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Precursors related to seismicity patterns are probably the most promising phenomena for
short-term earthquake forecasting, although it remains unclear if such forecasting is possible.
Foreshock activity has often been recorded but its possible use as indicator of coming larger
events is still debated due to the limited number of unambiguously observed foreshocks.
Seismicity data which is inadequate in volume or character might be one of the reasons
foreshocks cannot easily be identified. One method used to investigate the possible presence
of generic seismicity behavior preceding larger events is the aggregation of seismicity series.
Sequences preceding mainshocks chosen from empirical data are superimposed, revealing an
increasing average seismicity rate prior to the mainshocks. Such an increase could result from
the tendency of seismicity to cluster in space and time, thus the observed patterns could be
of limited predictive value. Randomized tests using the empirical catalogues imply that the
observed increasing rate is statistically significant compared to an increase due to simple
clustering, indicating the existence of genuine foreshocks, somehow mechanically related to
their mainshocks. If network sensitivity increases, the identification of foreshocks as such may
improve. The possibility of improved identification of foreshock sequences is tested using
synthetic data, produced with specific assumptions about the earthquake process. Complications
related to background activity and aftershock production are investigated numerically, in
generalized cases and in data-based scenarios. Catalogues including smaller, and thereby more,
earthquakes can probably contribute to better understanding the earthquake processes and to the
future of earthquake forecasting. An important aspect in such seismicity studies is the correct
estimation of the empirical catalogue properties, including the magnitude of completeness (Mc)
and the b-value. The potential influence of errors in the reported magnitudes in an earthquake
catalogue on the estimation of Mc and b-value is investigated using synthetic magnitude
catalogues, contaminated with Gaussian error. The effectiveness of different algorithms for Mc
and b-value estimation are discussed. The sample size and the error level seem to affect the
estimation of b-value, with implications for the reliability of the assessment of the future rate
of large events and thus of seismic hazard.
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Οι προσεισμοί αποτελούν τα πλέον υποσχόμενα πρόδρομα φαινόμενα για τη βραχυπρόθεσμη
πρόγνωση των σεισμών, παρόλο που παραμένει άγνωστο το αν μια τέτοια πρόγνωση είναι
εφικτή. Η χρήση της προσεισμικής δραστηριότητας ως ένδειξη ενός επερχόμενου μεγάλου
σεισμού είναι αμφιλεγόμενη, κυρίως λόγω του περιορισμένου πλήθους των προσεισμών,
γεγονός που πιθανά οφείλεται στην ανεπαρκή καταγραφή σεισμικών δεδομένων. Η άθροιση
σεισμικών σειρών είναι μια μέθοδος που εφαρμόζεται προκειμένου να μελετηθεί η πιθανή
παρουσία ενός γενικευμένου μοτίβου σεισμικότητας πριν από ισχυρούς σεισμούς. Η
υπέρθεση σεισμικών ακολουθιών που προηγήθηκαν των κυρίων σεισμών αναδεικνύει μια
αυξανόμενη μέση δραστηριότητα πριν από τους κύριους σεισμούς. Μια τέτοια συμπεριφορά
θα μπορούσε να προκύψει και από την εγγενή τάση των σεισμών να ομαδοποιούνται
χωρικά και χρονικά, με αποτέλεσμα τα παρατηρούμενα μοτίβα να έχουν περιορισμένη
προγνωστική αξία. Τυχαιοποιημένοι έλεγχοι των πραγματικών δεδομένων υποδηλώνουν
ότι ο παρατηρούμενος αυξανόμενος ρυθμός είναι στατιστικά σημαντικός σε σύγκριση
με τη μεταβολή που οφείλεται στη γένεση απλών συστάδων σεισμών, αναδεικνύοντας
την ύπαρξη προσεισμών αιτιολογικά συσχετιζόμενων με τους κύριους σεισμούς. Μια
ενδεχόμενη αύξηση της ευαισθησίας των σεισμικών δικτύων πιθανά να συμβάλει στην
αποτελεσματικότερη αναγνώριση των προσεισμών. Η πιθανότητα μιας τέτοιας βελτίωσης
ελέγχεται με τη χρήση συνθετικών δεδομένων τα οποία προκύπτουν υπό προϋποθέσεις ως
προς τη σεισμική διαδικασία. Οι επιπλοκές που μπορεί να προκύψουν από την παρουσία
σεισμικότητας υποβάθρου και των μετασεισμικών ακολουθιών διερευνώνται αριθμητικά, με
γενικευμένες περιπτώσεις και σενάρια που βασίζονται σε πραγματικά δεδομένα. Οι κατάλογοι
που περιλαμβάνουν μικρότερους και επομένως περισσότερους σεισμούς μπορούν πιθανώς
να συμβάλουν στην καλύτερη κατανόηση των σεισμικών διεργασιών και στη μελλοντική
πρόγνωση των σεισμών. Σημαντική πτυχή σε τέτοιες μελέτες αποτελεί η σωστή εκτίμηση των
ιδιοτήτων των σεισμικών καταλόγων, όπως είναι το μέγεθος πληρότητας και η παράμετρος
b. Η επίδραση των σφαλμάτων των μεγεθών που υπάρχουν στους σεισμικούς καταλόγους
στην εκτίμηση των προαναφερθέντων ιδιοτήτων ερευνάται χρησιμοποιώντας συνθετικά
μεγέθη στα οποία ενυπάρχουν κανονικώς κατανεμημένα σφάλματα. Κατά τη διερεύνηση της
αποτελεσματικότητας των διαφόρων μεθόδων που χρησιμοποιούνται για την εκτίμηση του
μεγέθους πληρότητας προκύπτει ότι το μέγεθος του δείγματος και του σφάλματος των μεγεθών
μπορούν να επηρεάσουν την εκτίμηση της παραμέτρου b, με επιπτώσεις στην εκτίμηση του
ρυθμού των μελλοντικών ισχυρών σεισμών και την αξιολόγηση του σεισμικού κινδύνου.
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"Of all its [science’s] many values,
the greatest must be the freedom to
doubt... Our responsibility is to do
what we can, learn what we can, im-

prove the solutions and pass them
on... to teach how doubt is not to
be feared but welcomed and discussed...”
Richard P. Feynman
The Value of Science (1955)
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1. Introduction

“Earthquake: a tectonic or volcanic phenomenon that represents the movement
of rock and generates shaking or trembling of the Earth” (Cassidy, 2013).

Earthquakes occur on tectonic structures around the globe when increasing
tectonic stresses reach some critical point causing the system, previously in
stress equilibrium, to fail. The source of earthquake triggering might be natural and related to the tectonic settings of the area (faults, volcanoes, plate
boundaries), a strong event that induces child-events, or anthropogenic activity that causes stress changes (e.g. mining, hydro-fracturing etc.). Because of
the potential impact they might have on society, earthquakes are natural hazards which can be a threat to human life and property.
Depending on the magnitude, location and frequency of earthquake occurrence, seismic hazard (an earthquake-related phenomenon with the potential
to cause harm) is higher in some areas than others, but this does not necessarily
imply high seismic risk, i.e. a high probability of harm to humans (risk being
the product of hazard and human sensitivity to the phenomena, or vulnerability). For populated areas which are believed will experience strong events that
will likely cause damage, the extent of the social and economic consequences
must be assessed. Earthquake protection policy aims to reduce seismic risk,
which depends on the way seismic hazard and vulnerability interact in space
and time (Wang, 2009), with improved earthquake resistant structures, seismic retrofit, appropriate earthquake preparedness and disaster management
(“Earthquakes don't kill people, buildings do”, Ambraseys, 2009). Plans for
risk mitigation, such as building codes and planning actions when disasters
occur are vital in high risk zones and are strongly dependent on seismic hazard
assessments. These assessments are usually based on seismological and tectonic information, presented in the form of hazard maps showing e.g. the
estimated probability of the exceedance of a given threshold in peak ground
acceleration over a coming period of e.g. 50 or 100 years (e.g. Wiemer et
al., 2009).
Hazard mapping might refer to broad regions, as does e.g. the Seismic Hazard Harmonization in Europe (SHARE) project (http://www.share-eu.org/).
This project was run by European Institutes until 2013, resulting in an updated
seismic hazard map as a contribution to the “Global Earthquake Model” initiative (Woessner et al., 2015). On smaller scale, national hazard maps are usually produced allowing for the unique tectonic characteristics and history of
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damaging earthquakes in each particular country, resulting in sub-zones of
relatively lower or higher risk. Such hazard assessments contribute to the formulation of national regulations for construction, damage management, etc.
Such civil protection plans should always exist and be strictly followed by
central state and local authorities, although the political or economic status of
a country may inhibit their application.
Table 1. International Disaster Data Base provided by the Centre for Research on the
Epidemiology of Disasters (www.emdat.be); data from 1960 to 2016. For an event
to be recorded as a natural disaster, it should meet one of the following criteria: a)
ten (or more) reported deaths, b) hundred (or more) people affected, c) declaration of
emergency (state), d) call for international assistance. The numbers below provide
reported information regarding earthquakes and floods, for countries with relatively
high seismicity, but varying vulnerability.
Country Number of Disasters
Earthquakes Floods

Total Deaths

Total Affected

Earthquakes Floods

Earthquakes Floods

Albania 6

13

47

22

8,429

183,784

Greece

25

365

92

1,037,223

16,730

Iceland 3

1

1

0

205

280

Japan

45

39

25,979

2,400

1,615,404

5,165,765

Nepal

7

45

9,865

6,871

6,372,100

3,806,043

Italy

31

42

6,608

828

924,055

2,702,073

Spain

2

29

10

1,183

15,320

750,695

Turkey

55

37

32,256

790

6,865,703

1,785,020

28

Table 2. The profile of Greece from EM-DAT; data from 1960 to 2016. Earthquake
threat can be compared to other natural disasters.
Disaster Type

Events

Total Deaths

Total Affected

Drought

1

0

0

Earthquake

28

365

1,037,223

Extreme Temperature 5

1,119

176

Flood

24

92

16,730

Storm

7

99

612

Wildfire

13

106

9059

Although scientists have improved their methods for hazard assessment over
the years, society still incurs losses because of earthquakes. Some factors such
as population increase and urbanization may tend to increase vulnerability.
Izmit (Turkey, August 1999, Ms7.4), Athens (Greece, September 1999,
Ms5.9), L'Aquila (Italy, April 2009, Mw6.3), Tohoku (Japan, March 2011,
12

Mw9.0), Gorkha (Nepal, April 2015, Mw7.8) are only some of the fairly recent examples of strong earthquakes that can be classified as natural disasters
(according to the Centre for Research on the Epidemiology of Disasters,
CRED, www.emdat.be) that took place in high risk zones. The information
found in the International Disaster Data Base (EM-DAT), published by
CRED, shows that countries like Greece, Italy and Turkey have experienced
major disasters because of earthquakes. Some information is summarized in
Table 1, where data from 1960 to 2016 is presented, elucidating the effects of
earthquakes on several countries. Information about floods is included for
comparison. For example, according to the EM-DAT, the top 10 disasters in
Turkey, in terms of total fatalities, were all earthquake-related, with most of
the casualties linked to the 1999 Mw7.4 earthquake in Izmit. In Greece (see
Table 2) and Italy, according to CRED, earthquakes have caused the largest
loss of human lives in the countries' recent history in comparison to other natural disasters. For Nepal and Japan, the two recent major earthquakes caused
thousands of casualties. Especially in developing countries, often there may
be inadequate, or inadequately followed, building norms and a lack of information about precautions in case of emergency. Thus, the impact of a natural
disaster can be extremely large, both in terms of human life and economic
losses. Regarding such matters, scientists need to provide help and information, communicate their knowledge to the public regarding e.g. questions
about “what is going to happen” and whether people should beware.
Earthquake prediction is the Holy Grail of seismology (Hough, 2010).
While all current methods for hazard assessment contain major limitations, as
the amount and quality of seismological data and our understanding of geological processes have improved we have become increasingly better at identifying areas where a coming large event is likely, and how large this might
be. Short-term prediction, i.e. giving a reliable warning of a large coming
event shortly before the event, is much more difficult. If methods for achieving
this can be developed, then many lives would be saved, even though the physical destruction of buildings etc. would be largely unchanged. Reliable shortterm prediction of coming destructive events constitutes one of the major unanswered questions of our science, and is of utmost importance due to its social implications. Avoiding the term “prediction” because of its deterministic
component, scientists have been trying to develop and improve earthquake
forecasting models by better understanding the physical phenomena that occur
e.g. before, during or after a fault ruptures, either with lab experiments or by
using empirical data regarding earthquakes that have already occurred. The
introduction and application of theoretical models that can describe what we
already know about the physical mechanism of rupture initiation and propagation is not simple, not least because there are many details of the seismogenic process which we still do not fully understand. We can talk about aleatory variability and random processes, or about epistemic uncertainties and
the incomplete knowledge, the “known unknowns” of a process (Bommer,
13

2005), but there might still be unknowns we ignore, such as, for example, infrequent strong intraplate earthquakes that occur in unexpected places (Liu et
al., 2011). Statisticians might refer to these cases as Black Swans (Taleb,
2007), i.e. extreme events that are not expected and therefore cannot be predicted, so they can only be included in our studies after their occurrence, at
least with our present state of knowledge.
Using models to describe reality, based on previous observations, can give
some evidence of what we might expect in the future of a physical process,
but this doesn't necessarily enable us to make accurate “predictions”. There
may be uncertainties or errors included in the models, for example, or some
important phenomena, which we do not fully understand, may not be included
in the model at all. A model is just an approximation after all and is not supposed to fully reflect reality (Vere-Jones, 2006). With limited data, model parameters cannot be estimated precisely, leading at best to only an approximation of the real processes. More and better data can be expected to facilitate
the production of more reliable models, but can also sometimes reveal profound differences between reality and the models we are using. However, the
complexity of natural systems doesn't mean that our work is in vain (Sykes et
al., 1999). Perhaps, instead of purely statistical approaches, the use of statistical investigations to identify patterns of behaviour, which can help to understand the earthquake processes, is preferable. We need to improve our observation methods and use the knowledge we already have regarding the underlying physics of natural processes, without any constraints that might inappropriately restrict our research (Feynman, 1955).
The aim of this thesis is to contribute to research related to earthquake forecasting, by investigating temporal and spatial changes in seismicity patterns,
with a special focus on the sequences preceding larger earthquakes. The study
is based on both empirical data (from Greece) and synthetics. A description of
the basic characteristics of seismicity is given in Section 2. Section 3 includes
a detailed review of previous research on earthquake forecasting methodologies, also portraying the ongoing debate on the nature of foreshocks and their
predictability, motivated by what is observed in the real seismicity. The data
sets used correspond to earthquake catalogues which provide information on
the location, time of occurrence and magnitude of each event that has been
recorded in the study area in a specific time period. The statistical methods
typically used to assess the quality of the data are summarized in Section 4.
Section 5 includes information on the seismicity of the studied area (Greece)
and a review of recent relevant studies. In Section 6 the conceptual framework
and the main results of two articles (Papers I and II) that are based on empirical
data are presented. The analysis performed on the data set provided apparently
statistically well-determined evidence of foreshock activity prior to larger
events, thus motivating a further investigation of the potentials of foreshocks
as a useful precursory tool. A study with synthetic data is presented in Section
7 (referring to Paper III). Using idealized and data based scenarios, this study
14

tests the hypothesis that foreshocks may be of practical use in short term earthquake forecasting, under the condition of improved network sensitivity, and
based on empirically deduced properties of seismicity. As networks evolve,
the corresponding earthquake catalogues might become heterogeneous. Thus,
the quality of the data used in any analysis needs to be assessed, for example
to accurately estimate seismicity rate changes where accelerating foreshock
seismicity is present. The proper calculation of earthquake catalogue properties, such as the completeness magnitude and the Gutenberg-Richter b-value,
is therefore vital. The sample size and the existing magnitude uncertainties
apparently affect such estimations, with possible consequences on the evaluation of seismicity rate. A statistical approach to this topic is discussed in Section 8, where commonly used methodologies for the estimation of the completeness threshold of the data set are applied to synthetic magnitude catalogues contaminated by Gaussian noise (Paper IV). The conclusions of the
whole study are presented in Section 9.
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2. Observed Seismicity

Gradual tectonic stress loading or, for example, rapid stress changes caused
by the occurrence of a strong nearby event result in what we might term “normal” seismicity. However, earthquakes can also be non-tectonic. For example,
long period volcanic events (McNutt, 2005; Sgattoni et al., 2016) resulting
from pressure changes during magma transport, or glacial earthquakes
(“icequakes”), defined as coseismic brittle fracture events within the ice (Podolskiy and Walter, 2016) introduce varying seismicity patterns. An important
part of recorded seismicity might also be induced in the sense of being caused
or triggered by human activities. Induced seismicity includes earthquakes related to energy development projects, such as fluid injections (e.g. waste water
disposal, production of tight gas, stimulation of geothermal or oil-bearing areas), oil or gas extraction and mining, fluid loading from reservoirs, etc.
(Király-Proag et al., 2016). Although there are only a few cases of strong induced earthquakes, “anthropogenic” seismicity is increasingly regarded as a
significant potential risk to society in many different geographical areas. The
analysis that will be presented in the following sections of this thesis is based
on tectonic events, and it is mostly the nature of such processes which will
further be discussed.
One of the basic ideas used to explain the earthquake process is the elastic
rebound theory, suggested by Reid (1910) after the 1906 San Francisco earthquake. According to Reid, assuming a locked (by friction) fault, the elastic
strain caused by the large-scale slow tectonic movements in the area means
that stress in the crust accumulates over a long time until it exceeds the rock
strength on some particular fault. At that point an earthquake occurs as the
result of the rapid displacement along the fault, releasing part (or all) of the
stored energy. The equilibrium (in the sense of no movement on this fault) is
then restored until the local stresses caused by the large scale tectonic situation
have once again reached a critical level, at which point the process is repeated.
The concept was originally built on the idea of a linear elastic system, assuming a steady stress accumulation, with the recurrence of strong earthquakes
being periodic (Scholz, 2002). Thus, Reid also proposed a prediction method,
suggesting that geodetic measurements on a fault that has just experienced an
earthquake will reveal when the same stress reaccumulates, i.e. when the next
earthquake will occur. While the fundamental idea of elastic rebound is believed to be the dominant cause of earthquakes, we now know that the me16

chanical system is significantly more complicated than the early theories assumed, and simplistic approaches, such as those conceived by Reid, cannot
reliably predict the time of coming large events.
The physical process that takes place prior to the occurrence of an earthquake (interactions which initiate an unstable fault slip) is usually referred to
as earthquake nucleation (Dieterich, 1992). To explain how earthquakes nucleate, Shaw (1993) described the physical picture of an earthquake cycle. He
suggested considering first a fault that is stuck. Due to tectonic loading, stress
increases fairly uniformly on the fault and the nucleation phase starts. The
local accumulated stresses and the crack lengths grow slowly in the beginning,
and accelerate later (nucleation is thus characterized by sub-critical crack
growth) to a critical point when unstable rupture takes place and an event is
triggered (mainshock). This failure causes stress release, redistributing stress
in the surrounding area, and in turn moving other faults or other parts of the
same fault, closer to rupture, i.e. a cluster of earthquakes occurs. The process
stops when all parts of the fault are below the critical stress threshold and the
fault is considered locked again. Even if stress transfer to different parts of a
fault is uniform, failure will occur non-uniformly in time, depending on the
initial stress on each part, and (possibly) also on other factors including the
local coefficient of friction on the fault segment and pore pressure. Whereas
stress accumulation on parts of the fault may accelerate during the nucleation
phase, the essentially instantaneous stress redistribution during an earthquake
leads to a different temporal response around the rupture triggering more
earthquakes (aftershocks), with a rate that decays with time. This physical
mechanism is described by the well-known empirical Omori law (Omori,
1894), which describes the aftershock decay (see Section 3).
The concept of the earthquake cycle was also used by King and Bowman
(2003). The authors applied an elastic model to describe the status (and
changes) of the stress field prior to strong earthquakes, as well as after their
occurrence and between subsequent events. In this simplification of reality,
the occurrence of an earthquake triggers aftershocks in some areas, but is also
accompanied by reduced seismicity in other areas, forming stress shadows.
This approach can explain the (sometimes) observed relative quiescence
and/or increasing seismicity prior to larger events (see also Section 3.3), in
connection to the static stress field.
In the model of King and Bowman (2003), the stress field must be inhomogeneous, with some areas being close to failure, for background activity to
occur. The term “background” seismicity is usually used to describe all “isolated” or “independent” earthquakes caused by tectonic loading, which are
not, as far as we can assess, directly related to other specific events. Aftershocks, for example, are related to their “parent” event, and are therefore not
independent in this sense. As large scale tectonic processes are slow and continue for many years, it is natural to expect background seismicity to show a
constant activity rate, with events randomly distributed in time. Background
17

seismicity can be expected to be spatially widely distributed but not necessarily uniformly, because of spatial variations in the material properties of the
Earth and different rates and forms of tectonic loading. Sometimes increased
seismicity is observed in a limited geographical area for a limited time without
any single dominantly large event. Such groups of events are referred to as
“swarms”. Van Stiphout et al. (2012) suggest that swarm events can be considered as independent in the sense that they are linked to transient stresses
which are not related to any earlier earthquakes.
While “background” seismicity, as defined above, can be expected to be
statistically constant over time, observation networks, detection methods and
even methods for estimating magnitudes evolve. As a result, even if a completeness magnitude threshold (see Section 4) is used, this will not necessarily
give a reliable estimation of “background” activity for the study area, especially if we use data from many years of observation. Thus, in many analyses,
it is appropriate to define some “reference” activity in relatively short and recent time periods.
It follows from the above discussion that observed seismicity can be considered to be a bimodal joint distribution between stationary “background”
seismicity and clustered activity, meaning events that occur closely in space
and time (see Zaliapin and Ben-Zion, 2016, and references therein), such as
foreshocks or aftershocks. Clustered events can be classified as such only
based on their proximity (spatial and temporal) to other earthquakes. This is
the concept behind seismicity declustering, a commonly used technique to exclude clustered events from a given data set, by identifying potential parent
events as independent (mainshocks) and their (dependent) aftershock-clusters
using some predefined space and time conditions (Gardner and Knopoff,
1974; Reasenberg, 1985; Zaliapin et al., 2008). Stochastic declustering is another option, where seismicity is assumed to be a branching process (see Section 3), where each event may be considered to be an aftershock of some earlier, unspecified, event. In this case, there is no need to identify each earthquake as mainshock or aftershock, and each event is linked to all preceding
earthquakes with some probability of them being the parent event (Zhuang et
al., 2002). Many scientists are sceptical about the reliability of declustering
processes, as the results depend on the chosen methodology and the assumptions made (Marzocchi and Taroni, 2014; van Stiphout et al., 2012). Additionally, the amount of data removed in case of declustering may be rather large,
and thus much, possibly useful, information in the data set may actually be
discarded by declustering. This might have implications for earthquake modelling, when statistical and physical models are applied to seismicity data aiming to express and evaluate theoretical concepts such as the ones described
above.
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3. Earthquake Forecasting

Earthquake forecasting refers to the probabilistic assessment, rather than an
accurate prediction, of the seismic hazard in a given area and time interval, for
example the estimation of the number of events that are likely to occur in some
given area and their corresponding probability of occurrence. The time scale
which this assessment corresponds to is a way of classifying earthquake forecasting into three main types (de Arcangelis et al., 2016): a) long-term, for
time intervals of the order of decades to centuries, b) intermediate-term, for
months to years, and c) short-term, for intervals of seconds to weeks (see also
Sykes et al., 1999). Long and intermediate term forecasts are often represented
in the form of seismic hazard maps, which include assessments of the maximum future ground motion expected to be observed in given areas, and are
used in urban construction and civil protection plans (Wilson et al., 2016).
Short-term forecasting aims to achieve “real-time forecasting” (e.g. Marzocchi and Lombardi, 2009), commonly with studies that focus on aftershock
sequences, including the precursors of large events for preseismic forecasting.
An additional relevant research topic, which however cannot be precisely classified as a forecasting methodology, is the Early Warning Systems (Allen et
al., 2009), where the goal is to predict the arrival of slower and stronger signals
from an earthquake, such as S-waves and surface waves, based e.g. on the
observation of the faster P-waves from the source. In this case, it is not the
event which is “predicted” (this has already occurred), but rather the consequences of the event. Seismic signals usually travel with velocities of several
kilometres per second, so prediction times from such systems are very short
(at best, minutes), but even such warnings have the potential to save many
lives. Similarly, tsunami waves generated by earthquakes travel rather slowly
but can traverse great distances before generating destructive waves at coasts.
For tsunamis, warning times of many minutes or even hours may be possible.
When studying a natural process, we first need to explore the available data
and extract all the possible information. Next, a common approach is to relate
the observation to a theoretical concept, which is usually expressed by models.
A valid model will provide an estimation of the future evolution of the process,
over and above a satisfying description of its past (and present) status. Thus,
the main goal is to develop a physical model that fully describes the earthquake process. There are physics-based models that describe the mechanism
behind earthquake generation, by e.g. simulation of fault interaction (King and
Cocco, 2001), rupture growth (Scholz et al., 1993) or static stress changes due
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to earthquake slip (Hainzl et al., 2010). Examples of the latter are the Coulomb
method and the rate-state model (Cocco et al., 2010; Dieterich, 1994; Parsons
et al., 2000; Toda et al., 2005). There are several statistical models that can be
used as an alternative or complement to physically based models when trying
to quantitatively assess earthquake processes (Zhuang et al., 2010, 2011).
Purely statistical models can be useful, but ultimately it is important to include
a physical-mechanical component in the model of the system. Statistical Seismology (see e.g. Vere-Jones et al., 2005) attempts to bridge the gap between
statistical and physical models.

3.1

Earthquake Modelling – Review

The term “Statistical Seismology” was probably first introduced by Aki in
1956 (Aki, 1956), as it is noted by Vere-Jones (2006). There has been a remarkable development of that field over the last few decades. Although the
initial statistical studies focused on simple interpretations of catalogue data
and different ways of displaying them to test their quality, later studies focused
on methodological issues as well as the application and use of statistical models to observational data, for interpretation and forecasting.
The concept used in these statistical approaches (see Zhuang et al., 2011;
2012, for a review) is to consider the seismicity as a “point process” (Daley
and Vere-Jones, 2003), i.e. each earthquake is a phenomenon which occurs at
a single point in space and in time, and the behaviour of the system can be
described using random models. This stochastic approach can refer to a temporal or spatial process (de Arcangelis et al., 2016), or can simultaneously
include spatial and temporal behaviour. The simplest possible model of seismicity is a homogeneous process of a constant rate (in time), i.e. a Poisson
process, within which events occur randomly in time. This time-invariant concept is often used as the null hypothesis when testing for the stationarity of a
process, as e.g. in probabilistic seismic hazard analyses (Cornell, 1968). Such
an approach is often not effective on short time scales, where non-stationarity
might be observed (due to e.g. earthquake clustering).
A generalization of the Poisson process is the so-called renewal process,
where the times between consecutive events (inter-event or waiting times) are
not necessarily distributed exponentially, as in the case of a Poisson process
(Zhuang et al., 2012). Such renewal, or recurrence, models have been used in
California to produce seismic hazard maps (Field, 2007), often combined with
the concept of the elastic rebound theory (Reid, 1910), which is also the basis
for the stress release models (Zheng and Vere-Jones, 1991). The main assumption in those is that stress accumulates and increases in a specific region by
tectonic movements until a sudden drop, which is accompanied by earthquake
occurrence.
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Another big group of temporal models for seismicity includes the clustertype models. Seismicity tends to cluster in space and time, as earthquakes usually occur in “groups”, either in the form of mainshock-aftershocks (and sometimes foreshocks) or as earthquake swarms. The form of clustering sometimes
is not identified beforehand, and the “identification” of an earthquake as e.g.
a mainshock or aftershock cannot be precise. The best established example of
a model describing earthquake clustering is the Omori law (Omori, 1894),
which describes aftershock rate after a single large mainshock. A modified
version of this was introduced by Utsu (1969),
( )=

(

)

(1)

where K is a parameter related to the aftershock productivity; p expresses the
power of the aftershock decay often considered independent of the mainshock
magnitude (Lindman et al., 2006a; Utsu et al., 1995); c can be interpreted as
corresponding to the limited validity of self-similarity on small time scales
(Lindman et al., 2006b), although it may simply represent the result of the
incomplete detection of aftershocks, i.e. the inevitable loss of the first small
aftershocks that cannot be detected or are lost in the coda of the main event,
or are not properly identified in the period of intense seismicity after the
mainshock (Kagan, 2004; Woessner et al., 2004). Although many other models have been suggested to describe the aftershock rate (see Mignan, 2015, for
a meta-analysis), the Omori law is still the most commonly used.
The basic concept behind the Omori law is that the main event triggers the
following aftershocks with a decaying rate described by Equation (1). Therefore, all the events of the aftershock sequence have the same parent event as
they are directly triggered by the mainshock. In reality, aftershocks seem to
occur in a more complicated way. For example, using a continuous time random walk model to investigate the diffusion of aftershocks, Helmstetter and
Sornette (2002) showed that aftershocks decay more rapidly close to the
mainshock, suggesting that the local Omori law is not universal. Their work
was based on the idea that the triggered events might also interact with each
other, each one playing a triggering part in the evolution of a seismic sequence.
The so-called branching process was first introduced by Kagan and Knopoff
(1976), to account for the interdependence among earthquakes via the secondorder moment of a catalogue. Consequently, a generalized model was suggested by Ogata (1988), known as the Epidemic-Type Aftershock Sequence
(ETAS) model. In ETAS, there is no difference between parent and triggered
events, as they all produce their own aftershocks. The model, in its simplest
form, is based on the assumption that the background seismicity is a homogeneous Poisson process with constant rate, aftershock rate decreases with time
according to the modified Omori law, and that aftershocks themselves may
induce secondary aftershocks, following the general lines of the Gutenberg21

Richter (G-R) distribution for magnitudes (Gutenberg and Richter, 1944). In
this manner, any event is the combined offspring of all preceding earthquakes
(Kagan, 2011). The model doesn't distinguish triggered events from others,
and the conditional intensity is given by
( )=

+∑

(

(

)

)

(2)

where μ represents the background seismicity; tj are the occurrence times of
the events with magnitudes mj that took place before time t; m0 is the cut-off
magnitude of the fitted data (usually equal to the completeness magnitude);
the coefficient α is a measure of the efficiency of a shock in generating aftershock activity relative to its magnitude; K0 controls the productivity of an
event above the threshold magnitude m0; c and p are the Omori parameters.
The model parameters can be estimated using the Maximum Likelihood (ML)
method (Console et al., 2003; Console and Murru, 2001; Helmstetter and Sornette, 2002a, 2003a; Ogata, 1999). Note that Equation (2) assumes that the
parameters p and K0 are the same for all events, which is not necessarily the
case. A spatiotemporal version of ETAS has also been introduced (Ogata,
1998; Ogata and Zhuang, 2006), to account for a spatially non-homogeneous
background seismicity and clustering. The goodness of fit of the ETAS model
is usually tested with a residual analysis (Matsu’ura, 1986; Ogata, 1988, 1999;
Ogata and Shimazaki, 1984; Utsu et al., 1995).
In the first studies, the ETAS model was applied successfully to several
data sets from Japan aiming to approach observed seismicity and also identify
periods of precursory quiescence prior to large aftershocks (Ogata, 1988,
2003). Ogata also suggested the change-point analysis, a method to test
whether his model can be applied without changes during a long study period
or if it's necessary to re-estimate the model parameters after some critical
points in the sequence, in order to get a better approximation of the real process. Additionally to this analysis, Kumazawa and Ogata (2013) suggested the
assumption of time-dependent background rate and aftershock productivity,
linking those to crustal stress changes. With a special focus on cases of swarm
activity and induced seismicity, where e.g. the source of highly clustered seismicity cannot easily be classified (e.g. magma intrusions, fluid flow, secondary triggering), a non-stationary ETAS model has been introduced (Kumazawa et al., 2016; Kumazawa and Ogata, 2013). A similarly modified version of the ETAS model was applied by Hainzl and Ogata (2005) to induced
seismicity data, assuming that the background rate is the forcing term as a
function of time related to the known rate of human activity causing the induced seismicity, e.g. inhomogeneous injection rates. The importance of
earthquake interaction in such cases (as earthquakes triggering earthquakes)
is still questioned (Catalli et al., 2013; Langenbruch et al., 2011).
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The concept of a non-stationary Poisson process has been studied by Marsan (2003), among others. Marsan worked with three earthquake sequences in
California, Loma Prieta (1989), Landers (1992) and Northridge (1994), aiming to identify possible seismicity rate changes caused by large events. Using
data from 100 days after the main-shock of each sequence he noted that an
increase in seismicity rate is commonly observed, but a relative seismic quiescence cannot easily be identified, especially in areas where seismicity is low
prior to the mainshock. On longer time scales it is even more difficult to
properly assess whether or not observed rate changes are due to a previous
large earthquake. In his methodology he first introduced a process with seismicity rate λ(t), which could be either constant (homogeneous Poisson process) or a function of time (non-homogeneous process), which is the basis of
many statistical applications on earthquake sequences (e.g. in Reasenberg and
Jones, 1989, and Wiemer, 2000). In order to compare the results of several
models, Marsan (2003) also tested a sum of power law relaxation curves as a
generalization of the Ogata and Shimazaki (1984) and the Woessner et al.
(2004) models, and an autoregressive (AR) approach. The latter yielded a systematic overestimation of future seismicity rate during the aftershock sequence, while the former proved to be computationally expensive compared
to the ETAS model. A more detailed description and comparison of several
approaches used to assess seismicity rate changes can be found in Marsan and
Nalbant (2005), where the authors studied the M7.3 Landers earthquake and
the hypothesis of this being triggered by (the aftershock sequence of) the
preceding M6.1 Joshua Tree earthquake and if seismicity shadows could be
detected.
In an Omori model in its simplest form, only the “mainshock” can produce
its own aftershocks, while in the ETAS model every single event can trigger
further aftershocks. Gospodinov and Rotondi (2006) suggested that there is a
magnitude threshold above which events can give secondary aftershocks.
They expressed their concept with the Restricted Epidemic Type Aftershock
Sequence (RETAS) model. They developed an algorithm which uses the
Akaike Information Criterion (AIC, Akaike, 1974) to test the goodness of fit
of all possible models (Omori, ETAS, RETAS). Depending on the magnitude
threshold that corresponds to the smallest AIC value, the best model to fit the
data is chosen.
One of the crucial goals of earthquake modelling is to develop a methodology that can provide a real-time forecast. One example is the Short-Term
Earthquake Probability (STEP) model (Gerstenberger et al., 2004, 2005;
Rhoades and Gerstenberger, 2009), a cluster-type model built on the assumption of the G-R and Omori laws’ validity. Starting with Poissonian background
seismicity, when a new event occurs its possible aftershocks are estimated and
the consequent hazard is added to the background, taking into account a model
that describes the spatial heterogeneity of the area. There are no limitations on
the magnitude of the aftershocks (e.g. the Båth law, Båth, 1965). The spatially
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varying parameters of the model are estimated in individual geographical areas (grid nodes) when the number of data in the area is adequate. Using STEP,
one can assess the expected ground shaking within the next 24h. After this
time, the model parameters are adjusted using the new available data (Gerstenberger et al., 2005).
Introducing a model to assess seismic hazard is not enough. It is equally
important to evaluate the performance of the suggested model, by comparing
its predictions to observations, counting the frequency of successful predictions but also the false alarms, intending to eventually communicate the scientific results to the public. When the Mw6.3 L'Aquila earthquake occurred
in 2009, the necessity to confront the public concern caused by non-scientific
predictions prior to the strong event led to a rushed underestimation of the
short-term earthquake probability, which was proved wrong after the occurrence of the mainshock (Jordan and Jones, 2010). Such cases motivated the
development of Operational Earthquake Forecasting (OEF, Jordan et al.,
2011; Jordan and Jones, 2010), intending to effectively communicate authoritative information to the public. The contribution of the “Collaboratory for
the Study of Earthquake Predictability” (CSEP, http://cseptesting.org/) has
been crucial in serving this goal. CSEP provides a virtual “laboratory” where
the information from several regional testing centres in California, Japan, New
Zealand and Europe is collected, regarding suggested forecasting models,
their reliability and evaluation. The Regional Earthquake Likelihood Models
(RELM) project that ran for 5 years in California also gave remarkable results
concerning the performance of several models that were tested either individually or in comparison to each other (Field, 2007; Lee et al., 2011). The results
of this project indicate that combined models can perform better than individual models (Rhoades et al., 2017). For example, considering the benefits of
STEP, Rhoades and Gerstenberger (2009) suggested that the model should be
combined with EEPAS (Every Earthquake a Precursor According to Scale,
Console et al., 2006; Rhoades, 2007; Rhoades and Evison, 2004; Rhoades and
Gerstenberger, 2009). EEPAS is a long-range earthquake forecasting model,
with a conditional intensity similar to ETAS, although applied only on events
above some threshold. The concept of EEPAS, similarly to ETAS but referring to precursors instead of aftershocks, is that each event contributes to the
probability of occurrence of a future larger earthquake. Mixing STEP and
EEPAS in the sense of including the short-term forecasting of STEP into the
long-term estimations of EEPAS, Rhoades and Gerstenberger (2009) applied
their idea on data from California. Thinking in a similar way for combining
the information that different models can give, Steacy et al. (2014) suggested
a so-called “hybrid” model that is based on the statistical approach of STEP
and the physics-based Coulomb method (Catalli et al., 2008). They compared
the results from this mixture with the application of purely statistical and the
rate-state models, suggesting that the Coulomb approach can potentially in24

crease the forecasting power of probabilistic models. Other studies that incorporate physical and statistical modelling towards improved forecasting methods are those from Hiemer et al. (2013) and Rhoades and Stirling (2012) who
proposed similar long-term hybrid models, which combine historical seismicity data and information on the slip rates of known faults.
All the aforementioned methodologies have been used or are currently used
in earthquake forecasting, which is based on long-term recurrence modelling
but also short-term models. Another aspect that could potentially increase the
probability gain, so as to be useful in risk mitigation, is the investigation of
precursory phenomena (Mignan, 2011).

3.2

Precursors

Several phenomena have been characterized as earthquake precursors of large
events, potentially containing information that can contribute to forecasting
the upcoming strong earthquake (if it is related to the precursors). Radon emission, temperature changes, strange animal behaviour, strain rate changes, seismic velocity changes, hydrological phenomena, electrical conductivity
changes and electromagnetic signals are some of the most frequently mentioned precursors, according to the International Commission on Earthquake
Forecasting for Civil Protection (Jordan et al., 2011).
For a precursor to be useful, it needs to occur largely or completely exclusively prior to relatively larger events, and before many of these events. Probably the most commonly investigated (and perhaps the most promising) possible precursors are related to seismicity patterns, such as seismic quiescence
and foreshocks that might be related to stress loading taking place prior to
stronger earthquakes (Mignan, 2011). No unambiguous clear pattern is systematically observed though, which brings into question the possible predictive value of such phenomena (Hardebeck et al., 2008; Mignan, 2014; Mignan
and Di Giovambattista, 2008). Rate changes cannot always be distinguished
from unrelated variations of the “normal” behaviour of seismicity (Hardebeck
et al., 2008; Marzocchi and Zhuang, 2011), as e.g. relative seismic quiescence
can be confused with aftershock decay. Spatial and temporal windows can
also be chosen in a way that optimizes for spurious precursors (e.g. decreasing
b-value, accelerating seismicity rate). A typical example is the controversial
theory of the seismic gap (Kagan and Jackson, 1991a, 1995; Nishenko and
Sykes, 1993) where the link between the seismic gap and an upcoming strong
earthquake has been debated, with Kagan and Jackson (1991b) suggesting that
earthquake clustering is scale-invariant, therefore the seismic hazard increases
in seismically active areas because of long-term clustering. Foreshock activity
has also attracted major scientific interest and has been the focus of several
controversial research theories (see Mignan, 2014 for a meta-analysis). The
issues primarily debated concern the origin of foreshocks and as a result their
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possible use in predicting or forecasting coming larger events. One of the arguments against the predictive value of foreshocks is that they can be classified as such only retrospectively, i.e. after a larger earthquake has occurred
and is the biggest event of the cluster. There have been some cases where
foreshocks were clearly observed and reported as such beforehand, as e.g. in
China (Wang et al., 2006), Greece (Bernard et al., 1997) and Iceland (Bonafede et al., 2007), leading to successful evacuations. Motivated by what was
observed in the data analysis presented in this thesis (see Section 6), foreshocks will now be further discussed.

3.3

Foreshocks – An Ongoing Debate

The physical mechanisms that possibly cause foreshock activity might include
stress accumulation (Jones and Molnar, 1979; King and Bowman, 2003) or
fluid flow (Lucente et al., 2010; Terakawa et al., 2010). There are studies that
support the coexistence of two main types of foreshocks in the empirical data
(McGuire et al., 2005), a) as emerging from a preparatory process preceding
a relatively larger event (which is then called mainshock), and b) as aftershocks of earlier events that can randomly trigger a larger earthquake (Helmstetter et al., 2003).
The presence of foreshocks has been linked in some cases with a nucleation
phase taking place prior to a large earthquake, which can explain slip instability (when it is observed) prior to the main event (Bouchon et al., 2011). Studying the case of the Mw7.6 Izmit earthquake in 1999, Bouchon et al. (2011)
used data from stations located close to the epicentre of the mainshock and
investigated seismic signals preceding the mainshock. Their work showed that
the foreshock activity observed a few minutes prior to the main event was
probably initiated at the hypocentre of the mainshock, giving evidence of a
precursory slow slip that accelerated and developed into the main rupture. The
Mw9.0 Tohoku earthquake in 2011 was also preceded by two foreshock sequences, in the area between the epicentres of the Mw7.3 preshock and the
Mw9.0 mainshock, revealing a propagation of slow-slip events, i.e. the migration of seismicity towards the mainshock. Kato et al. (2012) suggested that
this could be interpreted as part of a nucleation process, although the characteristics of the slip and rupture growth are not compatible with what is predicted by preslip models. Ando and Imanishi (2011) support the idea of propagating after-slip following the Mw7.3 foreshock. Marsan and Enescu (2012)
approached the Tohoku foreshock sequence as a combined result of rupture
cascading and aseismic loading. Their results suggest that if there was aseismic slip in the case of the Tohoku sequence it had a minor role in triggering
the observed activity.
Many researchers consider foreshocks as earthquakes dependent on earlier
parent events (through e.g. stress transfer, Marsan and Enescu, 2012), that can
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just by chance trigger a larger earthquake. In this cascade-triggering framework, an increasing seismicity rate in a given area means that there is higher
probability for a following larger event to occur (Felzer et al., 2004; Helmstetter and Sornette, 2003b), with its magnitude being independent of the preceding process (Abercrombie and Mori, 1996) and randomly chosen from a relevant magnitude-frequency (G-R) distribution. In this sense, each earthquake
is a foreshock, mainshock and aftershock at the same time, with the largest
event of the cluster being associated with a preceding increasing rate only in
a statistical sense, which results from the G-R relationship (Helmstetter and
Sornette, 2003b). This concept apparently restricts the prognostic value of
foreshock activity, and in this conceptual framework in practice foreshocks
cannot be considered as a potentially reliable precursory phenomenon.
The fraction of mainshocks preceded by foreshocks in several real catalogue studies seems to be less than 40% (see Helmstetter et al., 2003, and the
references therein). However, the absence of observed foreshocks does not
preclude that they exist, as they could be so small that are not detectable by
the seismic network in the area. Because of the limited number of foreshocks,
when those exist, one technique to investigate their existence is by stacking
sequences preceding large events, aiming to reveal the average properties of
the foreshock activity, as e.g. a characteristic increasing seismicity rate. Many
authors consider that this behaviour obeys the inverse Omori law (Jones and
Molnar, 1979; Papazachos, 1974; Papazachos et al., 1982). This particular behaviour (of increasing seismicity) is also known as the Accelerating Seismic
Release (ASR) phenomenon, a rather simple approach where a power law behaviour either in the seismic moment, energy, Benniof strain or event count is
observed prior to large events (see Mignan, 2011 for a meta-analysis). Aiming
to explain ASR, Sammis and Sornette (2002) adopted the critical point concept, according to which the mainshock is the end of a cycle that takes place
on a fault network, i.e. the critical point where the preceding accelerating seismicity terminates. As explained by the authors, this theory is different from
the Self Organized Criticality (SOC) hypothesis, which also explains a state
characterized by power laws, relying on the assumption that the crust evolves
spontaneously, and thus implying that earthquakes cannot be predicted (Geller
et al., 1997; Kagan, 1997). On the contrary, Mignan (2011) explains that the
physical meaning of ASR should be found in the stress accumulation model
described by King and Bowman (2003), where foreshocks accompany a preparatory process correlated to loading (by creep) on a fault that is going to fail.
The existence of ASR has been debated in several articles, as e.g. by Hardebeck et al. (2008) who tested the case of ASR by means of real and synthetic
data sets, concluding that ASR is statistically insignificant and is only favoured by certain optimized search criteria.
The analytical studies of Helmstetter and Sornette (2002) and Sornette and
Helmstetter (2002) suggested that the increasing seismicity rate usually related to foreshock activity can be reproduced with aftershock cascades that
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trigger more than one earthquake per event (super-critical regime). Helmstetter et al. (2003) showed that the inverse Omori law can be statistically observed when stacking sequences preceding large earthquakes in synthetic data
sets simulated with the ETAS model, as long as the spontaneous fluctuations
of simulated seismicity are conditioned to end up with a high seismicity rate
at the moment of the mainshock. Similarly, other foreshock properties, such
as e.g. a decreased b-value, can be explained. The approach of Helmstetter et
al. (2003) relied on the assumption that the expected (from modelling) seismicity rate is the combined result of spontaneous tectonic loading and triggered activity (by all events, following the Omori law). They showed analytically and numerically that the aftershock spatial diffusion is reflected in the
migration of foreshock activity towards the mainshock epicentre, with the
same diffusion exponent for foreshocks and aftershocks. Concerning the dependence of foreshock activity on the mainshock magnitude, Helmstetter et
al. (2003) suggested that when foreshocks are assumed to have magnitudes
smaller than the mainshock, the foreshock number increases with the
mainshock size, for small to intermediate mainshocks (M<4.5).
Zhuang et al. (2008) followed a stochastic declustering concept (Zhuang et
al., 2002) and classified foreshocks as triggered (when they are dependent on
a previous event), and spontaneous if otherwise. Their findings suggest that in
empirical data from Japan, California and New Zealand, the events which are
not triggered by earlier earthquakes are preceded by fewer foreshocks than the
triggered ones. In synthetic data sets though, when those were built with the
standard form of ETAS model, there was no difference between spontaneous
and triggered events, which was explained by the authors by the neglect of
events triggered by earthquakes with magnitudes smaller than the catalogue
threshold. Therefore they suggested that adjusted forms of the ETAS model
should be used for forecasting. Brodsky (2011) investigated the spatial density
of foreshocks, testing the hypothesis that they follow the same patterns as aftershocks. She used catalogue data from Southern California and compared
the spatial distribution of the observed events preceding M3-4 earthquakes,
within some minutes before the mainshock occurrence, with the corresponding spatial distribution of their aftershocks. She presented a density of foreshock activity which decayed away from the mainshock epicentre following
the same power law as the aftershock activity, implying that this indicates a
single triggering process, leading to the tendency of seismicity to cluster in
time and space. For her synthetic data, she used the ETAS model, i.e. each
earthquake triggers secondary aftershocks according to the magnitude of the
parent event. Therefore, without any assumed preparatory process to justify
foreshocks, the spatial patterns of the observed seismicity preceding and following the selected mainshocks could successfully be reproduced in the synthetic data. The author also claimed that the only possible evidence for the
existence of foreshocks as precursors can be found in the aftershock/foreshock
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ratio, which was different between real and synthetic data, although this can
be influenced by the incompleteness of aftershock sequences.
Considering all the above, it is meaningful to test for possible true foreshock activity against a null hypothesis of increasing earthquake rate due to
clustering (in an ETAS sense, as described above). For example, Ogata and
Katsura (2014) examined the nature of the nucleation process and the possible
explanations (earthquake clustering or a preparatory aseismic process preceding larger events) by comparing data from Japan to synthetic catalogues built
with cluster-type models. Although they found their qualitative approach adequate, compared to the real data, they observed quantitative differences.
Their investigation indicated that an ETAS-type model can better approach
reality when earthquakes below the magnitude threshold are “allowed” to contribute to the triggering of later events, but also when the magnitudes of the
simulated events (in the synthetic catalogues) are randomly picked from the
empirical data and not from a relevant G-R distribution. They concluded that
ETAS can provide a good approximation of homogeneous processes, but observed seismicity can be inhomogeneous. Bouchon et al. (2013) also compared the observed accelerating seismicity found in real data, to a) what is
observed prior to randomly chosen events from their catalogue, and b) what is
found in synthetic data which are generated based on cluster-type models.
Their observations were not compatible to any cluster-type statistical artefacts.
The investigation of the differences in the preparatory process preceding interplate and intraplate earthquakes (using stacked preshock sequences of
M>6.5 mainshocks in the area of the North Pacific), showed that the observed
foreshock activity prior to interplate strong events gives evidence of a precursory phase driven by a slow-slip mechanism at the plate boundaries. Arguments supporting the idea of a slow deformation initiating before the occurrence of a mainshock are provided by Marsan et al. (2014). They found that,
in a worldwide earthquake catalogue, when foreshock activity is present there
are more aftershocks observed following the main rupture, but these occur in
a longer aftershock zone, indicating that episodic creep may have started before the mainshock, and continues during the aftershock phase. In all cases,
what seems crucial to better understand the phenomena is increasing the seismological system sensitivity because improved and continued seismic monitoring appears likely to provide more examples of such nucleation events. Better seismic networks mean more available data for detailed seismicity investigations. Methodologies which can be used to test the quality of the data and
to extract important information are described in the following section.
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4. Catalogue Statistics

Seismicity studies are based on the use of earthquake catalogues as the source
of information regarding the behaviour of the spatial and temporal distribution
of earthquakes. A catalogue is the main product of an operating seismological
network, containing information on the location, origin time and magnitude
of each event that occurred in the area covered and which generated signals
which could be observed at an appropriate number of seismological stations
(instrumental catalogue). This information is acquired by analysing waveforms registered at a network of seismological stations, a procedure which can
be automatic, manual or both. Many stations are today online to a central data
collection and analysis centre, facilitating near-real time analysis. The catalogues so constructed may refer to local seismicity in a specific area or country, or to global seismicity, as there are international centres that collect data
from local networks worldwide, and dedicated global networks, in order to
compile global earthquake catalogues. These are usually available online (e.g.
the International Seismological Centre, the European-Mediterranean Seismological Centre etc.). There are also catalogues based on macroseismic analysis
of historical reports of the observed effects of earthquakes (Gasperini et. al,
2010), and paleoseismic catalogues based completely on indirect information,
such as trenching geological data (Woessner et al., 2010). The studies presented in this thesis are based completely on catalogues produced using modern seismic network data.
Since the seismicity catalogues constitute experimental data, it is expected
that they include errors. Uncertainties in earthquake location and origin time
can be caused by the limited network density and sensitivity, the velocity models of the Earth used (often 1D models that cannot precisely represent the
Earth's heterogeneity, Husen and Hardebeck, 2010), inaccuracies in the identification (from the waveforms) of the arrival time of observed seismic phases,
and the misidentification of these. Some factors affecting errors in the estimated source location and time are the analysis method used, the frequency
content of the signal and noise and the frequency band used in the analysis,
the number of phases used, the earthquake’s magnitude and character, the signal to noise ratio, the quality of the picks (estimated arrival times of phases)
and if reliable quality estimates/uncertainties in these have been specified.
Picking and further analysis steps may be achieved manually or automatically.
The observed signal amplitude at a station is affected by the source size (magnitude) and mechanism, and the attenuation of the signal between source and
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receiver. Attenuation is often considered to consist of two parts: intrinsic attenuation, which is energy loss due to internal friction, and scattering attenuation, which is the result of a seismic phase loosing energy by scattering
caused by heterogeneity within the Earth. Attenuation is frequency dependent.
Further complications might relate to the inter-calibration of different magnitude scales (Tormann et al., 2010). Seismic networks evolve over time as instruments, analysis techniques and knowledge of the Earth's structure are improved, and network sensitivity generally, but not always, improves with time.
Evolving networks can influence catalogue homogeneity (Husen and Hardebeck, 2010). Considering all the above, it is reasonable to assume that in order
to work with a seismicity catalogue, it is appropriate to perform first a quality
control on the data.

4.1

Data Quality Control

A central issue of instrumental catalogues is that they are frequently composed
of different types of earthquakes. Depending on the complexity of the area
they might include tectonic earthquakes, long period volcanic events or induced (often anthropogenic) seismicity. There have been several methods suggested for removing particular types of events from a catalogue (see Gulia et
al., 2012 and references therein) but a detailed description is beyond the purpose of the present work. By retrieving data from relatively small areas which
are chosen based on their characteristic tectonic structure, we are sometimes
able to reduce the effect of some factors affecting catalogue homogeneity.
An important catalogue property, that needs to be sufficiently well estimated, is the magnitude of completeness (Mc), i.e. the lower magnitude
threshold above which all events are believed to be recorded, implying that
for magnitudes above this value the catalogue is complete. Data completeness
is crucial for seismicity studies. A high Mc relative to the smallest magnitudes
in a catalogue implies that many events have been “missed” and the data might
not be adequate for some types of analysis, whereas a low Mc probably means
higher consistent network sensitivity, facilitating analysis. As network operation cannot be considered stable in time, the Mc in the same area might
change, especially when relatively long periods are studied.

4.2

Frequency Magnitude Distribution

There are several methods used to estimate the completeness magnitude of a
data set (Mignan and Woessner, 2012), generally classified into two major
categories, a) network based (Maghsoudi et al., 2013, 2015; Mignan et al.,
2011; Schorlemmer and Woessner, 2008) and b) catalogue based (e.g. Woessner and Wiemer, 2005). The methods of the first class deal with the probability
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of detecting an earthquake based on the properties of a given seismic network.
The second class includes methods related to either the estimation of day-tonight ratio of earthquakes (Rydelek and Sacks, 1989; Taylor et al., 1990), or
the assumed validity of the G-R law (Gutenberg and Richter, 1944; Ishimoto
and Iida, 1939) which describes the exponential frequency magnitude distribution (FMD) of a self-similar seismic process. It is this last family of techniques which will be mainly discussed in this thesis.
According to G-R law, the frequency N(M) of events with magnitude
greater than M, is given by
( )= −
(3)
log
where α describes the general activity level, while b denotes the proportion of
larger to smaller earthquakes in the data set. The b-value can be estimated
from a truncated exponential distribution, where the probability distribution
function (pdf) of the magnitudes between a minimum (Mmin) and a maximum
(Mmax) value is given by
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with β=ln10*b, b as in Equation (3) and dM equal to the magnitude binning
(introduced to account for a correction on the effect of the magnitude rounding, Kijko and Sellevoll, 1989; Page, 1968). The roll off at high magnitudes
in empirical data sets is expected if the observation period is sufficiently long,
but it does not mean that the maximum possible magnitude has been observed
(Naylor et al., 2010). Assuming an unbounded G-R distribution, the b-value
can be found using Aki's maximum likelihood estimator (Aki, 1965),
=

〈 〉 (

)

(5)

where <M> is the mean magnitude of the data set. The corresponding estimation uncertainty in this case is equal to
=

√

(6)

where σb is the standard error and N the sample size. A direct least-squares
(linear regression) estimation of the b-value should be avoided, as the G-R
distribution is cumulative. b=1.0 is a commonly observed value for a wide
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variety of instrumental catalogues, for several spatial and temporal scales,
(e.g. El-Isa and Eaton, 2014 and references therein).
There are various studies that have focused on the uncertainty introduced
to the b-value because of the effect of rounding errors in reported magnitudes
(Márquez-Ramírez et al., 2015) or the sample size (Nava et al., 2016). Another
important issue seems to be the errors in empirical magnitude estimates. This
will be discussed in detail in Section 8.
The power law behaviour of the FMD has been observed in several datasets, as well as in the lab (Scholz, 1968). Although deviations from selfsimilarity have also been reported (Serra and Corral, 2017 on global data; Urban et al., 2015 on anthropogenic seismicity; Utsu, 1999), these are either attributed to some special physical processes (as e.g. in volcanic areas) or to
spatiotemporal variation in Mc (Mignan and Woessner, 2012; Wiemer and
Wyss, 2003). Thus, the G-R power law is considered to be a clearly dominant
and rather ubiquitous property of earthquake catalogues (Kagan, 1991; Kijko
et al., 2001; Pisarenko and Sornette, 2003) and an assumption of the underlying validity of the G-R law is broadly used on all seismicity scales (e.g.
Boettcher et al., 2009; Kagan, 2003; Kwiatek et al., 2010).
A reliable estimation of Mc is important because of its impact on the evaluation of seismicity rates and the seismic hazard assessment, through its influence on the G-R parameters α and b (Mignan and Woessner, 2012; Wiemer
et al., 2009; Wiemer and Schorlemmer, 2007). In cases where b-value decreases, for example, assessing the statistical significance of such a change is
vital, to distinguish a change in the earthquake process from the detection of
fluctuations due to network changes (Zúñiga and Wyss, 1995), or other uncertainties included in the earthquake catalogues (see Section 8). One of the most
recognized techniques for Mc determination has been the Maximum Curvature (MaxC) method (Wiemer and Wyss, 2000; Wyss et al., 1999). Investigating the non-cumulative frequency-magnitude distribution, the most frequent
magnitude bin denotes the Mc of the data set, according to this method. As
mentioned by Woessner and Wiemer (2005), this approach often underestimates the Mc, due to spatial and temporal heterogeneities that are included in
the data in the FMD. Wiemer and Wyss (2000) introduced the Goodness of
Fit Test (GFT), where the observed FMD is compared to synthetic distributions. The goodness of fit is calculated by
=

∑

|
∑

|

(7)

which represents the normalized absolute difference, R, between the observed
(No) and synthetic (Ns) magnitude bins (usually of length 0.1 magnitude
units). Thus, Mc is defined by assessing when the predefined level of fit (e.g.
95%) is achieved. This criterion sometimes cannot be fulfilled, as the obtained
level of fit might be lower than 95%, therefore the 90% level is suggested as
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an alternative. This choice seems a bit arbitrary. The mGFT method, suggested
by Leptokaropoulos et al. (2013a), aims to overcome this issue by comparing
the observed FMD to many synthetic distributions, and estimating the average
residual of this comparison in each magnitude bin. In this case, Mc is found
where the minimum residual is obtained
∑

=

(8)

where R is given by Equation (7) and k represents the number of the synthetic
FMDs.
Cao and Gao (2002) suggested that Mc should be estimated based on bvalue stability (MBS method). Their approach is built upon the assumption
that b-value increases for Mmin<Mc but stabilizes for M>Mc. The completeness magnitude is then defined as the minimum threshold above which
∆ =

−

≤ 0.03

(9)

where baverage represents the arithmetic mean of the b-values corresponding to
successive magnitude thresholds within half a magnitude range (i.e. 0.5 units
for 0.1 bin size). As the choice of 0.03 seems rather arbitrary and might be an
unstable criterion, Woessner and Wiemer (2005) suggested the use of the bvalue uncertainty, δb, as a more suitable criterion to define b stability, introduced by (Shi and Bolt, 1982)
= 2.3
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where N is the number of all events with M>Mc and <M> is their mean magnitude. Thus, Mc is defined as the minimum magnitude for which
∆ =

−

≤

(11)

The performance of the aforementioned techniques when magnitude uncertainties are present, also in relation to the sample size, is evaluated and presented in Section 8.
A careful examination of the catalogue properties enables us to select a
good quality data set, which can then be the basis for reliable seismicity studies, such as the investigation of seismicity patterns in a given area and time.
In the following section, case studies from Greece are presented, and the possible existence of precursors in the data sets is assessed using data driven techniques.
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5. Seismicity and Precursors in Greece

Greece covers one of the most seismically active areas in the Mediterranean
region, characterized by some major tectonic features that interact resulting in
high seismicity rates and complex tectonic behaviour (Figure 1). The Aegean
Sea, found between the Greek and Turkish mainland, has been described as
one of the most rapidly extending zones in the world (Briole et al., 2000 and
references therein) undergoing a N-S extension (Gautier et al., 1999 among
others). In the north, the area is delimited by the boundaries between the Eurasian and the Aegean plates, marked by the North Aegean Trough (NAT,
McKenzie, 1978), along which the North Anatolian Fault (NAF) propagates
to the west. In the south, the African plate is subducted below Eurasia along
the Hellenic Arc, which moves southwards as the subduction rate is faster than
the northward movement of the African plate (McClusky et al., 2000), possibly controlling the Aegean deformation (Durand et al., 2014; McKenzie,
1978; Pichon and Angelier, 1979). In the east, the Hellenic Arc is bounded by
the sinistral Rhodes Transform Fault (RTF, Papazachos and Papazachou,
2003), while the western termination of the Hellenic Arc is bounded by the
dextral Cephalonia Transform Fault Zone (CTFZ). Both the RTF and the
CTFZ can be considered to be Subduction-Transform Edge Propagators
(STEPs), resulting from the tearing of the lithosphere near the horizontal terminations of the subduction trench (Govers and Wortel, 2005; Papadimitriou
and Karakostas, 2008). The CTFZ found in the Ionian Sea consists of the
Cephalonia and Lefkada fault branches (Karakostas et al., 2015), linking the
continental collision between the Adriatic and Ionian lithosphere (Scordilis et
al., 1985) to the subduction zone. The islands Cephalonia and Zakynthos are
located close to the entrance of the Gulf of Patras, which is connected to the
east with the Corinth Gulf, an asymmetric half-graben bounded by normal
faults (probably listric shaped, Doutsos and Poulimenos, 1992) along the coast
and with an uplifting southern footwall (Armijo et al., 1996). There are several
extending grabens in the area of Greece (NAT, Evvia Graben, Corinth Gulf)
connecting the western part of NAF and the Hellenic Arc (Armijo et al., 1996;
Briole et al., 2000), but the Corinth Gulf seems to be the most tectonically
active, with a very high strain rate in the centre of the rift, as found by GPS
data studies (Avallone et al., 2004; Briole et al., 2000). The central-eastern
Gulf is deeper and wider than the western edge, indicating greater N-S extension in the eastern part. The unique and complex fault system surrounding the
Corinth Gulf, as well as the high seismic activity observed around the rift,
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often with strong earthquakes causing damage in the populated areas, has attracted considerable scientific interest over the years. One example is the Corinth Rift Laboratory (CRLab) which started in 1991 as a collaboration between Greece and France (Lyon-Caen et al., 2004) and currently involves
more European countries as part of the European Plate Observing System
(EPOS, http://crlab.eu/). The aim is to investigate fault mechanics in connection with earthquake occurrence, fluid flow and the resulting seismic hazard
in the area of the Corinth Rift.

Figure 1. Stations of the Hellenic Unified Seismological Network (HUSN) and
neighbouring networks. The red rectangles show the southern Ionian Sea and the
Corinth Gulf. Yellow arrows and lines: tectonic motions and features, NAF-North
Anatolian Fault, NAT-North Aegean Trough, CTF-Cephalonia Transform Fault.

5.1

Recent Seismicity Studies

Areas of particular scientific interest in Greece concentrate around NAT in the
north and the subduction zone in the south. Thoroughly studied earthquake
sequences are located along the Hellenic Arc, primarily in the Ionian Sea and
the Corinth Gulf (Figure 1). According to the Earthquake Planning and Protection Organization (EPPO, http://www.oasp.gr/), the highest risk zone in
Greece includes the islands of the Ionian Sea, an area with rich seismic history.
The fairly recent Mw6.2 Lefkada earthquake in 2003 (Benetatos et al., 2005)
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motivated the installation of a local network which provided (for the first time)
better quality data for the study of the tectonic behaviour of the central Ionian
Sea. Further studies were based on these data in the following years, revealing
important features of the seismicity there, such as the apparent increasing seismicity following the strong event on Lefkada Island in 2003, probably triggered on a neighbouring segment of the Cephalonia fault (Karakostas et al.,
2004). An investigation of the active tectonic structures in that part of the Ionian Sea, and the corresponding seismic activity, including microseismic data
from a temporary network that operated during 2007-2008 on Cephalonia and
Lefkada islands, was performed by Karakostas et al. (2010). The doublet of
strong earthquakes that occurred in 2014 on Cephalonia Island gave evidence
of a transfer zone that links the Cephalonia and Lefkada branches, as parts of
the CTFZ (Karakostas et al., 2015).
Some characteristic intermediate-depth strong earthquakes (M>6) that occurred in the Hellenic subduction zone during the last 2 decades were the 2006
Mw6.7 Kythira (Konstantinou et al., 2006; Nikolintaga et al., 2008) and the
2008 Mw6.2 Leonidio earthquakes (Zahradnik et al., 2008). The second sequence was followed by a broad deformation of the shallow subduction area
(Durand et al., 2014) and the Methoni sequence (Roumelioti et al., 2009)
which occurred on a segment that was not active before, during the period of
instrumental observation. Later in the same year, the 2008 Mw6.4 Patras
(Achaia) earthquake occurred (Karakostas et al., 2017). This series of extreme
events observed in Greece during 2008 was investigated by Durand et al.
(2014). The authors suggested that the increasing seismicity in the major extensional basins of Greece after the year 2008 lasted for approximately three
years, similarly to the duration of the SW displacement (based on GPS) of
Peloponnese which followed the subduction earthquakes. They also noted that
the prolongation of NAF can be linked to the subduction zone based on the
mechanisms of the cascade of earthquakes they studied.
Paradisopoulou et al. (2010) studied the coseismic stress changes caused
by 67 events with M>6.5 that occurred in Greece, and combined this information with time-dependent statistical models to estimate the earthquake
probability on different faults. Later on, Paradisopoulou et al., (2013) applied
the same methodology on separate faults, estimating the probability distribution on 1km grids. The use of the rate-state model and the mixture of Coulomb
stress changes with seismicity rate estimations was suggested by Leptokaropoulos et al. (2010; 2012), who evaluated the model sensitivity and compared the expected to the observed earthquake rates in the northern Aegean.
The same concept was used to study the seismicity rates in the southern Aegean (the Hellenic Arc) by Leptokaropoulos et al. (2013b; 2014), aiming to
identify areas where the expected future seismicity is higher and the Coulomb
stress changes are increased. The application of a stress inversion model was
presented by Leptokaropoulos et al. (2016), who inverted the seismicity rate
changes observed in the western Corinth Gulf to estimate the stress variation
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in the area, and compared the results to an elastic dislocation model. Papadimitriou et al. (2016) relocated the aftershock sequence of the 2013 Mw6.7
Crete earthquake and compared their spatial distribution to the estimated Coulomb stress changes that followed the mainshock. They showed that the seismicity increased within the areas of positive stress changes, but without triggering nearby fault patches.
Following the work of Corral (2004), Kourouklas et al. (2016) investigated
the temporal properties of the inter-event times in 3 seismically active areas
in Greece (the North Aegean, the Corinth Gulf and the Ionian Sea), suggesting
that their distributions follow a universal scaling law which is independent of
the region and the minimum magnitude threshold. Especially in the case of
the NAT, Kourouklas et al. (2016) reassessed the focal parameters of historical strong earthquakes and by means of several statistical distributions they
estimated the recurrence times for strong events on different segments of the
trough, suggesting that there is mainly low to intermediate occurrence probability for the next 3 decades.
Besides the strong earthquakes, the seismicity of smaller magnitude events
has been studied in Greece, as the recent development of the seismic network
has provided much such data. This data can give improved insights into earthquake clustering properties, precursory and swarm activity etc. For example,
Gkarlaouni et al. (2015) investigated (short) inter-event time distributions of
earthquakes observed in two extensional tectonically similar back-arc basins
in Greece, Mygdonia and Corinth. They worked with complete and declustered data with the intention of having homogeneous data subsets for their
analyses. Their non-parametric approach revealed complex features in the
waiting time distributions of their data sets, and a combination of distributions
appeared necessary to be consistent with the data. Using data of the same regions, Gkarlaouni et al. (2017) performed a Hurst analysis (Hurst, 1951) to
investigate the memory properties of inter-event times and distances. The authors suggest that strong events seem to be independent, while the relatively
smaller earthquakes carry the correlation properties of the seismic process, i.e.
the memory of the process.
Relocating data from the 2001 Agios Ioannis sequence (Mw=0.5-4.3), Pacchiani and Lyon-Caen (2010) mapped the faults where the swarm activity was
located, revealing a complex seismically active zone of several parallel planes.
They observed a migration of seismicity towards the surface and suggested
that there is fluid circulation at depth under the western part of the Corinth
Gulf, based on the results of a pore-pressure diffusion model and the high bvalues they estimated from the data. The frequent swarm type behaviour of
seismicity observed in the Corinth Gulf motivated Mesimeri et al. (2016a) to
investigate the 2013 Aigio swarm. The seismicity migration they observed,
along with the Coulomb stress change patterns, suggests that four segments
ruptured during that time, but the results regarding a possible fluid-driven
mechanism are ambiguous. Karagianni et al. (2016) focused their study on the
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western part of the Corinth Gulf, investigating the spatiotemporal evolution of
relocated events that occurred one year after the 2010 Efpalio doublet (Karakostas et al., 2012). Their results indicate that the seismicity migrated to the
west and was probably fluid triggered. Mesimeri et al. (2016b) worked with
data from a temporary network installed in the area of Florina, in northern
Greece. They suggested that spatiotemporal evolution of micro-seismicity in
that area can be related to fluid induced seismicity, while the inter-event time
distribution gave evidence of a dominant earthquake-earthquake triggering
process.

5.2

Precursors in Greece

The first strong earthquake in the modern history of Greece that occurred in a
densely populated area, was the 1978 M6.5 Thessaloniki event, causing damage to numerous buildings and the loss of 45 human lives through a building
collapse in the civic centre of the city (Kulhánek and Meyer, 1979; Papazachos et al., 1979). The mainshock was preceded by some foreshock activity
(for 20 days), but those events were identified as foreshocks after the main
event occurred (Papazachos et al., 1982). The Ms6.6 Kozani earthquake in
1995, which occurred in a low seismicity region, was also preceded by a few
foreshocks, within 30 min prior to the main event, resulting in a successful
evacuation of buildings that were damaged by the event (Bernard et al., 1997).
The “prediction” of this event, along with the 1995 Ms6.2 Aigion earthquake
in the western Corinth Gulf, was claimed by the VAN group (Lighthill, 1996),
based on the interpretation of seismic electric signals. However, their ambiguous methods and vague estimations of the location and the magnitude range
of the “predicted” main events have been strongly questioned (Bernard et al.,
1997 and references therein; Lighthill, 1996).
Such natural disasters give an extra motivation to scientists to work on
earthquake forecasting. Early studies of Greek catalogue data and potential
precursory phenomena include those of Papazachos (1974) and Papazachos et
al. (1982) who investigated foreshock and aftershock sequences of strong
shallow earthquakes, showing different b-values prior to and after the
mainshocks. Papadopoulos et al. (2006) studied the temporal evolution of an
earthquake sequence in the Eastern Aegean Sea, reporting a decrease of bvalue preceding the main event. With a special focus on the Corinth Gulf,
Papadopoulos et al. (2000) and Orfanogiannaki and Papadopoulos (2004)
used the observed b-value changes as a criterion to distinguish foreshock and
swarm activity, and investigated the precursory activity observed in the area.
Other studies by Drakatos (2000) and the references therein, focused on periods of relative seismic quiescence before strong aftershocks. Evison and
Rhoades (2000) tested the hypothesis that earthquake swarms are part of a
long seismogenic process that might culminate in a major shallow earthquake
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in subduction zones. They defined swarms that occurred in Greece with assumptions related to the number of events, the observed magnitudes and the
spatiotemporal distribution of each cluster. They compared their findings to
what they observed in New Zealand and Japan, suggesting that earthquake
swarms can be long-range precursors of strong main events. Papadimitriou et
al. (2005) investigated the seismicity patterns before and after the 1956 M7.7
Amorgos earthquake, one of the strongest events in the Aegean region during
the instrumental era. The spatiotemporal variation of seismicity, combined
with the estimated changes in the stress field of the area, gave evidence of a
doughnut pattern, i.e. a quiescent period in the focal region and increasing
seismicity (for several years) on the surrounding structures. They also suggested the existence of a stress shadow in the area after this sequence. Console
et al. (2006) worked with data from Greece and applied statistical models on
different time scales, while combining temporal and spatial modelling in order
to investigate the activity prior to major events, suggesting that seismicity rate
variations in space and time should be considered when modelling these data.
Karakostas (2009) investigated four strong events which occurred during
1995-2008 (Kozani, Aigio, Skyros, and Achaia). He found that the annual
seismicity rate observed in the positive pre-stress areas increased over some
years prior to each large event, while activity in the negative lobes remained
almost the same. Adamaki et al. (2011, 2010) used simple functions in order
to describe the aftershock decay rate in sequences from Greece, including exponential and Weibull forms, trying to investigate possible rate changes prior
to strong aftershocks. Gospodinov et al. (2007) applied the Restricted Epidemic Type Aftershock Sequence (RETAS) model on eight aftershock sequences that occurred in Greece after 1975, aiming to analyse their temporal
decay and the clustering patterns of the relaxation process in each case study.
Using the same model, Papadimitriou et al. (2012) and Gospodinov et al.
(2015) tried to identify periods of relative quiescence as precursors of strong
aftershocks and estimate the occurrence probabilities of new strong events in
a sequence, with data from the Ionian islands (the 2006 Zakynthos swarm and
the 2014 Cephalonia doublet).

5.3

Data and Network

The first Wood Anderson seismometer in Greece was installed in Athens in
1965. Since then, several networks have been operating in Greece, with most
of the stations being installed by local seismological centres (Athens, Thessaloniki, Patras, Scordilis et al., 2016). Since 2004, the Hellenic Unified Seismic
Network (HUSN) has been established (Figure 1), including 146 broad-band
stations operated by four different institutes (D’Alessandro et al., 2011). Although the source of the data might be the same, magnitude estimation from
different institutes and the use of different magnitude scales introduces some
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inhomogeneity into the catalogue. Several studies have focused on this issue,
suggesting calibrating functions (see Scordilis et al., 2016 and the references
therein) between Mw and ML, which are the main magnitude scales used
(Roumelioti et al., 2010). Additionally, temporal changes in instrumentation
or methodology, and different attenuation in geographical areas that is not
properly accounted for, might also insert inhomogeneity in the data set (see
also Section 4).
The data sets used for the analyses presented in this thesis belong to the
Greek catalogue provided by HUSN and compiled by the Geophysics Department of the Aristotle University of Thessaloniki. It contains magnitudes defined on the same magnitude scale (ML, local magnitudes) and all events are
manually reviewed (by the aforementioned Institute) before compiling the
earthquake catalogue that is available online. No attempt of re-analyse waveform data or reported detections at different stations is made here, thus the
magnitudes and locations are not redefined. The assessment of the period over
which the catalogue can be considered to be of high-quality (Wiemer and
Wyss, 2000) is a necessary step. The analysis that will be described here is
based on epicentres, magnitudes and times of occurrence of the earthquakes,
and is not affected by depth uncertainties. It is also time and geographically
local, thus the effects of any inadequacies in magnitude estimation (e.g. because of different attenuation) can be expected to be limited.
The catalogue includes 75,129 earthquakes with magnitudes M≥2, which
occurred in the area shown in Figure 2 during 1995-2016. A scatter plot of the
magnitudes is shown in Figure 3a. There have been several changes in the
network during this period, and several periods of missing data can be identified. Two areas of interest are chosen, the Corinth Gulf and the Ionian Sea
(Figure 1). The effect of missing data is clearly seen in these two sub-sets
(Figure 3b, 3c). It seems that good quality data can be obtained from the period
starting in August 2008 (see also Leptokaropoulos et al., 2016) until July 2016
(8 years, shaded area in Figure 3). 49,562 earthquakes constitute this data set
(Table 3). The mGFT methodology (Leptokaropoulos et al., 2013a, see Section 4.2) used to estimate the magnitude of completeness, yielded Mc=3.5 for
the whole of Greece. There are probably differences in the magnitude of completeness for different areas, which is Mc=2.2 for the Corinth Gulf and
Mc=2.8 for the Ionian Sea, according to mGFT (see Figure 4). The b-value is
relatively stable above those magnitude cut-offs, and is estimated to be close
to 1 in all cases.
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Figure 2. The strongest earthquakes in the area of Greece since 1995.

Figure 3. a) Scatter plot of magnitudes in the catalogue used for the period 19952016. Available magnitudes M>2. Same for b) the Corinth Gulf and c) the Ionian
Sea. The shaded areas correspond to the last 8 years of the catalogues (August 2008July 2016).
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Figure 4. mGFT (see Section 4.2) is used to estimate the completeness magnitude
(Mc) and b-value for data sets from a) Greece, b) the Corinth Gulf and c) the Ionian
Sea.

The data sets are shown in Figure 5, where the cumulative number of earthquakes and their corresponding magnitudes are plotted against time, for the
entire data set (Figure 5a) and the two sub-sets in the following graphs (Figure
5b and 5c). Major disturbances in the temporal pattern of seismicity are observed at the times of occurrence of some of the strongest earthquakes during
2008-2010. The shaded area corresponds to one year of data, during 2009.
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During that time the seismic activity seems relatively stable, without important changes due to aftershock sequences of strong earthquakes. This data
is used in the analyses presented in the following section.
Table 3. Summary of the data sets.
Number of
Events

Mc

b-value

Complete Part

Greek catalogue: August 2008 through July 2016 (area of Figure 2)
Raw Data

49,562
(100%)

Declustered Data

3.5

1.03 ± 0.018

3,427 events (6.92%)

3.5

0.99 ± 0.019

2,606 events (5.26%)

Corinth catalogue: August 2008 through July 2016 (area: 21.2-23.1, 37.8-38.5)
Raw Data

5,933
(100%)

Declustered Data

2.2

0.97 ± 0.015

4,089 events (68.92%)

2.2

0.93 ± 0.017

2,938 events (49.52%)

Ionian Sea catalogue: August 2008 through July 2016 (area: 19.0-21.4, 36.0-38.8)
Raw Data
Declustered Data
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8,342
(100%)

2.8

0.97 ± 0.018

2,805 events (33.63%)

2.8

0.96 ± 0.026

1,301 events (15.6%)

Figure 5. Cumulative number of events and their corresponding magnitudes, plotted
against time (in days) starting on August 1st, 2008, for a) Greece, b) the Corinth Gulf
and c) the Ionian Sea. The shaded areas correspond to data during 2009.
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6. Seismicity Patterns in Empirical Data from
Greece (Papers I and II)

An earthquake of magnitude 6.4 occurred in 2008 in Achaia on 8 June 2008,
12:25 GMT, near the city of Patras (Figure 6). In Karakostas (2009), evidence
of a preparatory process was found preceding this event, as well as other
strong earthquakes that occurred in Greece during the instrumental era. Specifically, the author showed that there was an increase of the seismicity rate in
the positive pre-stress lobes prior to the M6.4 event in Achaia, when those
were calculated with a back slip dislocation model of the mainshock, in a way
similar to the Accelerating Moment Release (AMR) theory (Mignan et al.,
2006). Changes in the seismicity rate due to the aftershocks of the M6.4 event
were observed during the following months in the area around the epicentre
of the mainshock. An important part of the observed seismicity was concentrated in the area of Efpalio, where two large events (M5.1 and M5.2) occurred
within four days in 2010 (18 January 2010, 15.56 GMT and 22 January 2010,
00.46 GMT, Karakostas et al., 2012; Sokos et al., 2012). Figure 7 shows the
pattern of the estimated Coulomb stress changes (ΔCFF) caused by the
mainshock at 8 km depth, assuming the slip given in Karakostas (2009), with
the two events of the Efpalio doublet located within the positive lobe of the
stress changes. Segou et al. (2014) performed static stress transfer calculations
for the area, concluding that it's likely that the Achaia event in 2008 promoted
the Efpalio sequence in 2010.
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Figure 6. The study area (white rectangle). The two stars show the epicentres of the
mainshock in Achaia (2008-06-08, M6.4) and the first strong event of the doublet in
Efpalio (2010-01-18, M5.1). Blue arrows and lines: tectonic motions and features as
in Figure 1.

Figure 7. ΔCFF estimated for the first event (M6.4, shown by star 1) of the 2008 sequence. Source parameters (Karakostas, 2009): fault strike φ=208, dip θ=88, rake
λ=178. The focal mechanism corresponding to the mainshock is shown (equal area
lower hemisphere projection). Circles: Seismicity for the following 6.5 months (June
2008-December 2008) for Mc=2.6.
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The temporal changes of seismicity reveal a non-homogeneous process taking
place in the area shown in Figure 7. Aftershocks of the M6.4 mainshock, independent “background” events which may have stationary temporal distribution, possibly foreshocks or other types of clustered seismicity occurred during that time. What might be considered to be background activity might also
include changes due to e.g. a preparatory process prior to some events. The
approach of Gospodinov and Rotondi (2006), described in Section 3.1, has
been tested for subsets, suggesting the ETAS model as the most appropriate
to fit the data, compared to a simple Omori and a RETAS form. Nevertheless,
the fitting of the model is quite poor, leaving a significant proportion of earthquakes outside the error bounds of the model estimation (see also Paper I).
This indicates that a single ETAS model is inadequate to describe the data.
There are subsets where the right choice of ETAS parameters (Equation 2) can
model the seismicity well, but the results are not stable when a long period is
chosen. The complications when fitting a cluster-type model to the data also
imply that several intervals might be related to different processes.
It seems that seismicity might have migrated towards Efpalio, where the
first significant increase in seismic activity (for the area around the epicentres
of the doublet, Figure 7) was observed approximately one month after the
M6.4 mainshock (July 2008). However, the inhomogeneities in the data set
during the first half of 2008 (as explained in Section 5.3) might lead to misleading conclusions if a further interpretation of that period is attempted. Thus,
only data after August 2008 are considered for the estimation of the temporal
evolution of seismicity in the area. The algorithm of Gospodinov and Rotondi
(2006) failed to suggest a clustering model for the entire 2009 data set. Consequently, an empirical investigation of the clustering hypothesis is performed. As no unambiguous anomalous activity is identified prior to individual larger events in this data set, an important question is if this is because no
such activity is present, or because the data is insufficient to reveal such effects. Even if it is difficult to assess whether a burst of activity prior to a given
mainshock is “precursory” or just the result of some unrelated phenomena,
averaging a set of “preshock” sequences (i.e. sequences of events that occur
prior to a chosen “mainshock”) might reveal patterns otherwise obscured.

6.1

Aggregation of Seismicity Time Series

In the meta-analysis by (Mignan, 2014) the ongoing debate regarding the possible prognostic value of foreshocks is presented. Some of the articles the author reviewed include stacking earthquake sequences (see also Ogata et al.,
1995 and the references therein). In the analysis presented here, data from
larger events found in the data sets are superimposed.
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First, a magnitude threshold (Mth) is defined, above which all events (with
magnitude≥Mth) are regarded as "mainshocks" occurring at time T0. The magnitude of these “mainshocks” will be referred to as M0. The lower the threshold, the more sequences will be aggregated. When selecting “mainshocks”,
first the distance and time difference between all events above the chosen Mth
are found. Wherever there is spatial or temporal overlapping, only the sequence preceding the strongest event is considered for aggregation. To reduce
possible major “contamination” by aftershocks of preceding large events, no
"mainshock" is considered if there is a previous larger event within a chosen
time window and radius. If there are temporary rate increases due to aftershocks to larger aftershocks, but not directly related to the "mainshocks", they
should occur at random times prior to T0. Those aftershocks will only lead to
major problems if their rate is rather high so that they will be dominant in the
aggregated data. The events preceding a “mainshock” might also have their
own aftershocks, with their magnitudes expected to be smaller by approximately 1 unit of the magnitude scale, if the empirical Båth law is to be relied
upon. Considering that, most of these aftershocks are expected to be below the
lowest available magnitudes in the catalogue used. Furthermore, in the tail of
an Omori sequence, on a short time scale, the Omori-rate would be fairly constant, and difficult to distinguish from ”random” background activity. Finally,
the aggregation is tested on both complete and declustered data sets, as the
latter ones are theoretically free of aftershocks.
The chosen “mainshocks” may have different magnitudes, thus it is required to decide on the criteria that should be used for the selection of the size
of the region around each mainshock (where possible precursors will be
sought). In the present analysis, a minimum magnitude of events to be considered as “mainshocks” is chosen, and the time and spatial windows around
these are not adjusted based on their magnitudes. As the ultimate goal is to
identify precursors before a mainshock (of unknown magnitude) occurs, the
radius around the epicentre and the time window prior to the mainshock occurrence need to be fixed. Otherwise, the approach contains a clear retrospective component (the size of the main event is not known before it has occurred).
If foreshocks (in the sense that these are specifically related to the coming
larger event) exist, then this mechanical interaction almost inevitably demands
that the foreshocks are in a region which can plausibly be affected by the stress
field associated with the coming event. The time and space windows need to
be small enough to ensure that no significant changes of the local network
(e.g. system sensitivities, magnitude of completeness) will affect the observation. A small radius or time window prior to a “mainshock” generally decreases the number of events included in each preshock sequence (and thus
the number of potential foreshocks) but at the same time increases the number
of sequences that do not overlap in space and time according to the criteria
used. The area used should not be so small that event location uncertainties
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become a major issue. In order to have the potential to reveal foreshockmainshock interactions, the time windows and the areas considered need to be
large enough to contain a number of events sufficient for providing the possibility of statistically significant assessment of rate changes. They should also
include some “reference” (or “background”) seismicity, in the sense of seismicity that occurred in the same area prior to possible significant foreshock
sequences, for comparison (Habermann and Wyss, 1984). It is important that
the time segment corresponding to “background seismicity” is not too short,
as for robust analysis it is necessary to observe not only a level of the background seismicity but also an indication of its time-variability. Moreover, if
the radius used is too large, the background level may obscure foreshock activity because more events unrelated to the mainshock are likely to be included.
Orfanogiannaki and Papadopoulos (2004) and Papadopoulos et al. (2000)
studied foreshock activity prior to strong events (Ms>4.5 and Ms>5) that occurred at the area of the Corinth Gulf, suggesting that precursors might be
found within 30 km radius from the epicentre of the mainshocks and can be
observed during the last 4 months before each mainshock. Bouchon et al.
(2013) and Marsan et al. (2014) used a radius of 50km and a time window
between 6 months to 1 year to investigate the precursory activity before M>6
events. “Mainshocks” of magnitudes smaller than the ones used in the aforementioned studies are considered here. Because of plausible mechanical links
between foreshocks and the mainshock, it seems appropriate to assume that
the precursors should be found at most a few kilometres from the mainshock.

6.2

Inspection of Catalogue Data

After consideration of the possible mechanics of the situation, results from
earlier studies, and factors related to the character of the data, a range of radii
and time windows were investigated. Results are not dramatically sensitive to
these choices (see Paper II).
The investigation of the appropriate choice of the radius is made in the
range of 10 to 50 km. The choice of the lower limit is steered by the estimated
location errors. All radii up to 50km show increasing seismicity rate in the
aggregated data, however this is less clear for larger radii. The cause is probably that when larger radii are used, fewer sequences are aggregated because
of the non-overlapping criterion (see Paper II). The results shown below refer
to “mainshocks” with M0≥3.5, as those are the largest earthquakes of the data
set. This provides a suitable number of sequences to aggregate. Higher values
of Mth have also been tested. For the time period used, starting with a relatively
long time window (3-4 months) there is evidence that there are changes in
seismicity in about 2-3 weeks prior to the “mainshocks”, so it makes sense to
keep the window length longer than at least 20 days, and also to include some
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extra time preceding the observed increase to provide a reference seismicity
level. The analyses presented here use 50-day windows.
The results shown in Figure 8 refer to the area of the Western Corinth Gulf
(shown in Figure 7) for the period since August 2008 to December 2010, excluding the aftershocks during the first three months following the occurrence
of the doublet in 2010 (Paper I). Some of the later aftershocks might have been
included as “mainshocks” as long as those are not close in time to a larger
preceding event. All preshocks are combined in an aggregated series, according to their time of occurrence prior to their main events. The inverse interevent time (1/dt, counted in events per day) is used as a proxy for the seismicity rate. This has an advantage compared to using histograms with fixed timebins as it allows many rate samples where the rate is high. When 1/dt is plotted
against time (Figure 8), an increase in seismicity is revealed about 2 weeks
before T0 (i.e. prior to the “mainshocks”). A change in the slope of the graph
representing the cumulative number of events in the aggregated series also
denotes a possible change of the seismic activity during the last few days prior
to the “mainshocks”.

Figure 8. Aggregated preshock sequences of larger events in the Western Corinth
Gulf (Figure 6), between August 2008 and December 2010 (excluding the first 3
months after the Efpalio doublet). The inverse inter-event times of the common series are shown in blue as a proxy of the seismicity rate (events/day) and the corresponding average cumulative number of events is plotted in red.

Testing a larger area that covers the whole of the Corinth Gulf (shown with
one of the squares in Figure 1), with data from 2009, gives similar results
(Paper II). The average distance between the aggregated preshocks and their
mainshocks is also investigated, to evaluate the spatial distribution of
preshocks within the selected temporal and spatial windows and to assess
whether seismicity migrates towards the epicentre of the upcoming mainshock
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(Figure 9). The aggregated preshocks seem to concentrate mainly within 0-6
km around the epicentres of the main events.
As the rate before different large events (“mainshocks”) might be different,
it is necessary to assess whether the apparent general patterns of behaviour are
artefacts, due to e.g. one sequence dominating the series, clustered seismicity
etc. Various tests are performed to evaluate this.

Figure 9. a) Average distance between the preshock epicentres and the mainshocks,
for all sequences, plotted against time. b) Cumulative number of events against time,
for different groups of the preshocks included in the aggregated series. Data from
the Corinth Gulf (Figure 1), during 2009.

6.3

Significance of the Results

The significance of the observed changes in the aggregated seismicity series
preceding larger events can be assessed with several techniques, e.g. based on
data subsets, randomized tests etc. First, a random split of the group of
“mainshocks” into two random parts is performed, and the preshock sequences for each part are aggregated separately. If a single (or a few) event(s)
dominated the series (shown in Figure 8), two random subgroups should have
different patterns. Another way of testing subgroups is by dividing the
“mainshocks” into two magnitude bands. In all cases, the apparent increase
during the last few days prior to T0 is observed (see Papers I and II).
If the statistical behaviour of preshock seismicity is similar in all areas, then
using data from the whole of Greece should provide the best results, because
this includes the maximum possible amount of averaging within the data set.
As explained earlier, the results shown here refer to the catalogue from 2009,
which is not dominated by any major aftershock sequences. The possible disturbance from smaller aftershock sequences is investigated using a declustered
version of the data set (Reasenberg, 1985) and the aggregated seismicity is
compared to a simulated homogeneous Poisson sequence of the same time
length and number of events (Figure 10).
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Figure 10. a) Declustered data set for the whole of Greece during 2009. The inverse
inter-event times are used as a proxy of the seismicity rate. The red squares mark the
“mainshocks” with M0≥3.5. b) “Mainshocks” of M0≥3.5 and their aggregated
preshock sequences (from the declustered catalogue of Greece). The average daily
seismicity rate is shown with the red line. For comparison, and to show the potential
level of purely “random” variability, the black line shows the result of an equivalent
Poisson realization.

The behaviour of data from different areas can also be investigated to test the
generality of the observed behaviour by comparing geographical subsets. Two
areas with rather different tectonics and observation systems are chosen (Figure 11). The area of the Ionian Sea (Figure 11a), where strong events often
occur, contains the strike slip fault of Cephalonia and has few stations in some
parts of the area due to the presence of the sea. The Corinth Gulf (Figure 11b)
contains a complex system of normal faults with high seismicity and many
stations within approximately 200km. The results for both areas are shown in
Figure 12 (see also Section 6.4).
Seismic data is often clustered not only in the sense of Omori-type aftershock sequences. As explained in detail in Section 3.3, in cluster-type models
a mainshock can be related to a preceding rate increase, but only in a statistical
sense, as many rate increases will not lead to large events and therefore rate
increases of this character are essentially not useful precursors. It is therefore
appropriate to test the observed acceleration of seismicity in the aggregated
series against the null hypothesis of this being due to the tendency of seismicity to cluster in time. Below, an approach designed to seek precursory activity,
and to be relatively insensitive to e.g. changes in the magnitude of completeness, is presented.
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Figure 11. a) The Corinth Gulf and b) the Ionian Sea areas used. Red stars: Events
of ML≥3.5 without a larger preceding event within 50 days and 10km.

Figure 12. “Mainshocks” of M0≥3.5 and their aggregated preshock sequences. The
average daily seismicity rate is shown with the red line. The same number of sequences but with random earthquakes chosen as main events are selected from the
data set. The blue line is the average of 100 such realizations, and the shaded area
the empirical 95% confidence interval. a) The Corinth Gulf, b) the Ionian Sea.
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6.4

Randomized Test

A group of “mainshocks” is identified as described in Section 6.1. To investigate the possible influence of non-foreshock clustering, a new set of the same
number of “main events” is created, with each event now being randomly selected from the data set. This means that for each “mainshock”, a corresponding random control is found in the surrounding area (within 20km) and outside
the time window used for the preshock sequences (i.e. the randomly chosen
events occurred more than 50 days prior to each “mainshock”). The preshock
sequences (defined with the criteria described in Section 6.1) of the random
controls are then aggregated. This procedure is repeated many times, allowing
the calculation of mean rates and approximate empirical confidence limits.
The results are then compared to the stacked preshock sequences of the initial
set of “mainshocks” (of M0≥3.5). This randomized test allows assessment of
the observed rate changes and if these changes are too large to be reasonably
explained by random clustering.
Results of randomized tests are shown in Figure 12 for two sub-areas (the
Corinth Gulf and the Ionian Sea of Figure 10). The shaded area in this figure
corresponds to the 95% confidence intervals. The average daily rate of the
aggregated series preceding the stronger "mainshocks" has a clear increase
compared to the average rate of the random controls, which show a smaller
increase. This apparent acceleration of seismicity clearly exceeds the confidence limits in the case of the Corinth Gulf, indicating that the statistical artefact in the rate increase caused from clustering is minor compared to the observed increase prior to larger events. However, in the case of the Ionian Sea
the randomized test suggests that it's not possible to robustly confirm a rate
increase against the null hypothesis of simple clustering, probably because of
the higher completeness magnitude of the area resulting in fewer events in the
aggregated series.

6.5

Summarizing Comment

Motivated by the potential relation between two earthquake sequences in the
Corinth Gulf, the major event of M6.4 that occurred in 2008 in the area of
Patras and the doublet of moderate magnitude earthquakes in 2010 in the area
of Efpalio, the recorded seismicity of that time was investigated. The Efpalio
doublet occurred within the positive lobe of the Coulomb stress changes estimated from the M6.4 event. There is also evidence of seismicity migrating
towards Efpalio in the time between the two sequences. Although previous
studies showed that the Patras sequence was probably preceded by a preparatory process, this was not identified prior to the mainshock. In general, the
data is not sufficient to reveal precursory seismicity patterns for individual
large events in the area. However, the aggregation of preshock sequences prior
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to larger events in the data set revealed an apparent generic behaviour compatible with the existence of foreshock activity, as the aggregated seismicity
rate increased approximately 20 days prior to the mainshocks. The generality
of the observed pattern of increasing rate in the aggregated seismicity was
assessed with data from the whole of Greece, as well as from two geographical
subsets. The potential precursory patterns are quite clear in the case of the
Corinth Gulf and the data set from the whole country, but not for the subset
from the Ionian Sea, probably because less data is available there. The significance of the observed accelerating seismicity was tested by means of several
data-based techniques. The discrepancies between the aggregated seismicity
prior to larger mainshocks and the rate prior to randomly chosen events from
neighbouring areas indicate that the observed acceleration might indeed be
related to a precursory phenomenon and is not some statistical artefact resulting from clustered seismicity. A cluster-type model like ETAS (in its original
form) is only piece-wise consistent with these data sets. Thus, if those
preshocks are mechanically related to their mainshocks they might constitute
useful precursors, if more data is available.
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7. Advantages and Limitations of Foreshocks
in Earthquake Forecasting (Paper III)

Because of tempo-spatial clustering, including aftershocks to foreshocks, even
if a generic behaviour exists it does not necessarily follow that foreshocks
have the potential to provide useful precursory information for individual
larger events. If observation systems’ sensitivity significantly increases, a better evaluation of the potential of foreshocks in short-term seismic risk assessment might be possible. A numerical approach to this question will be presented here, with synthetic data based on different assumptions. Although
some simple cases can be approached algebraically, the numerical methods
are beneficial as they can be easily applied to more complex models, and also
to processes with fewer point-data, where the use of asymptotic statistics could
be misleading.

7.1

Generalized Cases

Realizations of seismicity series preceding hypothetical “mainshocks” are investigated. A test suggested by Bouchon et al. (2013) is used to identify an
increasing rate and assess if this is significantly different from a random fluctuation. The temporal window within which the tested sequences are defined
is chosen beforehand. The time length of each sequence is divided into two
equal parts. If the number of events in the second half is bigger than the number of events in the first half, the process is repeated in a second step by dividing the second half into two equal parts. The numbers of events in the two subwindows are again compared and the test stops when the second half of a division includes fewer events than the corresponding first half. The number of
successful steps (window divisions), N, is counted. To assess the probability
of a possible rate increase in the tested series being due to chance, 1,000 Poisson series of the same duration and with the same average rate are simulated.
Each one of the series is divided into two parts and the same test is applied,
ending up with a set of N' window divisions of the 1,000 Poisson series. N' is
then compared to N, and the probability of having an increase which is not at
random is assessed by how often N>N' is observed. A probability threshold of
0.9 is defined, above which the test described earlier identifies a clear increase
in the series.
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The simulated seismicity series correspond to 50-day windows (as discussed in Section 6) preceding the times of occurrence of “mainshocks”, assuming that those take place within a specific radius around the epicentre. All
events in the preceding windows are named as “preshocks” and they can be
events with uniformly distributed random times of occurrence (“background”), “foreshocks”, introduced with an a priori increasing rate (being
smaller than the “mainshock”), or “aftershocks”, produced according to a
productivity factor related to the magnitude of each parent event. In real seismicity series other kinds of clustered data, unrelated to the mainshock may
exist, but these are not considered here.
First, series with only background activity are simulated. Next, some foreshock activity is added. The average rate of the foreshocks in the model can
be lower or higher than the rate of the independent events in the sequence.
This can be quantified by the total number of foreshocks to background events
ratio (foreshock/background) in the data set used. When the ratio is equal to
zero, no a priori foreshocks are simulated. In Figure 13a results from different
foreshock/background ratios are presented. Higher foreshock/background ratios facilitate the correct identification of foreshock sequences. When foreshocks exist in the preshock sequence, more rate increases can be clearly identified when the minimum available magnitude (Mmin) decreases, i.e. when
the completeness magnitude is lower, regardless the background activity that
co-exists.
Large foreshocks may generate observable aftershock sequences which
might disturb the precursory patterns. When the magnitude threshold of a data
set is low, more foreshocks are expected but also more aftershocks to foreshocks. For this simulation, a branching process is assumed, where each event
in the series can produce its own aftershocks, which may then produce their
own aftershocks and so forth. The branching ratio n (Helmstetter and Sornette,
2002a) controls the average number of events (in the “observed” magnitude
range) triggered by an earthquake, which is the same for all events, as
=

(12)

where k represents the direct aftershocks, b describes the proportion of larger
relative to smaller events (b-value in G-R law) and α is the productivity factor
related to the magnitude of the parent event. In the analysis presented here,
the branching ratio is n=0.8. The choice of this value of n is based on the data
set used as an example (see Paper III), and is close to its typically reported
value of ~0.9 (Helmstetter and Sornette, 2002b). Aftershocks generated by
this process receive magnitudes randomly chosen from a G-R distribution
above a minimum magnitude (Mmin).
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Series with combinations of the types of seismicity described above are
presented in Figure 13b. “Background Activity” is simulated as Poisson series, thus in 5 to 10% of the simulations the algorithm incorrectly indicates an
increasing rate (“false alarms”). “Foreshock Activity” includes only foreshocks, and the detection of a rate increase in this case becomes easier as
Mmin decreases. “Background with Foreshocks” simulations contain both
foreshock sequences and background activity, with foreshock/background=1.
Apparently, the presence of this level of background activity does not significantly affect the correct detection of the increasing foreshock sequences, when
those exist (also seen in Figure 13a). ).”Foreshocks with Aftershocks” represent sequences with foreshocks and their aftershocks (with branching ratio
n=0.8). In case 1, the magnitude of aftershocks cannot exceed the magnitude
of their parent events, while in case 2, aftershocks might have larger magnitudes (as in cluster-type models such as ETAS; branching ratio as before). The
correct identification of an increasing rate improves as Mmin decreases, even
if aftershocks are included. The “Background with Aftershocks” models are
based on random sequences, where each event may generate aftershocks.
Here, the identified rate increases correspond to false alarms, as no foreshock
sequence is present. The numbers of these spurious increases are larger (almost 50%) as Mmin decreases. Being able to identify correctly all preshock
sequences would be of limited value, because of a considerable number of
“false alarms”. Declustering the data prior to the analysis might be suggested
in this case (Mignan, 2011; Zhuang et al., 2008), but the results will depend
on the declustering algorithm and how successful this is in the identification
of aftershocks.

Figure 13. a) Proportion of sequences with changing foreshock/background ratio
and high probability (p>0.9) of having a clear increasing rate. b) Proportion of sequences with an increasing rate (as in a), for different scenarios (see legend) and
seismicity rate. Multiple realizations of each scenario are performed and the lines
represent the average proportions against an increasing magnitude threshold.
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7.2

Data-based scenarios

As described in Section 6, aggregating the observed seismicity time series
prior to relatively larger events in and around Greece revealed a statistically
significant increasing seismicity rate over about 20 days prior to M>3.5 earthquakes. This increase was compared to the observed rates preceding smaller
events, randomly chosen from the catalogue data, giving evidence of genuine
changes in the mechanical situation just prior to larger events (Section 6.4). In
this section, synthetic catalogues are produced based on the properties of seismicity found in real data (Section 6) and the assumptions of different clustering models. The data set from Greece, described in Section 5.3 (summarized
here in Table 4), is used as an example. 283 events with M>4.5 are the strongest earthquakes in the data. Those are named as “mainshocks” and the sequences preceding them are investigated, within specified radial and time windows around the epicentre and occurrence time of each main event. With the
statistical test described in Section 7.1 (Bouchon et al., 2013), almost 21% of
the relatively larger events (with M>4.5, Table 4) are identified as preceded
by an increasing rate (this becomes 37% when preshock sequences do not
overlap). It is interesting to see that the average number of aftershocks following the main events is much higher (48% increase) when there is preshock
activity recorded (see also Marsan et al., 2014).
Two scenarios are introduced, motivated by the basic theories on the mechanisms of earthquake triggering and the observed foreshock activity, discussed in detail in Section 3. The properties of real seismicity are used as the
initial conditions. The scenarios are described below and Table 5 summarizes
their characteristics.
Scenario 1: Independent events and aftershock cascades
The model considers events uniformly distributed in space and time. Each
event may generate aftershocks, in accordance with Omori law (Omori, 1894)
and a branching ratio n=0.8. All magnitudes are randomly selected from an
unbounded G-R distribution with b=1, and an aftershock may be larger than
its parent. Aftershocks are randomly spatially distributed around their parent,
with a spatial density that decreases with distance from the epicentre of each
parent. Every aftershock may also have aftershocks, produced with the same
processes as before. Simulations based on different network sensitivities
(Mmin) are summarized in Table 6.
Scenario 2: Independent events with foreshocks and aftershocks
The second scenario also includes background events, as described in Scenario 1. In accordance with the empirical data, 40% of the strongest events
(M≥4.5) is chosen (randomly) and assigned to have foreshock activity of increasing rate in accordance with an inverse Omori law. This means that some
large events have no true foreshocks, and by investigating these, the risk of
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false alarms can be assessed in a consistent manner compared to how the incorrect identification of rate increases succeeds for events that have foreshocks. The foreshocks are distributed in the area that surrounds each
mainshock epicentre with a density that decreases with distance (see also Section 6.2). Both background events and foreshocks are potential parent events
to later aftershocks, which are produced with the same branching ratio (n=0.8),
and their magnitudes chosen randomly from a G-R distribution, but under the
condition of being smaller than their parent events. The synthetic data of this
case is summarized in Table 7.
Table 4. Summary of the information included in the empirical data set. Mc is found
with mGFT. The declustered data set is used as an approximation of the independent
events in the area. The sequences with increasing rate are found with the test described in Section 7.1, when the probability of their increase being not at random is
higher than 0.9. The median probability refers to preshock sequences preceding all
M≥4.5 events. The aftershocks refer to the number of earthquakes following events
of M≥4.5 (within a 20km distance from the epicentre and 100 days after the occurrence of the main event). The increase presented in the last row results from the
comparison between aftershocks of M≥4.5 events that were preceded by a sequence
with increasing rate and aftershocks of the rest M≥4.5 earthquakes.
Area

Greece

Time

August 2008 – July 2016

Mc

3.5

Complete Data

3,427

Declustered Data

2,606

M≥4.5

283

Preshock sequences (of mainshocks
with M≥4.5) with increasing rate
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(20.9%)

Median probability of the increasing
rate being not due to chance

0.8

Increase in aftershocks when the
mainshock is preceded by rate increase

48.2%
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Table 5. Summary of the synthetic data sets.
Area

400x400 km

Time

8 years

Mmin

2

Independent Events
(Background)

Scenario 1

Scenario 2

25,000

83,000

Not a priori

Yes
For 40% of M≥4.5

Yes
Mmin<Maftershock

Yes
Mmin<Maftershock<Mmainshock

Foreshock Activity
Aftershocks

Table 6. Summary of the results from multiple catalogues simulated for Scenario 1.
The sequences with increasing rate are found with the test described in Section 7.1,
if the probability of their increase being not at random is higher than 0.9.
Mmin=3.5

Mmin=2

3,674

115,730

Total No of earthquakes
No of events with M≥4.5

366
(100 %)

No of events with M≥4.5
which are aftershocks

285
(78.1 %)

No of events with M≥4.5
preceded by clearly increasing rate

26
(7.1 %)

50
(13.7 %)

Table 7. Summary of the results from multiple catalogues simulated for Scenario 2.
The sequences with increasing rate are found with the test described in Section 7.1,
if the probability of their increase being not at random is higher than 0.9.
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Mmin=3.5

Mmin=2

Total No of earthquakes

2,869

109,450

No of independent events

2,627

83,000

No of events with M≥4.5

262

No of events with M≥4.5,
with a priori foreshocks

105
(100 %)

No of correctly identified
foreshock sequences

15
(14.3 %)

72
(68.6 %)

No of events with M≥4.5 preceded by increasing rate not due to a priori foreshocks

5

15

7.3

Results

All realizations include events with magnitudes above Mmin=2. The estimated magnitude of completeness of the empirical data used as a basis for the
modelling is 3.5. Therefore, in the simulations by considering only magnitudes above M3.5 the results can be directly compared to the real data to evaluate the performance of each scenario. As explained in Seif et al. (2016), parameters such as aftershock productivity or the Omori decay rate are likely to
be biased when estimated with the available data sets, because of e.g. incompleteness issues, the relatively short duration of the catalogues and sample size
limitations. The parameters used are derived from empirical data, with the assumption that these parameters correctly describe the system, even at smaller
magnitudes than those where there is adequate data (i.e. below the completeness threshold). Even if the form of modelling is correct, such errors in parameters could affect the reliability of the analyses. However, the analyses
described here do not attempt to precisely reproduce the empirical data set,
but to extract some generic conclusions about the potential benefits and complications on foreshock recognition if smaller earthquakes are available.
As seen in Tables 6 and 7, lower Mmin increases the number of sequences
where an increasing rate can be detected, for both scenarios. The median probability of all sequences in each realization is also estimated and the resulting
values are plotted (for both scenarios) in Figure 14, with the median probability found in the empirical data (red vertical lines, information in Table 4) for
comparison. In Scenario 1, a lower Mmin means more independent earthquakes (“background”) but also more aftershocks contaminating each sequence. The triggering process is the same below and above M3.5. Any kind
of increasing rate in this catalogue is either random or because of clustered
events that precede a larger earthquake. However, the proportion of events
with M>4.5 that have a clear increase is quite small, compared to the real data.
Although more cases of increasing rate are identified when Mmin=2, these
have little or no predictive value, as this characteristic would be the same for
all earthquakes, large or small. The results from Scenario 2 seem to better
approach what is observed in the real data. Nevertheless, fewer sequences
(than in the real data) show significantly increasing rate, and median probability when Mmin=3.5 is lower than that which is estimated in the real data.
This means that either real foreshocks have bigger magnitudes than the simulated ones, or that their rate is higher. If smaller events were available in the
real data set, a comparison with the two different scenarios would possibly
provide more information about the foreshock mechanism and if this is the
same for all earthquakes.
Non-overlapping preshock sequences preceding earthquakes with M>4.5
are aggregated, as described in Section 6.1 for the real data. If any event within
50 days prior to, and within 20km of, a M4.5 or larger event is found, this
mainshock is excluded from the analysis. The results are shown in Figure 15.
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For the synthetic catalogues, the mainshocks are divided into two magnitude
bands. In Scenario 1, the aggregated series are similar for both smaller and
larger mainshocks, as the simulations are based on the same triggering process
regardless the magnitude scale (see also Zhuang et al., 2008; Ogata and
Katsura, 2014). In Scenario 2, an increasing rate of the aggregated sequences
preceding bigger events is observed, as in the real data. The assumption of an
additional process taking place prior to some of the largest earthquakes seems
to better correspond to the real process. Even if the assumed preparatory process is not the same for all observed mainshocks, their average properties
might be expressed with power law-like increasing rate, the same average
number of foreshocks etc.

Figure 14. Median probability (among preshock sequences) of an increasing rate being not due to chance, for multiple realizations of the two scenarios. The sequences
are defined over two minimum magnitude values. The red lines stand for the median
probability of the empirical sequences being not due to chance, using the same test
and criteria.
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Figure 15. Aggregated non-overlapping preshock sequences prior to “mainshocks”
which are divided into two magnitude bands. a) Scenario 1, b) Scenario 2, c) Empirical data from Greece. For the real data the smaller “mainshocks” are randomly chosen from nearby areas, while their preshock sequences are aggregated with the same
criteria as for the strong earthquakes (as described in Sections 6.1 and 6.4).

7.4

Summarizing comment

Some theoretical generalized cases were tested to evaluate if better network
sensitivity has the potential to improve foreshock identification in individual
cases, assuming specified types of seismicity including background activity,
aftershocks and foreshocks to some larger events. Although lower magnitudes
mean more independent (background) events are included in the sequences, if
foreshocks exist then more of these are also included, and more sequences
with increasing rate can be identified. Aftershock productivity seems not to
affect the correct identification of foreshock sequences for lower magnitude
thresholds and non-overlapping sequences, when the assumed branching process is the same for all events.
When aggregating sequences to assess the generic behaviour of potential
precursors, parameters for e.g. productivity, aftershock decay etc. are averaged for all mainshocks. Foreshock activity, when it exists, might result from
different preparatory processes. More individual sequences with clear precursory seismicity patterns will give the opportunity to assess the mechanism underlying the observed increasing rates.
The empirical tests performed on data sets from Greece (Section 6, Papers
I and II) showed that the observed increasing rate in the aggregated sequences
cannot be explained by simple clustering. In the present section, the synthetic
catalogues simulated with Scenario 2 gave more evidence that this is the case.
Assuming that smaller earthquakes are correctly observed, more individual
cases with increasing rate are identified. This might imply that improving network sensitivity can give more opportunities to observe an increasing rate in
real time, if the experiment is restricted on a specific area of interest.
It seems therefore plausible that the limited number of data currently available from existing networks limits seismologists’ possibilities to identify and
analyse possible foreshock activity in order to assess its possible precursory
nature. This issue is linked to the relatively high completeness magnitudes of
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most catalogues. A lower magnitude of completeness is attractive because it
means that more data is available for this type of analysis. However, results
may be misleading if the magnitude of completeness is underestimated. To
some extent, it might be possible to compensate for missing events in the catalogue used with some appropriate statistical approach and assumptions. Unfortunately, results from such analyses may risk being strongly dependent on
the assumptions made. Therefore there are strong arguments for trying to increase the quality and quantity of the empirical data. It has been shown that
given the models of seismicity, even one order of magnitude improvement in
the magnitude of completeness can significantly improve the correct detection
of precursory seismicity. Several issues might affect the results in a statistical
study of seismicity rate changes (Husen and Hardebeck, 2010), if e.g. the estimation of Mc and b-value are incorrect. Implications of the sample size and
magnitude uncertainties on the estimation of seismicity rate will be analysed
and discussed in the following section.
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8. The Impact of Magnitude Uncertainties on
Catalogue Properties (Paper IV)

As explained in Section 4, the quality control of a data set includes the assessment of the completeness magnitude (Mc) and b-value estimations. The present section includes an investigation of the impact of errors in reported magnitudes in seismic catalogues on the estimation of b-value and the magnitude
of completeness. Seismicity (spatial and temporal) parameters are not studied,
thus the magnitude is the only parameter of interest. The synthetic data sets
consist of magnitudes produced according to G-R law. After introducing
Gaussian noise of different variances to the original catalogues, the b-value
and Mc are estimated for idealized cases where data sets are large enough to
provide statistically significant estimations. Three catalogue-based methodologies (with four different approaches) for defining Mc are applied: the Maximum Curvature (MaxC), the Goodness of Fit Test (GFT) and its modified
version (mGFT), and the Mc with b-value stability (MBS). A detailed description of these has been provided in Section 4.2. The b-value (and the corresponding uncertainty) is calculated as a function of the minimum included
magnitude (Mmin) of each data set, using the maximum likelihood estimator
given in Equation 5. Several scenarios are presented, corresponding to different noise properties and sample size, and the significance of the results is evaluated by Monte Carlo simulations.

8.1

Synthetic Data

Catalogue A
Two groups of magnitudes are produced separately and then combined to form
catalogue A. The incomplete part corresponds to a half Gaussian distribution,
as a set of normally distributed event magnitudes, with mean equal to 1.9 and
a variance equal to 0.2. Although various distributions can be assumed to describe the incomplete fraction of a magnitude catalogue (Woessner and
Wiemer, 2005), the choice of a generic normal distribution serves simplicity.
The Mc of the entire data set is fixed at magnitude 2, meaning that the distribution of m≥2 exactly follows the G-R law, with b=1.0 (as a commonly reported value). This choice of Mc does not really affect the results because of
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the self-similar properties of the G-R distribution. A set of approximately
73,000 synthetic magnitudes is produced, with more than 30,000 events of
M>Mc, all rounded to the first decimal as in many empirical catalogues. The
maximum “observed” magnitude in Catalogue A is 6.5, providing a range of
4.5 magnitude units for the complete part.
Using a data set consisting of two distinct parts of known properties gives
the advantage of well determined initial conditions, with exactly known Mc
and true b-value. This facilitates the assessment of the performance of the different methods in estimating Mc and b-value. However, it is unlikely that real
data sets have such a clear discontinuity, therefore a second catalogue (B) with
no explicit discontinuity between the complete and incomplete parts is produced in order to assess the sensitivity of the analysis to this property of Catalogue A.
Catalogue B
A model suggested by Ogata and Katsura (1993) and modified by Woessner
and Wiemer (2005) is used for the second data set. Here, a detection function
q(M|μ,σ) is introduced to describe the detection rate, which is given by a cumulative normal distribution,
(

( | , )=

√

)

,

<

(13)

1,

where μ is the magnitude corresponding to 50% of detected earthquakes and
is based upon the network detectability, while σ represents how fast the detection rate decays as magnitude decreases. Catalogue B is constructed based on
this approach, with μ=1.5 and σ=0.2. More details regarding the choice of
these parameters can be found in the work of Huang et al. (2016). The resulting stochastic catalogue includes magnitudes randomly selected (with a rejection method, Zhuang and Touati, 2015) from a joint distribution of the power
law (G-R) and the detection function. 100,000 “events” are included in Catalogue B, with magnitudes up to 6.3, later rounded to the first decimal digit.
For the rounded magnitudes, “events” with M≥2 have 99% probability to be
included in the catalogue. Although this technique cannot provide a precise a
priori completeness threshold, it is perhaps more realistic than Catalogue A.

8.2

Introducing Magnitude Uncertainties

Random errors are introduced to the magnitude estimates in the two catalogues. Assuming that there is no systematic trend for magnitude overestimation or underestimation (Tinti and Mulargia, 1985), the errors are produced
with a normal distribution of zero mean. A non-zero error leads to a shift to
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higher or lower magnitudes for the affected data. The effect of errors with standard deviations in the range 0.1-0.4 is investigated. The uncertainties are assumed
to be magnitude independent, so both higher and lower magnitudes demonstrate
identical variance. This choice was motivated by two examples of empirical
data, from Greece (which was investigated manually, using 49,000 events obtained from the monthly bulletins provided by the Aristotle University of Thessaloniki) and Spain (reported by González, 2016). In both empirical cases, the
standard deviation of the reported magnitude errors is approximately 0.2 units,
regardless the magnitude range. Figure 16 shows the effect of the presence of
Gaussian noise with a rather extreme variance to the FMDs of the two catalogues (A and B). An apparent change of the shape of the magnitude distribution
is observed. As magnitudes are rounded to one decimal place, the data is placed
into magnitude bins of width 0.1. A higher noise level (larger σ), means more
events will be sorted into different magnitude bins. As there are fewer large
events and the errors (with zero mean) do not have magnitude dependent variance, numerically more events are expected to be distributed towards the right
tail of the distribution (Figure 16) than to the left. This practically means that
the estimated completeness threshold will, in general, be higher than the “true”
underlying value. For reference, the Mc and b-values of the initial catalogues A
and B described above are shown in Table 8.
Table 8. Four techniques are used to estimate the completeness magnitude (Mc) and
b-value for the two catalogues, A and B (error free).
Catalogue A MaxC GFT90

GFT95

mGFT

MBS

Mc

1.9

1.7

1.8

2

1.9

b-value

0.99

0.86

0.93

1.00

1.00

Mc

1.6

1.5

1.6

2

1.9

b-value

0.91

0.85

0.91

0.99

0.98

Catalogue B
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Figure 16. Red circles: Cumulative Frequency Magnitude Distributions (FMD) for
catalogue A (top graphs) and catalogue B (bottom graphs), before (left panels) and
after (right panels) the contamination with Gaussian noise of σ=0.4. The histograms
show the number of events in each magnitude bin.

8.3

Influence of Magnitude Uncertainties on Mc and
b-value

Using the four techniques described earlier (MaxC, GFT, mGFT, MBS) the
influence of magnitude uncertainties on the estimated b-values and completeness threshold of the two catalogues (A and B) is investigated. Four levels of
noise are introduced to the initial magnitude data, with standard deviation
σ=0.1, 0.2, 0.3, 0.4. For GFT the results are tested for two degrees of fit as
suggested by earlier studies (e.g. Woessner and Wiemer, 2005), 90% (referred
to as GFT90) and 95% (GFT95).
For the first data set (Catalogue A) and the estimation of the completeness
threshold (Figure 17), the results reveal that MaxC and GFT95 tend to underestimate Mc. For MaxC a higher noise level doesn't introduce major changes,
but when GFT95 is used a more profound influence is observed. mGFT and
MBS provide similar results to each other, for the different values of noise
variance, which are closer to the true values. The results for Catalogue B are
similar although the response of MaxC seems slightly different between the
two data sets.
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The b-values, calculated using the different Mc estimates, tend to decrease as
data error increases (Figure 18, with error bars corresponding to one standard
deviation from multiple realizations). mGFT and MBS provide more robust
estimates than the other methods, with smaller changes in b and values close
to the input prior to noise contamination (Table 8). Overall, the results imply
that empirical b-values based on Mc from MaxC and GFT may be strongly
biased, with implications for seismic hazard assessment.

Figure 17. Mc estimated using the MaxC, GFT, mGFT, MBS methods when Gaussian noise of different variance (σ) is added to catalogues A (Mc=2, b=1) and B (50%
detection for M=1.5, b=1). The results are the means of 1,000 realizations and the
error bars show the standard deviation (blue for catalogue A and red for B). The
straight lines show the input Mc=2 for comparison. The stars show the estimated Mc
from each method in the error free case.
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Figure 18. As Figure 17, but mean b-values (and their standard deviation as error
bars) from 1,000 realizations of noise contaminated catalogues A and B.

8.4

Effect of Sample Size

A sufficient sample size (number of events, N) is required for a reliable estimation of the b-value, as this is a statistically estimated catalogue property.
For small geographical areas or short time periods, when fewer data are available, results can be unreliable (Nava et al., 2016), both in the sense that the
estimate of b and its uncertainty may be much less reliable than the larger data
sets. In the analysis summarized below, data subsets of varying sample size
(N) between 300 and 50,000 are extracted randomly from catalogues A and
B. The magnitude errors that are introduced have μ=0 and σ=0.2 and 1,000
trials for each sample size are performed. The mean values and their standard
errors are estimated. The results are similar for both catalogues.
Firstly, without the addition of any error (Figure 19, left panels), the first
two methods, MaxC and GFT, underestimate Mc irrespective of the sample
size (N) when subsets are extracted from catalogue A. For GFT, the 95% level
was not reached for the majority of the subsets in both catalogues, thus only
results for the 90% goodness of fit level are presented. The mGFT and MBS
methods define higher Mc for larger N, tending to approach the initially assumed value for catalogue A (shown in Table 8). However, MBS seems to be
more sensitive to small N. Given that the stability of the b-value is used as the
criterion in this method, more “events” and wider magnitude range ensure
more robust and realistic estimates of b. The methods (except GFT90) approach the “real” value of b=1 as more “events” are included in the subsets.
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When the magnitude errors are added (Figure 19, right panels), the performance of MaxC and GFT doesn't change significantly, as they both define low
completeness thresholds which are almost constant despite the changes in the
sample size. However, because the added noise perturbs the FMD of the original catalogue (Figure 16), the b-values are also lower than the input value,
similarly for the two techniques. For N>~2000, the b-values given by mGFT
and MBS are very close to the input value of b=1, even though Mc is overestimated when it is compared to the input.
The difference in Mc and b (as a function of the sample size) when these
are estimated for data sets before and after the noise contamination of Catalogue B are shown in Figure 20. MaxC and GFT tend to estimate similar Mc
values for all subsets, regardless of if errors are included or not. As for catalogue A, mGFT and MBS, tend to estimate higher Mc when errors are introduced and more events are used, which is seen in the downward trend of the
plotted differences (i.e. the absolute difference gets higher). In general, the
estimated b-value is better for larger subsets, i.e. is closer to the initial input,
irrespective of if errors in M are introduced or not. The most accurate b-value
is estimated for N>~3000, by applying MBS and mGFT.

Figure 19. Mc (top graphs) and b (bottom graphs) for subsets of Catalogue A
(Mc=2, b=1) with N from 300 to 50,000, estimated using the 4 techniques (MaxC,
GFT, mGFT, MBS). Markers show the means from 1,000 separate realizations. Left:
No added noise. Right: noise (σ=0.2) added to magnitudes. The straight lines indicate the input Mc and b.
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Figure 20. Differences between input and estimated values of a) Mc and b) b, for
subsets of catalogue B (50% detection for M=1.5, b=1) with N from 300 to 50,000,
estimated using the 4 techniques (MaxC, GFT, mGFT, MBS). Markers show the
means from 1,000 separate realizations. The straight lines indicate a zero difference
between the compared values.

8.5

Summarizing Comment

Under the assumption that each event has an equal probability of being either
overestimated or underestimated (i.e. normally distributed magnitude uncertainties), there is an inherent trend of reporting an overestimated magnitude
(compared to the real one) for the majority of the events close to and above
Mc. This is due to more small events being shifted towards higher magnitudes
than large events shifted to lower values. Therefore, since the noise is uniformly introduced to all magnitudes, an apparent increase of the larger to
smaller events ratio in the complete part of the catalogue leads to an apparent
decrease in the estimated b-value, proportional to the noise variance. The underestimation of the b-value may in turn result in significant artefacts regarding seismicity rate evaluation and seismic hazard assessment.
For example, for Catalogue A where Mc is explicitly set at M=2, the number of events shifted from the incomplete to the complete part of the catalogue,
and vice versa, can easily be calculated (Figure 21). The larger the number of
events with M<Mc, the higher the resulting noise-induced contamination of
the “complete” data set from events with true magnitudes below Mc.
The mGFT and MBS methods estimate higher Mc than the other methods
when larger errors are introduced. Thus, these methods provide a more reliable
b-value estimation, although there are still events shifted from magnitudes below Mc to the “complete” part of the catalogue. The smaller to larger magnitudes ratio seems to stabilize, leading to a more realistic b-value and eliminating in some sense the effect of the magnitude uncertainties. This is potentially
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significant, as an underestimate of b implies an overestimation of the number
of larger future events.
On the contrary, the Mc values estimated with MaxC and GFT are low
compared to estimates from the other algorithms, meaning more contamination of the presumed complete data set. This implies that the rate of occurrence
of large events will be overestimated, with various implications for seismicity
studies. However, when investigating rate changes this may not matter because the entire catalogue will be affected in a similar manner.

Figure 21. a) The difference (and the corresponding percentage difference in b) in
the apparent number of events over a given magnitude threshold and the “true” number, before noise (σ=0.1, 0.2 and 0.3) is added (Catalogue A).
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9. Summary and Conclusions

Seismicity catalogues provide information on the temporal and spatial distributions of earthquakes that occurred in the past. The investigation of seismicity patterns can increase our knowledge on earthquake processes and interactions, ultimately aiming to achieve reliable earthquake forecasts. Catalogue
statistics, analysis of observed seismicity data, seismicity precursors and
earthquake predictability are some of the topics discussed in this thesis. A
summary of the results and the main conclusions are provided in this section,
referring separately to each of the four articles attached to the second half of
the thesis.
The analysis in Paper I was motivated by two earthquake sequences,
Achaia (2008) and Efpalio (2010), that occurred close to each other in space
and time. The temporal changes in seismic activity observed in the West Corinth Gulf and North-West Peloponnese during 2008 to 2010 were investigated.
The occurrence of the Efpalio doublet within the positive lobe of the Coulomb
stress changes caused by the Achaia mainshock, along with an apparent migration of seismicity towards Efpalio prior to the occurrence of the doublet,
indicate that the two sequences might be causally related. The Epidemic Type
Aftershock Sequence (ETAS) model was applied to the data. A consistent
model with constant parameters, such as aftershock productivity and Omori
decay, could not fit the entire data set, implying that there are changes in the
underlying processes during that period. Separate time intervals were also
tested, but ETAS could only model the data successfully in some cases. Besides stationary background seismicity and aftershock activity, the data set
might also include other types of clustered events, such as foreshocks. Precursory foreshocks could not be identified for individual large events. Therefore,
events with magnitudes above 3.5 were chosen to be regarded as mainshocks,
and their preshock sequences, within a 10km radius around each epicenter and
50 days preceding each main event, were superimposed. The aggregated seismicity series showed an increase in seismicity rate prior to the mainshocks,
apparently consistent with an inverse Omori law, indicating the existence of
foreshock activity, although the limited amount of data available means that
this conclusion should be interpreted with some caution.
In the same conceptual framework, the seismicity preceding larger earthquakes which occurred in and around Greece during 2009 was investigated in
Paper II. The aggregated seismicity data showed an increase of the seismicity
rate approximately 20 days prior to the stacked mainshocks, which could not
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be clearly observed for individual sequences. The consistency of the results
was assessed by comparing geographical subsets, from the Corinth Gulf and
the Ionian Sea. For the whole of Greece and for the Corinth Gulf, the increasing seismicity preceding the chosen mainshocks is quite clear. However, for
the Ionian Sea the existence of foreshocks could not be confirmed at a high
level of confidence, probably because less data is available there. The significance of the observed increasing rate prior to the mainshocks was also tested
against the null hypothesis of this resulting from simple temporal clustering
together with the Gutenberg-Richter relationship between the number of
events and magnitudes. In cluster-type models, the tendency of seismicity to
cluster in space and time implies an increase in the probability of having a
bigger earthquake if many smaller events are observed. To test if such an effect could explain the observed increase in aggregated seismicity prior to
larger events, a randomized test was introduced. This is relatively insensitive
to inadequacies in the data set, such as data incompleteness. Earthquakes were
randomly selected from the data set and their preshock sequences were aggregated with the same criteria used for the aggregation of the larger events. The
repetition of the processes, i.e. the aggregation of the random controls, provided an average aggregated seismicity and the necessary confidence intervals
for comparison with the observed activity prior to the larger mainshocks. The
results indicated that the data is not consistent with cluster-type models, probably due to the existence of precursors which are genuinely and directly mechanically related to the coming mainshock.
Significantly more data, i.e. significantly more sensitive seismic networks,
might improve the identification of precursors prior to individual strong earthquakes, without the need of aggregation, facilitating short-term earthquake
forecasting. The potential advantages and complications of this hypothesis
were investigated in Paper III, using synthetic data based on different assumptions regarding seismicity. A more sensitive data acquisition system implies
more registered events, some of which may be statistically independent, random “background” seismicity, and some of which may be foreshocks and aftershocks to independent events, aftershocks and foreshocks. Simulations of
sequences including different proportions of the different types of seismicity
shows that if network sensitivity increases, in general more foreshocks can be
expected to be correctly identified, when they exist. This would appear to imply an improved capability to observe precursory seismicity patterns in real
time, within specific areas of interest. Two data-based scenarios were introduced, using the properties of the observed seismicity in Greece. The first scenario followed the concept of cluster-type seismicity, including only some stationary seismicity and aftershock cascades, produced with the use of a branching process. The second scenario included foreshocks prior to some of the
strongest independent events, and all aftershocks were produced with the same
branching ratio as in the first scenario, but with magnitudes only smaller than
their parent events. Two magnitude thresholds were assumed, with the higher
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being equal to the magnitude of completeness (Mc) of the empirical catalogue
used as an example, and the lower threshold representing the hypothetical case
of an increased network sensitivity. The scenario which included foreshocks
seemed to better correspond to the properties of the real data. Background
events and aftershocks introduce complications, such as disturbance of the
foreshock activity patterns as well as sequences incorrectly identified as increasing, which can be classified as false alarms. Although the absolute number of false alarms increases with network sensitivity, the identification of
foreshocks improves significantly even with 1.5 magnitude units lowered
threshold.
A lower Mc means that more data is available for seismicity analyses.
However, an improperly estimated Mc, and consequently an incorrect b-value
of the Gutenberg-Richter (G-R) distribution, might lead to the wrong estimation of the seismicity rate. The sample size and the errors of the reported magnitudes included in empirical earthquake catalogues can influence the assessment of such catalogue properties. The impact of such errors on estimates of
Mc and b-value was investigated in Paper IV. Four commonly used methodologies for the estimation of Mc were applied to synthetic magnitude catalogues. Two approaches were used to produce the synthetic data. In both of
them, a complete part according to G-R law was initially assumed. In the first
synthetic catalogue an incomplete part corresponding to a half Gaussian distribution is added, extending the distribution to smaller magnitudes. The second catalogue was based on a specified detection function, with events being
rejected based on a defined distribution, with a much greater probability of
rejection of small events than large. The corresponding b-values were estimated with Aki’s maximum likelihood estimator. The synthetic catalogues
were also contaminated with Gaussian noise of different variances, and analysis using subsets of varying size were tested. It seems that b-values are always underestimated when errors are introduced to the magnitudes, especially
when the Gaussian noise has higher variances. This is potentially significant,
because it means that the number of future large events may be overestimated.
The existence of magnitude errors causes a bidirectional flow of data below
and above Mc. It seems that regardless the method used to define Mc, the
“complete” part of a magnitude data set which includes errors is unlikely to
be truly complete, even for higher magnitude thresholds, which might also
introduce complications to statistical investigations of seismicity.
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10. Summary in Swedish

Seismicitetskataloger innehåller information om var och när jordbävningar
har ägt rum i det förgångna. Undersökningar av sesmicitetens mönster kan öka
vår kunskap om jordbävningar, dess processer samt hur de interagerar. Det
huvudsakliga syftet är att erhålla pålitliga jordbävningsprognoser. Några av
de ämnen som diskuteras i denna avhandling är statistik från kataloger, analyser av observerad seismicitetsdata, seismiska förelöpare och förutsägbarhet
av jordbävningar. I denna sektion presenteras en sammanfattning av avhandlingens resultat och huvudsakliga slutsatser med referenser till de fyra artiklar
som återfinns i den andra delen av avhandligen.
Analysen som presenteras i artikel I motiverades av två sekvenser av jordbävningar som inträffade nära varandra i tid och rum, Achaia (2008) och Efpalio (2010). Den seismiska aktivitetens förändring över tid undersöktes, för observationer i västra delen av Korintiska viken och nordvästra delen av Peloponnesos från 2008 till 2010. Efpaliodubbletten inträffade i ett område med
ökad Coulomb-spänning, orsakad av huvudskalvet i Achaia. Detta, tillsammans med en märkbar förflyttning av seismiciteten mot Efpalio före dubbletten inträffade, indikerar att de två jordbävningssekvenserna kan ha ett samband. Den så kallade ETAS modellen (Epidemic Type Aftershock Sequencemodellen) applicerades på datat.
En enhetlig modell med konstanta parametrar för de efterskalv som triggats
av huvudskalvet samt avtagande av seismicitet enligt Omoris lag, kunde inte
tillämpas på hela detta dataset. Detta indikerar att det har skett förändringar i
de underliggande processerna under denna period. Även separata tidsintervaller testades, men ETAS modellen kunde endast modellera datat framgångsrikt
i enstaka fall. Förutom stationär bakgrundsseismicitet och efterskalvsseismicitet, kan detta dataset också innehålla andra typer av klusterhändelser såsom
förskalv. Skalv som indikerar senare stora skalv kunde inte identifieras för
individuella större event. Följaktligen valdes händelser med en magnitud
större än 3.5 att betraktas som huvudskalv. Sekvenser av skalv som föregick
dessa större skalv, inom en radie på 10 km från epicentrum, lades samman för
de 50 dagarna som föregick varje huvudskalv. De sammanlagda seismicitetsserierna visade en ökning av seismisk aktivitet innan huvudskalven. Detta påvisar ett inverst samband med Omoris lag och indikerar existens av
förskalvsaktivitet. Med den begränsade mängden tillgängligt data måste denna
slutsats dock tolkas med ett viss mått av försiktighet.
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I artikel II undersöktes seismicitet som föregick större skalv i och runt Grekland under 2009, med samma koncept som i artikel I. Det sammanlagda
seicmisitetsdatat påvisar en ökad seismisk aktivitet omkring 20 dagar före huvudskalven, vilket inte kunde observeras lika tydligt för individuella sekvenser. Att resultaten var konsekventa testades genom att jämföra geografiska
delmängder av datat, både från Korintiska viken och Joniska havet. Ökningen
av seismisk aktivitet som föregick de valda huvudskalven är tydlig för hela
Grekland och för Korintiska viken. För Joniska havet kunde dock inte förekomsten av förskalv bekräftas med säkerhet, vilket troligtvis beror på att det
finns mindre data tillgängligt för området. Signifikansen av den observerade
ökningen av aktivitet före huvudskalven testades också mot noll-hypotesen av
resultaten genom enkel gruppering över tid, tillsammans med GutenbergRichter-sambandet mellan antal event och magnituder. Tendensen för att
seismicitet koncentrar sig i kluster innebär en ökning av sannolikheten att ett
större skalv kommer att inträffa, för modeller av klustertyp, om många små
skalv observeras. Ett slumptest introducerades för att testa om en sådan effekt
kunde förklara den observerade ökningen av sammanlagd sesimicitet före
större händelser. Testet är relativt okänsligt för brister i datasamlingen, t.ex.
om det saknas datasegment. Jordbävningar valdes slumpmässigt från datamängden och sekvenser av event som föregick dessa jordbävningar lades samman med samma kriterier som för de sammanlagda större eventen. Repetitionen av processen, alltså sammanläggningen av slumpkontrollerna, ger en
genomsnittlig sammanlagd seismicitet och de nödvändiga konfidensintervallen för jämförelse med den observerade aktiviteten före större huvudskalv.
Resultaten indikerade att datat inte är konsistent med modeller av klustertyp.
Anledningen till detta är troligtvis att data inkluderar förskalv som är genuint
och direkt mekaniskt relaterade till efterföljande huvudskalv.
Signifikant ökad datamängd, alltså seismiska nätverk som har signifikant
högre känslighet, kan förbättra identifiering av skalv som indikerar kraftiga
jordbävningar utan att man använder sig av sammanläggning, och därmed ge
korttidsprognoser för jordbävningar. De potentiella fördelarna och svårigheterna med denna hypotes undersöktes i artikel III, med hjälp av syntetiska data
som baserades på olika antaganden angående seismiciteten. Ett datainsamlingssystem med högre känslighet resulterar i fler registrerade händelser. Vissa av
dessa kan vara statistiskt oberoende, slumpmässig bakgrundsseismicitet, medan
andra kan vara förskalv och efterskalv till oberoende seismiska event, förskalv
och efterskalv. Simulering av sekvenser med varierande andel av olika typer av
seismicitet visar att när känsligheten på ett nätverk ökar, så kan man förvänta
sig att identifiera fler förskalv korrekt, förutsatt att de existerar. Detta skulle betyda att man kan förbättra möjligheterna att observera tidiga seismicitetsmönster
i realtid inom specifika intresseområden. Två databaserade scenarier introducerades, som använder egenskaper hos den observerade sesimiciteten i Grekland. Det första scenariot följer konceptet med klustertypsseismicitet. Det inkluderar endast en del stationär seismicitet och efterskalvskaskader som skapats
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med hjälp av en grenprocess. Det andra scenariot inkluderade förskalv som föregått några av de kraftigaste oberoende händelserna. Alla efterskalv skapades
med samma förgreningsförhållande som i det första scenariot, men med lägre
magnitud än i deras respektive huvudhändelse. Två tröskelvärden för magnituderna antogs. För det högre tröskelvärdet användes den lägsta magnituden, Mc,
sådan att alla skalv av magnitud större eller lika med Mc finns registrerade i den
empiriska katalogen, som användes som exempel. Det lägre tröskelvärdet representerade det hypotetiska fallet vid förhöjd nätverkskänslighet. Scenariot
som inkluderade förskalv tycks passa bättre med egenskaperna hos det verkliga
datat. Bakgrundsevent och efterskalv introducerar komplikationer, t.ex. störningar på förskalvens aktivitetsmönster och sekvenser av seismicitet som felaktigt identifierats som ökande, vilket kan leda till falska alarm. Även om det
absoluta antalet falska alarm ökar med nätverkskänsligheten, så förbättras även
identifikationen av förskalv avsevärt även om tröskelvärdet minskas med 1.5
magnitudenheter.
Ett lägre värde på Mc innebär att mer data är tillgängligt för seismicitetsanalyser. En felaktig uppskattning av Mc, och därmed ett felaktigt b-värde på
Gutenberg-Richter-distributionen (G-R), kan dock leda till en felaktig uppskattning av antalet skalv över tid. Samplingstorleken och felen på de rapporterade magnituderna som är inkluderade i empiriska jordbävningskataloger
kan påverka bedömningen av sådana katalogers egenskaper. Påverkan av sådana fel på estimeringen av Mc, och b-värden studerades i artikel IV. Fyra
vanliga metodologier för estimering av Mc, applicerades på syntetiska magnitudkataloger. Två angreppssätt användes för skapa det syntetiska datat. I
båda fallen antogs initialt en komplett del enligt G-R-lagen. En icke komplett
del motsvararande en halv gaussisk fördelning lades till i den första syntetiska
katalogen, vilket utökade distributionen till att omfatta mindre magnituder.
Den andra katalogen baserades på en speciell detektionsfunktion där händelser
förkastas baserat på en definierad distribution med mycket högre sannolikhet
att förkastar små event än stora. Det korresponderande b-värdet estimerades
med Akis uppskattning om maximal sannolikhet. Den syntetiska katalogen
kontaminerades med gaussiskt brus med olika varians och sedan testades analyser av varierande delmängder av katalogen. Resultaten indikerar att b-värden alltid underskattas när fel introduceras till magnituderna, särskilt då gaussiskt brus har hög varians. Detta är en potentiel felkälla vilken medför att antalet framtida större händelser kan vara överskattat. Feluppskattning av magnituden orsakar ett dubbelriktat flöde av data under och över Mc. Det
förefaller osannolikt att ett komplett dataset som inkluderar fel kan vara i sanning komplett, oavsett vilken metod som används för att definiera Mc. Detta
gäller också för högre magnitudtrösklar, vilket betyder att komplikationer
också introduceras till statistiska undersökningar av seismicitet.
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