approach.
Var(A) Cov(B,A) Cov(C, A)
M= Cov(A, B) Var(B) Cov(C, B)
Cov(A, C) Cov(B,C) Var(C)

Our results are presented in the following tables:

PGD A B C

A 4.2659 -0.8515 0.1188

B -0.8515 0.1700 -0.0237

C 0.1188 -0.0237 0.0033
Table 4. The covariance matrix for the A, B, C coefficients calculated using
PGD.

PGD-S A B C

A 4.2337 -0.845 0.1178

B -0.8450 0.1687 -0.0235

C 0.1178 -0.0235 0.0033

Table 5. The covariance matrix for the A, B, C coefficients calculated using
PGD-S.
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