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ABSTRACT: Greece is one of the most seismically active territories in Europe and worldwide. Therefore, real-time Peak Ground Acceleration (PGA) distribution, directly related to seismic damage, is of significant importance for the assessment and
management of strong seismic event consequences. Real-time systems are on the rise as they offer an excellent opportunity in better managing a disastrous event and reducing the potential losses to civil protection agencies. Currently, worldwide
systems, such as PAGER (Wald et al., 2010), developed by USGS, provide this information on Greek earthquakes using global Ground Motion Predictive Equations (GMPEs). In addition, Greek EPPO-ITSAK provides PGA distribution for moderate and large
earthquakes using the ShakeMaps application within 30 minutes (Wald et al., 2005). In the present study, a Matlab algorithm is developed, calculating and publishing on the web in real-time, PGA distribution for the area of Greece, and for the first time
worldwide, Peak Ground Rotations (PGR) for torsion and rocking, based on regional GMPEs, taking into consideration epicentral distance, moment magnitude, focal depth, soil and focal mechanism type. The GMPE for PGA is calculated based on
corrected strong motion data of Greece for the period 1973-1999 (HEAD database, Theodulidis et al., 2004) and for significant earthquakes after 2000 (earthquakes of Lefkada 2003, Kefalonia 2014 and Lemnos 2014), according to the one-stage
maximum likelihood regression method (Joyner and Boore, 1993). Time histories of rotational components are calculated from the same strong motion dataset, based on single station methods and considering Fourier spectra and local site conditions
(VS30). Consequently, GMPEs for PGR (torsion and rocking) are calculated based on the one-stage maximum likelihood regression method (Joyner and Boore, 1993). The study of ground rotations, although observed for a long time, has been intensified
the last years with the use of measurements from strong motion instruments, seismic arrays and new rotational seismographs. The study of rotational motions is considered an emerging field in seismology (Lee et al., 2009) with a wide range of interest
in seismic instrumentation, earthquake engineering, strong motion and seismic hazard providing scientists with valuable information on seismic design standards for buildings and slopes. Earthquake parameters (epicenter, focal depth and earthquake
magnitude) are derived automatically through real-time seismicity monitoring, from the Seismological Laboratory of the National and Kapodistrian University of Athens (http://www.geophysics.geol.uoa.gr/). PGA (cm/s2) and PGR (mrad/s2) shaking maps
are calculated and published on the internet only for earthquakes with magnitude M≥4.0. Shaking maps are provided for the last 10 days. The algorithm is written in such a way that the user can also monitor the correction in the epicenter location. The
proposed algorithm performs with exemplary efficiency, requiring only a few seconds in any average personal computer. Shaking maps are published online in a user-friendly environment, using google maps as basemap
(http://macroseismology.geol.uoa.gr/realtime/).

Introduction: According to the resources of Emergency Events Database (EM-DAT) of 2015 (http://www.emdat.be), Greece is the second European country regarding the number of disastrous earthquake occurrence, with 26 such events during the
period 1900-2013, Italy being the first with 29. Furthermore, the number of people injured, affected (i.e. requiring immediate assistance during the emergency period) or left homeless after an earthquake in Greece during the same period is 960,398,
the third higher in Europe after the former Soviet Union and Italy. Concerning the economic loss caused by disastrous events, Greece holds the third position among all European countries, suffering loss of more than 7 billion USD since 1900.
Information and communication technologies, along with the widespread use of the internet, motivated the development and utilization of real-time systems in seismology (Wald et al., 2005, 2010; Bossu et al., 2008; Bossu, 2013) for earthquake
hypocenter and magnitude determination, in order to predict the spatial distribution of PGA and Macroseismic Intensity (MI). Ground Motion Predictive Equations (GMPEs) of PGA, MI, Peak Ground Velocity (PGV) and Peak Ground Displacement (PGD) in
relation with earthquake magnitude, distance (hypocentral or epicentral) and real-time data from instrumental records enable the rapid identification of high damage areas, in a few minutes. Institutes worldwide adopted the use of real-time seismicity
systems to inform citizens and the authorities on the main earthquake parameters (epicenter, magnitude and focal depth). In addition, the emerging field of rotational seismology (Lee et al., 2009) can provide valuable information on seismic design
standards for buildings and slopes.
In Greece, systems such as the one developed by the Seismological Laboratory of the National and Kapodistrian University of Athens (SL-NKUA, http://www.geophysics.geol.uoa.gr/), inform on real-time basis on the seismicity in Greece, based on the
recordings of the Hellenic Unified Seismological Network (HUSN). In addition, the Earthquake Planning and Protection Organization – Institute of Engineering Seismology and Earthquake Engineering (EPPO-ITSAK) hosts a near real-time system for
automatic ShakeMaps and shaking intensity for significant earthquakes, based on real-time strong motion data and the USGS ShakeMaps algorithm (Wald et al., 2005).
The present study is an initial effort towards real-time seismic hazard analysis for Greece: based on the current seismicity from the SL-NKUA and regional GMPEs, a simple Matlab algorithm that calculates PGA and Peak Ground Rotations (torsion and
rocking) distribution in real-time, was created. This algorithm employs the internet, RSS feeds, XML DOM elements, HTML and Matlab mathematical, scripting and plotting capabilities (Sakkas, 2016).

Methodology: 
PGA and PGR distribution are based on the Ground Motion Prediction
Equations (GMPEs) of Sakkas (2016) and Makropoulos (1978). The latter is
applied only for PGA and intermediate depth earthquakes.
Sakkas (2016) used corrected strong-motion data of the period 1973-1999 from
HEAD database (Theodulidis et al., 2004) covering the territory of Greece, as
well as uncorrected data of significant earthquakes in Greece after 2000
(earthquakes of Lefkada 2003, Kefalonia 2014 and Lemnos 2014). These recent
data were corrected with a beta version of the algorithm designed by Sakkas
and Sakellariou (2018). In addition, Sakkas (2016) re-evaluated the soil type for
all stations based on VS30 borehole data and surface geology (Stewart et al.,
2014). For earthquakes in the period 1973-1999, the catalogue of Skarlatoudis
et al. (2003) was used as reference for hypocentral location and focal
mechanism for regression purposes. For the recent earthquakes the studies of
Papadimitriou et al. (2006) for Lefkada 2003 earthquake, Karakostas et al.
(2014) for the Kefalonia 2014 events and Ganas et al. (2014) for the Lemnos
2014 earthquake were taken into account.
Ground Rotations were calculated from strong-motion data with the single
station method of Li et al. (2004). Thus, a unique data set of ground rotations,
for Greece, has been created (Sakkas, 2016). Additionally, VS30 calculations
were the key data for the velocity of the surface layer used for the calculation
of ground rotations.
GMPEs using moment magnitude, epicentral distance, hypocentral depth, soil
type and focal mechanism type were calculated for PGR (torsion and rocking),
for the first time for the area of Greece, as well as a new PGA equation. Only
earthquakes with two or more records were used. The methodology of one-
stage (maximum likelihood) of Joyner and Boore (1993) was used to calculate
the regression coefficients. Regression results were also optimized with a non-
linear GRG solver in Excel (Sakkas, 2016). In Table 1, GMPEs used for PGA and
PGR shaking distribution maps are presented. Table 2 and Figure 1 present the
comparison of Sakkas (2016) GMPE of PGA along with widely used GMPEs for
Greece which consider the same parameters.

Earthquakes 
with focal 
depths ≤ 
40km 

PGA (cm/s2) log𝑃𝐺𝐴 = 0.814 + 0.472𝛭𝑤 − 1.319 log 𝑅2 + 11.0562 +  0.047𝑆 + 0.097𝐹 ± 0.297 
PGR (torsion 
– mrad/s2)  

log 𝑃𝐺𝑅𝑡𝑜𝑟𝑠𝑖𝑜𝑛 = 2.561 + 0.471 𝑀𝑤 − 6 − log 𝑑𝑛
2 + 7.5312 

1

2 − 0.002 𝑑𝑛
2 + ℎ2 

1

2 +  0.329𝑆 +
0.090𝐹 ± 0.319   

PGR (rocking 
– mrad/s2) 

log 𝑃𝐺𝑅𝑟𝑜𝑐𝑘𝑖𝑛𝑔 = 2.736 + 0.453 𝑀𝑤 − 6 − log 𝑑𝑛
2 + 7.4722 

1

2 − 0.002 𝑑𝑛
2 + ℎ2 

1

2 +  0.308𝑆 +

0.052𝐹 ± 0.301   
Earthquakes 
with focal 
depths > 
40km 

PGA (cm/s2) 𝐴 = 2164𝑒0.7𝑀(𝑅 + 20)−1.8 
PGR (torsion 
– mrad/s2)  

log 𝑃𝐺𝑅𝑡𝑜𝑟𝑠𝑖𝑜𝑛 = −0.019 + 0.451𝛭𝑤 − 1.156 log  𝑅2 + 0.4512 +  0.334𝑆 + 0.122𝐹 ± 0.324 

PGR (rocking 
– mrad/s2) 

log 𝑃𝐺𝑅𝑟𝑜𝑐𝑘𝑖𝑛𝑔 = −0.019 + 0.451𝛭𝑤 − 1.156 log  𝑅2 + 0.4512 +  0.334𝑆 + 0.122𝐹 ± 0.324 

 

Study Number of 
earthquakes 
used in the 
study 

Number of 
records used in 
the study 

Error of GMPE RMSE in a 
sample of 604 
records from 
Sakkas (2016) 

RMSE in a 
sample of 161 
records from 
Sakkas (2016) 

Sakkas (2016) 135 463 0.297 0.313 0.348 

Skarlatoudis et 
al., (2003) 

225 527 0.286 0.324 0.361 

Danciu and 
Tselentis (2007) 

151 335 0.291 0.314 0.341 

Segou and 
Voulgaris (2013) 

163 327 0.35530 0.516 0.564 

 

Algorithm presentation:
A special Matlab routine is designed and created to produce real-time PGA
based on the SL-NKUA real-time seismicity automatic solutions. Data are
retrieved from RSS feed every 60 seconds. The process is presented
schematically in Figure 2. The routine is designed in a way to monitor seismicity
in all magnitude ranges as a 24/7/365 service, calculates and publishes on the
web PGA and PGR shaking maps only for earthquakes with magnitudes M≥4.
PGA and PGR shaking maps are calculated over a mesh in latitude and
longitude, from 34.80˚N to 41.75˚N and 19.50˚E to 29.65˚E, respectively,
consisting of a 695 x 1016 matrix. Soils are based on the Geotechnical map of
Greece, scale 1:500,000 (Koukis et al., 1993) and were reclassified in three
categories, rock, stiff soil and soft soil (Figure 3). Regarding focal mechanism
solutions for shallow and intermediate depth events (Figure 4), the studies of
Papazachos et al. (1988), Benetatos et al. (2004) and SHARE project (Giardini et
al., 2013) were utilized.
Exported maps are published at http://macroseismology.geol.uoa.gr/realtime/
in the form of HTML report, for each earthquake, containing three shaking
maps (PGA, PGR torsion and PGR rocking) over-imposed on google maps, thus
providing the final user an easy-to-navigate experience. In addition,
information on authors, earthquake parameters, PGA and PGR distribution,
copyright and disclaimer are also displayed. The mean routine run time on an
average personal computer is approximately 15 seconds. It should be noted
that the results depend on the current seismicity. In Figure 5, an example of the
shaking maps from the earthquake of 2017 (Mw 6.6) in Kos island (Greece) is
presented.

Table 1: GMPEs used for the calculation of shaking maps

Table 2: Comparison of GMPEs for the area of Greece

Figure 1: Comparison of GMPEs (Table
1) for an earthquake of Mw 6.0, focal
depth of 10km, normal fault and soil
of type rock.

Figure 2: Flow chart of the process

Discussion: Real-time systems are on the rise as they offer civil protection agencies
an excellent opportunity of better managing a disastrous event and reducing the
potential losses.
Future improvements will concentrate on incorporating real-time instrumental
measurements, as well as MI which accounts for the expected damage. In this
sense, the fact that PGA and MI are dependent not only from magnitude and
distance, yet also from the soil type and the focal mechanism will be taken into
account. The ultimate goal is to include the optimum data concerning seismic
hazard, in terms of PGA and MI, and vulnerability, based on building census and
population exposure.
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Figure 5: Example of the published report for the 2017 Kos earthquake (Mw 6.6). Report is
accessible at http://macroseismology.geol.uoa.gr/realtime/20-Jul-
2017%2022%2031%2010%20(UTC)%2016.8km%20NE%20of%20%20Kos%2036.9886N%2027.4352E
%2011km%20Mw%206.6.html, a) Top: PGA shaking map, b) Middle: PGR torsion and c) Bottom: PGR
rocking shaking map.

Figure 4: Left) Shallow Seismicity Faulting Zones according to Papazachos et al. (1988), Right)
Intermediate depth seismicity faulting zones according to Benetatos et al. (2004) and SHARE
(Giardini et al., 2013). DEM is based on NASA SRTM 90m (Jarvis et al., 2008).

Figure 3: Geotechnical map of Greece (Koukis et al., 1993; scale
1:500,000) modified in three soil categories. DEM is based on NASA
SRTM 90m (Jarvis et al., 2008).

http://macroseismology.geol.uoa.gr/realtime/
http://macroseismology.geol.uoa.gr/realtime/20-Jul-2017 22 31 10 (UTC) 16.8km NE of  Kos 36.9886N 27.4352E 11km Mw 6.6.html

