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ABSTRACT

On 2010 January 18 and 26 two earthquakes of magnitude M,=5.1 occurred near the city of Efpalio, Greece, situated in the western Corinth rift. The mainshocks were followed by an important aftershock sequence
covering an epicentral area of about 5x10km?. Several stations of the HUSN and CRL networks are installed in local and regional distances from the epicenters. A semi-automatic arrival-time picking algorithm, based on

parameters.

waveform similarity, was developed in order to pick a large number of smaller events, most of which would be hard to be analyzed manually because of their low energy content. This procedure takes advantage of the large
number of earthquakes which are densely clustered in space and time during aftershock sequences. It is common for such events to exhibit similarities in their waveform recordings due to the comparable values of their source

The applied methodology uses a correlation detector to match the similar parts of the P- or S-waves of selected, well-recorded, master-events to the corresponding waveform recordings of large groups of smaller, non-

located, slave events. These events are detected by a reference station, situated close to the aftershocks epicentral area. Cross-correlation matrices are constructed using the event-waveforms recorded at the reference station to
provide information about the similarity between event-pairs. A nearest-neighbor linkage method is used to construct multiplet clusters with an appropriate cross-correlation threshold. At least one of the stronger events is selected
from each cluster. These are called Master-events and their P- and S-wave arrival-times have to be picked manually with great precision. The automatic algorithm that follows uses the P- or S-wave part of the master-events
recordings as a correlation detector in order to find the best matching part in each of the slave-event recordings. An automatic arrival-time is then imposed on the slave-event at the corresponding station. The fitting process is
performed on each of the 3 components and every pick is characterized by an observation weight according to the quality of the fit, the type of the available waveform components and the consistency between multiple

measurements.

A series of tests have been performed for the evaluation of the correlation detector under variable SNR levels. Statistics were also applied on several parameters that are being measured during the fitting procedure, in

order to calculate appropriate multipliers which were used for the calculation of a combined observation weight. The developed methodology has the potential to increase the amount of available information by about ten times
and provide sufficient detail for a subsequent analysis of the spatiotemporal distribution of a seismic series. The manual analysis of these automatically located events can provide important details for the geometry of the
activated faults, contributing to studies of the seismotectonic characteristics of an area.

(A) Introduction
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Introduction

Aftershock sequences are a characteristic example of densely concentrated seismicity in both time and space. In such cases, a large number of events meet the conditions of
similar focal parameters and, consequently, produce similar waveforms (Geller & Mueller 1980; Poupinet et al. 1984). The degree of similarity between pairs of events can be measured
using several methods which have been proposed in both the time domain (Deichmann & Garcia-Fernandez 1992) and frequency domain (Got et al. 1994). Groups of similar events are
called multiplet clusters or simply multiplets. The property of waveform similarity has been used in various applications in seismology such as relocation of hypocenters, empirical
green’s functions, tomography, propagation velocity variations, especially in volcanic regions. Manual picking of arrival-times and locating of significant events performed by an
analyst on a daily basis in local/regional seismological networks usually dismisses most of these micro-earthquakes, as the picking of phase-arrivals for low-energy events with a low
signal-to-noise ratio (SNR) can be difficult and unreliable. Also, the seismic activity is often very intense in the time-period shortly after the occurrence of a main event. As a result, the
waveforms of successive aftershocks may overlap, in which case one or both events may be ignored from routine analysis because it becomes difficult to distinguish the phase arrivals,

even though the signal-to-noise ratio may be high.

In this work, we have developed a Master-Events (ME) methodology based on the cross-correlation of events with similar waveforms which can be used as an alternative,
semi-automatic picking algorithm (Kapetanidis & Papadimitriou, 2011). The idea is based on the fact that a reference station located close to the epicentral area can record and detect
the entire aftershock sequence, while stations in farther distances can record only the stronger events. Classic auto-picking algorithms work by detecting phase-arrivals on several
stations and associating them to an event afterwards. However, the phase arrivals of events with small magnitude may be neglected when the signal-to-noise ratio is not high enough. In
the proposed methodology the events are detected a priori using the waveform recordings of a single reference station and the arrival-times are identified afterwards using a correlation
detector technique. This has the advantage of using the whole P- or S-wavetrain to make a statistical match between the master and slave waveforms instead of searching for the onset of
an arrival which may not be easily distinguishable from the background noise. In order to analyze an entire aftershock sequence, the detected events’ waveforms are cross-correlated and
organized in multiplet clusters. A minimal number of events with larger magnitudes from each cluster are selected as master-events. The arrival-times of their P- and S-waves are
manually picked and their waveforms are used to automatically pick the corresponding arrival-times of smaller but similar slave-events. The large number of additional aftershocks
which can be located using this method may provide a higher level of detail in the spatiotemporal distribution of the rupture process. We present an application of this method in the

A

important aftershock activity that followed two moderate earthquakes (M,=5.1) which occurred in Efpalio (Greece) on 18 and 22 January 2010 (Fig. 1).

y

(C) The Master-Events methodology

The picking algorithm runs for each master-event with
direct similarity to the corresponding slave, for each station with
available manual arrival-time picks and healthy components
(according to the “station-rules” matrix) on both master- and slave-
event. A sliding window technique known as the “correlation detector”
has been adopted here as the fitting process (Schaff & Waldhauser

correlation coefficients with a maximum value C_ at the best-fit
window.

By taking into account that waveform similarity is usually
stronger in frequencies lower than ~15Hz, the mean coherence, M.,
(Schaff et al. 2004), between 2Hz and 15Hz is calculated between the
master-waveform M(t) and the slave-waveform window S_(t). The
biased, normalized cross-correlation function, XC, is also calculated
for a limited amount of lag equivalent to +2 seconds on the best-fit
window. Its value at zero lag is equivalent to the correlation-
coefficient, C,., which corresponds to the window S (t). The
difference, D, between the global and the highest secondary local
maximum of the XC function is also measured. It has been observed
that in case of an invalid fit of the master-waveform i.e. to the noise of
the slave-waveform or to its P- or S-wave coda, the D, is usually
very small. Using the three parameters (C., M., and D,.), a
combined observation-weight, C,, is calculated that quantifies the
quality of each observation. Proper combination of these parameters
may be dependent on the type of wave (P or S) as well as on the station
(its proximity to the epicentral area). The correlation procedure
between the possibly multiple masters and a single slave-event (Fig. 4)
is followed by an automatic evaluation of the results from which a final
arrival-time pick and a degree of pick quality are derived.
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(E) Evaluation of the results
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(B) Data Preparation

1) Data quality control

A preparation of data is required before the Master-Events
method can be applied to a certain earthquake sequence. The waveform
quality of each station/component must be manually examined for each
day of the study-period in order for their condition to be evaluated.
Faulty components should be detected and excluded from the
procedure. For this purpose, component state-of-health status is stored
in a “station-rules” matrix along with other noise-related information
such as parasitic oscillations of electric current at 50Hz and its stronger
harmonics. For the most part a default 2.5-23Hz band-pass filter is
usually enough (for local microearthquakes), but noisy frequencies that

2) Selection of a reference station and event-detection

The reference station’s recordings are representative of the whole sequence and its choice
depends on the density and geometry of the seismological network around the aftershock area. The closest
station with mean epicentral distance of about 4=10 km is suggested here for an aftershocks distribution of
around the same spatial dimensions, as it has to be close to the epicentral area to record events with small
magnitudes clearly distinguished from the background seismic noise. It also has to be far enough for very
small events to be dismissed because of their low signal-to-noise ratio so that all signals detected at the
reference station may also be clearly detected in other stations at farther epicentral distances. An event-
detection procedure (either manual or automatic) is executed using the 24-hour recordings of the reference
station. A marker is set on each event’s approximate P-wave arrival-time (P, ;) a8 well as at the time
where the signal ends (D,rer)-

exist within this band should be notch-filtered. The selection of this

band is supported by the strong spectral coherence between pairs of
similar waveforms of local earthquakes in that frequency-range
(Fig. 2B).

3) Cross-correlation of signals

The similarity between a pair of time-series (X, y) is
estimated in the time-domain using the normalized cross-correlation
function, XC(d):

53 (x(M) = %)-(y(n +d) - 9)
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where N is the (common) number of samples of the time-series (in case
they don’t have the same length, the shorter one must be padded with
zeroes at the end), d is the time-lag measured in samples, with
1-N < d < N-1. The valid samples for both time-series x(t) and y(t)
range for 0 <t < N-1, while when t<0 or t>N-1 it is set that y(t)=0,
meaning that the second time-series is zero-padded for non-zero time-
lags. The global maximum of the cross-correlation function (XC,,,) is
calculated for all combinations of pairs of signals detected on a daily
basis at the reference station and the results are registered in a cross-
correlation matrix. Such day-specific matrices will be used to identify
pairs of events which are similar from the point of view of the
reference station.

XC(d) =

4) Multiplet clustering and selection of Master-Events

Events of each day-specific cross-correlation matrix are grouped in multiplets using a nearest-
neighbor algorithm. Depending on the correlation threshold that is chosen, various different configurations
of clusters can be formed. The optimal minimum threshold, C,, ,, has been found empirically to be the one
which maximizes the difference between the size of the largest cluster and the total number of events which
are included inside clusters (Kapetanidis et al. 2010). In an intense seismic sequence, it is expected that
some of the clusters which have been formed using a day-specific cross-correlation matrix may contain
events which are similar to those of a cluster formed using a different matrix from another day. Two events
E,, E, that belong to different clusters B, and B,, respectively, in day D, may be similar to one or more
events of another cluster, A,, that was formed in day D,. These are called “distant relatives” and their
similarity “indirect”: they are not directly similar (the XC,., value of their pair is below the threshold) but
there is a sequence of pairs of similar events that links E, to E, (Kapetanidis et al. 2010). Clusters such as
the aforementioned B,, B, and A, should be merged together and new cross-correlation matrices be formed,
one per unified cluster.

The ME methodology uses manually picked arrival-times of certain strong events in a multiplet
(master-events) in order to automatically pick arrival-times of the rest of the events of the cluster (slave-
events) by exploiting the similarity of the P- or S-waves between masters and slaves on each station. It can
be very useful when there is a large number of correlated events, as in the case of aftershock sequences, and
can also detect some arrivals which would otherwise be ignored because of their low signal-to-noise ratio.
In order for this methodology to work, the arrival-times of P- and S-waves for at least one event from each
multiplet must be manually picked for all stations with available data. These manually located events are
called “Master-Events”. If there are no routine solutions available, the event with the highest signal-to-
noise ratio at the reference station can be used as a master-event for each cluster after its P- and S-wave
arrival-times have been manually picked, otherwise the available manual phase-arrival data must be re-
evaluated.

(D) Application to the Efpalio 2010 aftershock sequence
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Panel B, a total of 219 multiplets were created for the time period between 1
wave arrival-times of manually located ones (already available from routine

The distribution of aftershocks is characterized by activity on faults ruptured
In order to evaluate the quality of the automatic results, the arr

thorough analysis of the cross-correlation matrices information, the master/s

ERZ=0.78km using the manually evaluated slaves of the first pass in compar

The Gulf of Corinth is one of the most seismically active rifts in Europe. It is governed by normal faults striking E-W and is characterized by an extension rate of about
1cm/yr in a general N-S direction. One of the most important recent sequences in the Western Corinth rift started on 18 January 2010 at 15:56:08 UTC when an earthquake of magnitude
M, =5.1 occurred close to the city of Efpalio, Greece. Four days later, on 22 January 2010 at 00:46:55 UTC, a second event of the same order of magnitude occurred 3km NE of the
previous one. Intense aftershock activity followed both major shocks, with the epicenters covering a region about 12km long and 6km wide. Following the data preparation described in

8 and 26 January 2010, containing 4583 events. The P ... Of 388 multiplet-events were matched to the P-
analysis) at the reference station, KALE. Additional P- and S-wave arrival-times were manually picked for

these Master-Events, especially at the closer stations as well as local stations whose data were not available during the routine analysis. A first-pass of the ME methodology’s auto-
picking algorithm provided solutions for 1945 slave-events directly correlated to the Master-Events (Fig. 5). The addition of the slave events to the catalogue improved the spatial
distribution of the aftershock activity which has started to delineate the activated areas. At least 5 main spatial clusters can be distinguished, with the most intense being the eastern one.

by the two main shocks as well as in neighboring areas.
ival-times of the slave events were also manually picked for corrections or rejections (false positives) of

automatic picks as well as for additions of arrival-times that were missed. The manually located events are shown for comparison in Fig. 6. The mean absolute horizontal (ERH) and
vertical (ERZ) errors for the automatic locations are ERH=0.61km and ERZ=0.71km, while for the manual locations they are ERH=0.39km and ERZ=0.44km (also see embedded
histograms in Figs 5 and 6). The majority of shifts (location differences between automatic and manual solutions) both horizontally and vertically are smaller than 1km. For a more

lave relations of higher degrees must be examined. The manually corrected slave-events from the first pass

of the procedure can be used as master-events for the second pass. This is expected to give better results than those which would be derived by using the automatically picked slave-
events as masters because of a possible build-up of errors. Indeed, in this application the corresponding mean absolute location errors of the second pass are ERH=0.71km and

ison to the fully automatic second pass with ERH=0.90km and ERZ=1.00km.

(F) Conclusions

Conclusions

similarity of the aftershocks waveforms in order to automatically duplic

display an approximate image of the seismicity. Their necessity is crucial fo

are being temporally clustered, as in the case of aftershocks.

picks on the slave-events can be equal to that of the manually picked arrival-

In this work (Kapetanidis & Papadimitriou, 2011) we have developed a methodology which takes
advantage of both the accuracy of manual arrival-time picks on strong master-events and the statistical

numbers of slave-events. Automatic picking algorithms are important because, when combined with a
single-event location algorithm, they can provide a first solution for large numbers of events and can quickly

networks whose data are being transferred in real-time to be automatically processed. They are also useful in
offline mode when large waveform data sets need to be analyzed. In such cases, manual picking without an
automatic primary solution is time-consuming and difficult when the events have small magnitudes or they .

The main advantage of the ME methodology is that it involves a semi-automatic algorithm that .
can provide arrival-time picks for large numbers of small events. Ideally, the accuracy of the arrival-time

Is evident by the internal consistency of slave-event picks derived from a single master (Fig. 9). In practice .
the accuracy depends on the filters used before the correlation of waveforms, as well as the ability of the

For more details about this methodology refer to the full paper:
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times of the master-events. This

To examine the strength of the correlation detector against low signal-to-noise ratio a synthetic test has
been conducted. Gaussian noise was being added to a filtered slave waveform, whose S-wave part is shown at the
top of the matrix that is presented on the left side of Fig. 7. The signal-to-noise ratio was measured using the
uncontaminated signal of the S-wave part relative to the (contaminated) noise background for an equal number of
samples before the arrival of the P-wave. Each of the rows in the matrix of Fig. 7 represents the slave-waveform
with increasing amounts low-frequency Gaussian noise being added. The values at the left side of the vertical axis
show the signal-to-noise ratio for selected waveforms which are plotted on the right side. The top green waveform
at the right side is the master which is used as the correlation detector and is not being contaminated by noise. The
picking algorithm is run and the resulting C., values for the selected examples are shown at the right side of each
waveform, along with a label that indicates success or failure to pick the arrival-time correctly.

The total results of this test are presented in Fig. 8 where it is shown that the C_, M, and D,,,, values
decrease fast as the signal-to-noise ratio is lowered. It is interesting to note that the correlation detector is still able
to pick the arrival-time correctly for signal-to-noise ratio values down to about 0.250, which can be considered as
the margin of “excess noise” for the purpose of the ME methodology. However, as the C.,, M., and D,,,, values
can become very low for high levels of noise, the combined observation weight of such picks will force the
algorithm to reject the measurement, leading to a “miss”. Failure to pick the correct arrival-time such as the third
from the bottom waveform of Fig. 7 is due to the very small D, value (below 0.1) which means that the global
maximum of the cross-correlation function is comparable to the secondary maximum. In other words: either of
these maxima could point to the correct pick, but the algorithm is unable to distinguish the right one.
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algorithm itself to distinguish signal from noise and reject erroneous observations.

There are, however, a few drawbacks, such as that it can only be used for correlated events and
that it is not fully automatic as it requires a certain number of master-events to be manually picked a priori.
The method involves the use of an automatic picking algorithm, thus the solutions may provide a first glance
to the distribution of seismicity. Analyst review of the results remains important, but automatic algorithms
with high success-rates can save significant time by reducing the manual evaluation to small corrections,
rejections of erroneous picks on noisy data and some additions of arrival-times for unpicked phases.

The proposed methodology was applied to a case of complex aftershock activity following two
intermediate events that occurred on 18 and 22 January 2010 in Efpalio, Greece. The chosen time-period
was between 18 and 26 January 2010, during which a total of 1945 solutions for slave-events were
determined automatically using 388 selected master-events for 219 multiplets. More than 600 automatically
picked slave-events of second degree were added to the results using the slaves of the first pass as master-
events. The procedure can be repeated until all multiplet-events have been automatically picked.

The fully automatic results display the main characteristics of the aftershocks’ spatial distribution
such as the dimensions of the aftershock area as well as some major clusters which may be distinguished.
Manual evaluation of the slave-events from the first pass shows that the hypocentral shift of most events,
due to the manual correction, is less than 1km both horizontally and vertically. The same is true for the
distribution of horizontal location errors of the automatic solutions. In the application studied in this work,
the ME methodology can potentially increase tenfold the amount of data (4195 slave-events using 388 initial
master-events) which, in combination with focal mechanism solutions, can provide more details about the
geometry of the activated structures and their relation to possible faults, which is especially important in
areas with complex seismotectonic features.
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