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Abstract 

Monitoring the evolution of a seismic excitation in near-real-time sense is of high 
practical importance, as the quantitative results of this procedure may provide 
useful information to be used for the efficient planning of seismic protection 
measures. Furthermore, it may provide indications on the future evolution of this 
sequence, which is extremely important for both the public and authorities. A 
software package consisting of a number of sub-programs has been developed for 
this task. The main goal of this software is to obtain a semi-automatic evaluation of 
the possible evolution of a seismic excitation (sequence) already in progress. To 
achieve this target, successive determinations of basic parameters that characterize 
the sequence are performed and respective graphs are produced. In particular, the 
software automatically provides periodical snap-shots (within time periods defined 
by the user) describing how the shocks-members of the sequence are distributed in 
space, time, space-time and magnitude, allowing, this way, to detect possible 
variations in these parameters that could be connected to normal or non-normal 
evolution of the sequence. Application of this package has been performed during 
the recent seismic sequence which occurred SE of Lemnos island with a mainshock 
of M=5.9 (8/1/2013, 14:16 GMT). The snap-shots that described the evolution of the 
sequence and were produced by the application of the developed software package 
suggested a "normal" aftershock evolution during the first seven days of the main 
phase of this excitation. 

Περίληψη 

Η παρακολούθηση και εκτίμηση της εξέλιξης σεισμικών εξάρσεων σε σχεδόν 
πραγματικό χρόνο έχει μεγάλη πρακτική σημασία, καθώς μπορεί να παρέχει χρήσιμες 
πληροφορίες αξιοποιήσιμες για την αντισεισμική προστασία. Επί πλέον παρέχει 
ενδείξεις για την πιθανή εξέλιξη της διέγερσης κάτι εξαιρετικά σημαντικό τόσο για 
τους πολίτες όσο και για τις αρχές. Για την εξυπηρέτηση αυτού του σκοπού, 
υλοποιήθηκε ένα ημι-αυτοματοποιημένο λογισμικό το οποίο απαρτίζεται από ένα 
πλήθος επιμέρους υποπρογραμμάτων. Κύριος στόχος του λογισμικού αυτού είναι η σε 
σχεδόν πραγματικό χρόνο αυτοματοποιημένη παρακολούθηση μιας σεισμικής 
διέγερσης που είναι σε εξέλιξη. Έτσι, μέσω διαδοχικών υπολογισμών των παραμέτρων 
της διέγερσης και κατασκευής των αντίστοιχων διαγραμμάτων επιτυγχάνεται η 
εξαγωγή συμπερασμάτων σχετικά με την εξέλιξή της. Συγκεκριμένα, το λογισμικό 
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παράγει ανά τακτά χρονικά διαστήματα (οριζόμενα από το χρήστη) γραφήματα που 
περιγράφουν την κατά μέγεθος, χωρική, χρονική, και χωρο-χρονική κατανομή καθώς 
και τη μεταβολή του μέσου μεγέθους των σεισμών-μελών της διέγερσης, δίνοντας κατ’ 
αυτόν τον τρόπο τη δυνατότητα διαμόρφωσης τεκμηριωμένης εκτίμησης σχετικά με 
την ομαλή ή μη εξέλιξη της διέγερσης. Εφαρμογή του λογισμικού επιχειρήθηκε κατά τη 
διάρκεια της σεισμικής ακολουθίας η οποία εκδηλώθηκε στις 8/1/2013 ΝΑ της 
Λήμνου με κύριο σεισμό μεγέθους Μ=5.9 (14:16 GMT). Τα διαδοχικά γραφήματα που 
προέκυψαν από την εφαρμογή του παραπάνω λογισμικού κατά τις πρώτες επτά μέρες, 
που αποτέλεσαν την κύρια φάση αυτής της διέγερσης, έδειξαν «ομαλή» εξέλιξη της 
διέγερσης με χαρακτηριστικά τυπικής μετασεισμικής ακολουθίας. 
 
 

1. Introduction  
Studies of seismic excitations can provide useful information of practical importance about their 
evolution. From this perspective, physical and statistical characteristics of their shocks-members 
such as their distribution in space, time and magnitude contribute to the understanding of the tec-
tonic environment in which they occur and the stress distribution in the area. 

 Examination of spatial distribution of the earthquake hypocenters of a seismic sequence can pro-
vide useful information on both the length of the fault, and the rupture process on its surface. The 
first relatively accurate determination of epicenters of aftershocks, was performed by Nasu (1929) 
and concerned the aftershock sequence of the mainshock in Tango, Japan, on March 7, 1927 
(M=7.3), focusing on the spatial and time distribution of the events. The study of the space-time 
distribution can provide indications on the way that the seismic fault ruptured, e.g. it can be as-
sessed if the seismic activity is connected to a unilateral or a bilateral rupture. Such information 
could be used to “predict” the possible epicenter of a probable ensuing strong aftershock. 

The time distribution of the aftershocks of a sequence, that is the rate of their occurrence, gives 
valuable information on how the sequence evolves with time. The first quantitative study of a 
seismic sequence was performed for the aftershocks of the mainshock of Nobi, Japan, (M=8.0, 
28.10.1891). Omori (1894) observed that the number of these aftershocks decays with time ac-
cording to the following formula: 

Equation 1 

( ) kn t
t c




  

where t is the time from the main shock, n(t) is the number of aftershocks per time unit and  k and 
c are model parameters. Later studies on the Omori law (Mogi 1962, Ranalli 1969, Papazachos 
1974, etc.) have showed that the number of aftershocks per unit-time roughly depends on the 
elapsed time from the mainshock according to the relation: 

Equation 2 

1 log logpn n t n a p t      

where n1 is the aftershocks generation rate, n is the number of aftershocks occurred within time t 
from the mainshock and p  is a parameter that depends on the physical characteristics of the focal 
area.  

One of the most important relations in seismology is the one between the number and magnitude 
of the earthquakes that occur within a specific region during a certain time-period. This is the well-
known Gutenberg and Richter (1944) relationship: 
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Equation 3 

log t tN a bM    

where, Nt is the number of earthquakes with magnitude M or larger which occur in the region dur-
ing a time period of t years, at, is the constant of this relationship for t years and b is a scaling coef-
ficient. The latter is of great importance, since it is directly related to the stress-status of the ex-
cited area. It is known that small b-values are in general characteristic of fore-shock sequences 
while large b-values are connected to seismic swarms (e.g. Papazachos, 1974). 

Another important feature that can be used to describe the excitation’s identity is the mean magni-
tude of its member-shocks. This value should remain relatively constant in a normally evolving 
seismic sequence, whereas its increase may indicate upcoming strong aftershock (or a new main 
shock). The validation of the possible evolution of seismic excitations, in near real time sense, can 
provide useful information that can be used for the efficient organizing of seismic protection 
measures, since it is well-known that strong aftershocks may cause considerable damage. 

In the present work, an effort was made to develop and apply a proper software, consisting of a 
number of sub-programs, in order to study the evolution of seismic sequences. The main goal of 
this software is to offer to the user the ability to automatically monitor the evolution of seismic 
excitation in a near real-time sense. This is achieved through successive calculations of parameters 
which reveal the excitations’ identity with simultaneous production of relative graphs, plots and 
maps. 

As a case-study we selected the strong earthquake of magnitude M=5.9 which occurred in the sea-
area SE of Lemnos island on the 8th January 2013 (Figure 1) and its aftershock sequence.  

 
Figure 1- Epicentre map of the main shock of Lemnos 08/01/2013, 14:16 GMT, M=5.9. 
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2. Data 
A prerequisite for the automated software which monitors the evolution of seismic sequences is an 
earthquake data-file (a catalogue of earthquakes). The main source for this database to be used in 
the analysis is the automatically recorded and analysed data through the freely distributed 
SeisComP software (http://geofon.gfz-potsdam.de/geofon/seiscomp, http://www.seiscomp3.org) 
that operates at the Seismological Station of the Geophysics Department of the Aristotle 
University of Thessaloniki (AUTH). This software detects and analyses earthquakes automatically, 
typically within less that 1 min after their occurrence, therefore, the database is updated in near-
real-time sense. The quality of the focal parameters provided this way is sufficient for the purpose 
of monitoring a seismic excitation. However, it is well known that automatic locations are not as 
accurate as the manual ones. For that reason, a procedure was applied to import data of manually 
analysed earthquakes by replacing in the data-base the corresponding automatic locations. As 
sources of the manually analysed earthquakes we considered the preliminary bulletins (catalogues) 
of AUTH and of the Institute of Geodynamics of the National Observatory of Athens (NOA).   

3. Software Configuration  and Parameters’ Determination 
3.1. Software Configuration 
The procedures executed by the software, after the necessary data file has been imported (namely 
the list of earthquakes that created), are outlined below: 

 A theoretical circular region is defined, which is centred at the manually relocated epicentre 
of the main shock and has a radius proportional to its magnitude. The earthquakes enclosed 
within this circle are automatically selected, in order to create the catalogue of the seismic 
sequence. 

 Based on the data that are recorded during the first 48 hours after the occurrence of the 
main shock, a completeness magnitude is estimated and a corresponding logN vs M plot-
diagram is created. 

 Based on the complete data of the first 48 hours, a mean magnitude, Mm, is estimated and 
simultaneously a corresponding plot of Mm vs time is generated. 

 A mean strike azimuth is estimated based on the geographic distribution of the selected 
earthquakes (earthquakes contained in the region of interest, namely the seismogenic vol-
ume). 

 Based on this strike azimuth, along-strike and strike-normal cross-sections of the focal area 
are constructed. 

 A space-time distribution graph of the aftershocks is also created. 

 Based on the complete data of the first 48 hours, a graph of the time distribution of the 
earthquakes is automatically generated.   

From the diagrams generated after the application of the integrated program, the user can obtain 
preliminary but reliable information on the evolution of the seismic excitation.  In particular he 
may examine the geographical distribution of the earthquakes (spatial distribution), the potential 
rupture area as calculated from the data of the first 48 hours (longitudinal section and time-space 
distribution) and assess whether or not the evolution of the excitation over time evolves normally 
(time distribution and mean magnitude). 

3.2. Parameters’ Determination 
After the application of this software, several quantitative parameters estimated are examined: 
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 The spatial distribution of the epicenters of the sequence roughly defines the seismogenic 
region. More specifically, the length of the fault, according to the magnitude of the 
mainshock, is estimated (Papazachos et al., 2004) (Equation 4) and then it is doubled in 
order to include all earthquakes that are considered as members of the sequence. This was 
because the automatically defined epicenters form a region almost double than the real one 
(Teza, 2011). 

Equation 4 

log 0.51 1.85L M    

 The magnitude distribution of earthquakes of the sequence demonstrates the completeness 
magnitude and the values of the parameters a, b of the G-R function. More specifically, the 
completeness magnitude is estimated based on the data of the first 48 hours in order to 
examine if this magnitude varies, through the evolution of the sequence, with time. 

 The mean (average) magnitude distribution of the earthquakes of the sequence and its 
fluctuations are studied in order to identify possible changes over time. For this purpose, 
the data of the first 48 hours are used to determine the representative value of the mean 
magnitude and its standard deviation. Thereafter the magnitude of each new aftershock 
incorporated in the graph-plot in order to determine if that falls within the 68% confidence 
limits (Mm+ 1 standard deviation). 

 The longitudinal section of the seismic region of the sequence provides a reliable 
estimation of the length of the seismic fault.  In this way it can be checked whether the 
estimated fault length agrees with the one theoretically calculated by Equation 4. Moreover, 
the strike-normal cross-section provides information on the dipping direction of the fault.  

 The time distribution of the earthquakes provides critical information on the normal (or not) 
evolution of the seismic sequence. In particular, through the use of Equation 2, both the 
coefficients of this relation and its 95% confidence limits (intervals) can be specified in 
order to delineate the deviations from this theoretical relation which can be considered as 
normal. These estimations are based on the complete data of the first 48 hours.  

 The space-time distribution of earthquake epicenters of the sequence, in combination with 
the spatial distribution (seismicity map) can lead to valuable conclusions regarding the 
rupture propagation on the seismic fault, (e.g. unidirectional or bidirectional rupture, etc.). 

4. Software Application and Results 
An application of this software package, previously described, has been performed during the 
recent seismic sequence which occurred SE of Lemnos Island. The main shock occurred on 8 
January 2013 14:16 GMT and its magnitude was M=5.9 (Figure 1).  

The software was initially applied automatically, using as an input file a catalogue of earthquakes 
analysed by the software SeisComP. Due to shortage of data, a merged catalogue was eventually 
chosen to be used. This catalogue also incorporated manually elaborated data from AUTH and 
NOA. Therefore, the initial list of automatically analysed earthquake data was continuously 
supplemented with data derived by manual analysis. The software was activated periodically every 
24 hours for a total duration of 9 days in order to obtain an objective view of the evolution of the 
sequence over time by checking for possible fluctuations of the values of the monitored parameters 
with the ones defined with the first 48 hours data. These repetitive daily applications allowed 
drawing conclusions in near real time sense about the evolution of the sequence. 

In the present work, the values of the parameters as these were estimated 48 hours after the 
occurrence of the main earthquake (last event of the catalogue: 10/01/2013, 00:12:40 GMT) and 
for a period of 9 days after the occurrence of the main earthquake are presented (last event of the 
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catalogue: 17/01/2013, 23:11:14 GMT). In particular, the space distribution, the time distribution, 
the magnitude distribution, the variation of mean magnitude, the longitudinal and cross section of 
seismogenic region and the space-time distribution of the sequence were examined. The maps and 
the parameters which were defined by using the first 48 hours data were considered as 
representative of the sequence (Figure 2). Therefore, the completeness magnitude was 
automatically defined as MC=2.2, while the mean magnitude for events above MC was Mm=2.75 + 
0.44. The spatial distribution of the epicentres of the first 48 hours revealed a linear distribution of 
the aftershocks volume, trending in an azimuth of ~N680E. The longitudinal section suggested a 
fault length of ~15 km, which is in a very good agreement with the length derived from the spatial 
distribution of the epicenters (see the map of Figure 2). The cross-section of the earthquake foci 
shows an almost vertical fault. Both the azimuth and the dip of the fault plane are in good 
agreement with FPS published by GCMT, http://www.globalcmt.org, (azimuth 2390, dip angle 800, 
slip 1780). Finally, the space-time distribution of the aftershocks showed a clear unilateral rupture 
of the aftershocks, propagating in a NE direction. This evidence is also supported by the epicentral 
map, where the epicentre of the mainshock is located at the south westernmost edge of the 
seismogenic region. 

The above procedure revealed the "identity" characteristics of the sequence, as they are 
quantitatively described by the employed parameters. Daily runs of the software allowed the 
frequent monitoring of the sequence’s evolution, providing a clear picture of a normally evaluating 
aftershock activity. The values of the monitored parameters through this time-period (values in 
daily basis) are given in Table 1. Figure 3 gives a snap-shot of how the examined parameters 
varied up to the ninth day of the sequence. The final completeness magnitude was defined as 
MC=2.0, while the mean magnitude of the aftershocks (following this completeness criteria) was 
Mm=2.6. The spatial distribution of the epicentres of the first 9 days clearly depicts the lineament 
of the aftershocks volume with an azimuth of ~N600E. The longitudinal section of the aftershocks 
foci (along this azimuth) continued to describe a fault length of ~15 km, while their strike-normal 
cross-section kept showing an almost vertical fault. The space-time distribution (and the epicentral 
map) of the aftershocks didn’t change the picture obtained after the first 48 hours, showing 
unilateral rupture propagating in a NE direction (Figure 3). 

5. Discussion 
A software package to monitor seismic excitations in almost real-time sense was developed based 
on proposed definitions and semi-empirical formulations of certain aftershock sequence 
parameters, directly associated to the nature of the sequence. The software was tested on the recent 
sequence of the January 8th, 2013 earthquake, M=5.9, which occurred SE of the Lemnos island. 
The evolution of the sequence was daily monitored during the first nine days after its occurrence. 
Comparison of the graphs generated by this software 48 hours after the mainshock’s occurrence 
with the respective graphs produced daily up to January 17th showed that the values of the 
monitored parameters of the sequence remained almost constant, without exhibiting significant 
variations.  This observation was strong evidence that the sequence under study evolved normally 
during the monitored time period, confirming the characterization of the 5.9 magnitude earthquake 
as a mainshock.  
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Figure 2 - Presentation of the software results, as estimated with the software application 48 
hours after main shock: a) G-R distribution, b) mean magnitude, c) along-strike section, d) 
cross-strike section, e) time distribution, f) space-time distribution and g) seismicity map. 
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Table 1- Values of the parameters calculated by the software application. Mc is the magni-
tude of completeness, Mmean the mean magnitude, L the fault length. 

Software Applications Parameter 
For the first  

48hours 
After 
9days 

G-R distribution 

Mc 2.2 2.0 

b 0.94 0.88 

a 4.08 4.12 

Magnitude distribution 
Mmean 2.75 2.55 

SD 0.44 0.46 

Seismicity map Azimuth N600E N680E 

Section along strike L (km) 13 15 

Time distribution 
 

b 0.67 0.66 

a 1.44 1.56 

Time distribution 95% 1st a 1.79 1.99 

Time distribution 95% 2nd a 1.09 1.14 

Space-time distribution 
Mean DX (km) 24.18 21.95 

SD (km) 6.46 4.23 

 

A general conclusion that can be drawn from the present study is that the evaluation of the possible 
evolution of a seismic excitation, already in progress, may be feasible. However, in order to 
achieve this target, certain requirements must be fulfilled. A self-evident prerequisite is that a 
reliable database is available, which can be continuously updated in near real-time sense. 
Automatic locations will be its basic data-source but it will be also enriched by manually analysed 
events in order to improve the accuracy of the estimated focal parameters. Following this 
requirement, the application of the presented software can provide useful information to be used 
for a reliable evaluation of the possible evolution of the monitored seismic excitation. 
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Figure 3 - Same as Figure 2 on the ninth day of the aftershock sequence. 
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