Automatic Detection and P- and S-wave Picking Algorithm: an application to the
2009 L'Aquila (Central Italy) earthquake sequence.

Introduction

The need for automatic procedures to quickly analyse large amounts of seismic data has recently become mandatory. The increasing number of 3-components seismic stations deployed both for permanent and temporary moni- O
toring of seismic acivity and seismic sequences, respectively, produces huge amount of waveforms not likely to be hand picked in short time. In addition, the impossibility to analyse thousends of eartquakes 1n a relatively
short time results 1n jeopardizing the set of data (e.g. high Mc in the case of seismicity pattern) hampering our knowledge of the observed phenomena. For these reasons we implemented an automatic procedure able to mimick
human behaviour 1dentifying local earthquakes and providing consistently weighted P- and S-wave arrival times, P-wave first motion polarities and event duration and local magnitude independently from the amount of data.
The procedure 1s based on a combination of advanced phase identification, picking, and filtering algorithms and statistical analysis of a set of predictors designed to correctly apply an a-prior1 chosen weigthing scheme on

both P- and S-wave onsets.

We here present and discuss the method showing preliminary results from the application to a large and dense dataset of thousends of eartquakes recorded by 3-component permanent and temporary seismic stations, during
the "L'Aquila seismic Sequence" that struck central Italy since April 6th 2009. In the first 8 days of the sequence our system i1dentified ~22,000 events, ~10,000 of which have very high quality locations. Our results well image

the geometry of the faults system and show a significative reduction of the magnitude threshold.

Event Detection Procedure

The automatic picking system Mannekenpix (Aldersons,
2004), originally working on vertical component data (D1 Ste-
fano et al., 2006), has been expanded to tackle 3-component
data. An external event trigger and association program is how-
ever still required 1n order to cut continuously recorded seismic
data into distinct events. All the stations we used are equipped
with three-component sensors having natural periods of either
5-s or 20-s. After correction for the instrumental chain, we
apply a band-pass filter to the continuous data streams over the
2-10 frequency band using a 4-pole, 2-pass Butterworth filter.
We then calculated the magnitude of the ground velocity vector
using the trace of the 3-component covariance matrix calcu-
lated over 1-s-long time windows sliding with 0.5 s step
(Montalbetti and Kanasevich, 1970). We used these latter time
series for a detection procedure based on the classical STA-
LTA coincidence-sum algorithm.

MannekenPix

In order to increase the reliability of P-wave and S-wave detec-
tion when the location of an event is totally unknown, Man-
nekenPix (MPX) i1s now virtually capable of discriminating
among noise samples, P-wave samples, and S-wave samples.

During a Run 1 of picking, the P-wave picking 1s guided by the
P-wave approximate onset determined by the 1dentification algo-
rithm only at triggered stations.

After Run 1, a preliminary event location 1s computed by using
Hypoellipse and, from this preliminary location, predicted P- and
S-arrival times are used as guiding values in order to determine
the final onsets during Run 2. Then a final location 1s performed.

For the L’ Aquila dataset, an intermediate Run 1b has been added
in-between Run 1 and Run 2 due to the rather frequent occur-
rence of double events at several stations. This phenomenon,
when it occurs, significantly degrades the accuracy of locations
derived from Run 1 picks. When an extra Run Ibis of picking
and location 1s included, predicted times during Run 2 prove to
be quite good in the vast majority of cases. Such evidence sug-
gest that the mult-run approach 1s a powerful method to discrimi-
nate events during dense sequences.

The ability to discriminate among noise samples, P-wave sam-
ples and S-wave samples 1s performed in MPX by a C5 decision
tree (Quinlan, 1993) derived from training data.

Five groups of predicting variables are included: Energy, Polari-
zation, Spectral Power, Skewness and Kurtosis. In addition, the
SEDSL algorithm (Magotra et al., 1989) is also used as a predic-
tor. A total number of 54 predictors 1s used by the Identification
algorithm for the L’ Aquila dataset.
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This dataset 1s particularly complex due to the simultaneous use
of up to 3 distinct networks: 1) the permanent network with sta-
tions operated by INGV and other institutions, 2) a temporary
network operated by INGV and 3) a University of Grenoble
(France) temporary network. The heterogeneity of instruments
and sampling rates is taken into account by the inclusion of a net-
work code 1n the list of predictors.

Method

The calibration of the Identification algorithm has been made by
the exposure of about 300 intervals of 3-C data (100 per network)
to the C5 learning module with an accurate description of their
content (start and end times of Noise, P-wave and S-wave). These
intervals start 4 seconds before the P-onset and extend until 4 sec-
onds after the S-onset.

In highest hit-rate mode, the picking 1s first done by the
Takanami-Kittagawa AIC algorithm, closely followed by the
Baer-Kradolfer algorithm. By doing so, one preserves most of the
high picking rate (from the former) while keeping a high level of
reliability (from the latter).
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The P-wave 1s always picked on the Vertical component only.

For a rather impulsive S-wave onset, the S-wave onset time of the
Identification becomes the S-pick (all previous examples). For a
rather emergent S-wave, the S-wave onset 1s determined around
the Identification value by the Takanami-Kittagawa auto-
regressive algorithm applied on the 2 horizontal components.
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P-wave and S-wave uncertainty classes are identical. Due to the
higher quality of most P-onsets compared to S-onsets, however,
P-weights output by MPX range from 0 to 4, while S-weights
range only from 2 to 4. This weighting scheme 1s identical for

Run 1, 1bis, and 2.

There are 9 predictors used to determine the P-onset uncertainty
class, and another set of 9 predictors to determine the S-onset un-

certainty class. The two weighting schemes (P and S) were cali-
brated by MDA (Fischer, 1936).

Class Uncertainty
(£ sec.)
0 0.025
1 0.050
) 0.150
3 0.400
4 Reiected

MannekenPix

Weighting Scheme Calibration results are
checked with the Confusion Matrix, by com-

paring automatic weigths

with manual

weigths for the same observation. Down-
weighting by MPX is still a positive correla-
tion while overweighting introduces noise.
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Distribution of time differences between reference hand picked P-
(a) and S- (b) waves, divided by hand-pick weight classes. Most
automatic P readings differ from correposnding hand-picked class
0 by less then 0.016s (2 signal samples). Most of class 1 fall
within 0.048s. S-waves classes 2 and 3 show a slightly larger span
of differences up to 0.1s
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Earthquakes Location

We show the location of thousands of earthquakes occurred within the first 8 days of the =

L’ Aquila sequence (6-13 of April). Our detector worked on continuous waveforms re- R1 B1b [R2 |
.. . . A 4252 12644 12797

corded by 56 three-components seismic stations belonging to both the permanent na-

tional seismic network and to the temporary network deployed after the mainshock oc- B 2812 2425 2127

cured. C 3102 2041 1852

We gain a total of 22,899 triggered events at a minimum of 4 stations. In the table on the D 13363 6587 6123

righ, we report the quality of the locations of these events (following the Hypoellipse Tot| 23529 23697 22899

classification), at each run of the automatic picking procedure.
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From left to right we show location maps and vertical sections for the three progressive runs of automatic picking and location. Plotted events are se-
lected by location quality (Gap < 180°, Epicentral distance from 1st station <= 10km, Rms <= 0.2s, Number of Observations >= 7, Error ellipsoide
semiaxes <=2km). Selected events are all Hypoellipse Quality A (best) recorded between 2009/04/06 1:32 and 2009/04/13 23:59. Run 1: 3,080 events;
Run 1b: 7,143 events; Run 2: 9,684 events. The last column on the right shows automatic pickings on 2,117 events 1dentified by the INGV alert system

between 2009/04/06 1:32 and 2009/06/26 23:59.
All sections 0-2 are 1km wide while sections 3 are 24km wide encomapssing the whole seismicity.
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Histograms in panels a and b represent the distribution of residuals after 1d location of automatically detected and picked events, di-
vided by weight classes, for P and S pickings respectively.

Automatic Picking Locations vs Hand Picking Locations

Chiarabba et al. 2009 hand picked and located ~444 events with Ml = 1.9, between April 6 and April 13. We compare our locations
for the same events as 1dentified by the automatic procedure. We correctly 1dentify 391 events (88%) and miss 53. The system also
1dentifies a number of events (doubles) that are very close (<3s) to Chiarabba et al 2009 ones. Panels a to ¢ 1n figure below show the
map distribution of the 444 hand picked events (a), of the 391+doubles automatically picked events (b) and a quality selection of the
latters (c). The comparison demonstrates that double events are smaller magnitude badly located overlapping earthquakes and that
seismicity with M1 = 1.9 1s perfectly reproduced by the automatic system. Panel d shows the distribution with time of the 53 events
not relvealed by the automatic picking system. Most of the unfound events are related to the first two days after the mainshock, when
the number of contemporaneous events 1s higher.

Histograms in panel e show the distribution of differences in location parameters between hand-picked and automatically-picked 391
earthquakes.
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P-wave Polarities and Automatic Focal
Mechanisms Determinination

We compare (a) the focal mechanism solutions we computed by using the first motion polarity data automatically determined by the
picking algorithm with the ones computed by Herrmann and Malagnini (solutions available at the web page:
http://eqinfo.eas.slu.edu/Earthquake Center/MECH.IT/; see also their poster U23A-0029; Systematic Determination of Moment
Tensor of the April 6, 2009 L'Aquila Earthquake Sequence).
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In figure b we 1llustrate the Mw versus a ‘Quality factor’ that indicates the similarity
of the moment tensor and polarity solutions. The factor goes from negative to posi-
tive values that indicate a non available solutions (-2) to a perfect agreement (+2).
The graph shows that the majority of the solutions are in agreement (81%) and more
than the half (56%) are exactly the same. Moreover, the automatic algorithm 1s able
to correctly compute the polarity for a very large range of magnitude (2.0<MW<4.4).
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Conclusions

In this work we implemented an automatic P- and S-wave picking system and we applied it to ~22,000 events detected during the first 8 days after the
Mw 6.3 earthquake that struck the town of L'Aquila on April 6th 2009 .

By using an external, very sensitive, events detector fololowed by our MPX procedure tuned on the seismic network complexity and with a multi-run
approach, we strongly enhance the resolution power of our automatic system, allowing a fine imaging of the seismicity distribution. Our automatic pro-
cedure 1s able to resolve four times the number of events detected by the national network.

By calculating M1 for all those events, we significatively lower the minimum Mc value from M1 1.8 for the Alert System managed by
the INGYV, to Ml 1.2. Since we dautomatically determine polarity for each P-wave onset, we were able to calculate thousends of focal
mechanisms. The comparison with hand picked data shows that the majority (81%) of the retrieved focal mechanism solutions
(2.0<MW<4.4) based on the automatic readings of the first motion polarity, are in agreement with the solutions presented by Hermann
and Malagnini. More than the half (56%) are exactly the same.

Further analysis are needed to enhabce the S-wave pickings final quality. Moreover, by using crosscorrelation method we will further
check for the presence of false double events related to possible problems in event detection that are likely to happen mainly during the
first days of the aftershock sequence when signals are more complex and earthquakes often overlap 1n space and time.

The obtained results are very promising in terms of high resolution definition of the geometry and kinematics of seismogenic structures
and for high resoltution seismic tomography studies.
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