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Abstract Reliable automatic procedure for lo-
cating earthquake in quasi-real time is strongly
needed for seismic warning system, earthquake
preparedness, and producing shaking maps. The
reliability of an automatic location algorithm is
influenced by several factors such as errors in
picking seismic phases, network geometry, and
velocity model uncertainties. The main purpose
of this work is to investigate the performances of
different automatic procedures to choose the most
suitable one to be applied for the quasi-real-time
earthquake locations in northwestern Italy. The
reliability of two automatic-picking algorithms
(one based on the Characteristic Function (CF)
analysis, CF picker, and the other one based on
the Akaike Information Criterion (AIC), AIC
picker) and two location methods (“Hypoellipse”
and “NonLinLoc” codes) is analysed by com-
paring the automatically determined hypocentral
coordinates with reference ones. Reference loca-
tions are computed by the “Hypoellipse” code
considering manually revised data and tested us-
ing quarry blasts. The comparison is made on a
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dataset composed by 575 seismic events for the
period 2000-2007 as recorded by the Regional
Seismic network of Northwestern Italy. For P
phases, similar results, in terms of both amount
of detected picks and magnitude of travel time
differences with respect to manual picks, are ob-
tained applying the AIC and the CF picker; on the
contrary, for S phases, the AIC picker seems to
provide a significant greater number of readings
than the CF picker. Furthermore, the “NonLin-
Loc” software (applied to a 3D velocity model) is
proved to be more reliable than the “Hypoellipse”
code (applied to layered 1D velocity models),
leading to more reliable automatic locations also
when outliers (wrong picks) are present.

Keywords Automatic picker - Automatic
earthquake location method - Akaike
Information Criterion - Characteristic Function -
Southwestern Alps - Northern Apennines

1 Introduction

The advent of digital recording systems and
fast transmission channels makes real-time earth-
quake monitoring possible and strongly encour-
ages the development of accurate and reliable
seismic warning procedures. The automatic, inter-
active, and quasi-real-time analysis of seismic data
for detecting onset picking and identifying signal
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phases in seismograms represents an important
activity for the organizations that manage regional
and local seismic networks. Using automatic pick-
ing algorithms, epicenters/hypocenters, and mag-
nitudes are automatically computed within a few
tens of seconds after the occurrence of an earth-
quake. Preliminary estimates of location param-
eters are generally sent to scientific and civil
organization as alert messages and/or shaking
maps for monitoring and surveillance purposes.

The reliability of any automatic location al-
gorithm is strongly dependent on the reliability
of the phase picker and on the adopted location
method. Conventionally, robust automatic phase
picking leads to the identification of as many as
possible number of accurate and reliable P-phase
readings and S-phase readings (the latter one
mainly if there is the availability of seismic signals
recorded by three-component stations), avoiding
false or imprecise picks. A location method ap-
plied to automatic picks, on the other hand, has to
lead to reliable hypocentral parameters even if (a)
the number of available data is limited (e.g., 6 <
phase number < 10 ) and/or a good geographic
range of picked stations is lacking (e.g., azimuthal
gap >180°), (b) the seismic phase database is cor-
rupted by one or more wrong readings (outliers),
and (c) S phases are lacking.

There are many published studies that deal
with automatic phase-detection algorithms (e.g.,
Allen 1982; Chiaruttini 1991; Fletcher et al. 1992;
Tarvainen 1992; Ruud and Husebye 1993; Ruud
et al. 1993; Earle and Shearer 1994; Evans and Pitt
1995; Tong 1995; Tong and Kennett 1996; Wagner
and Owens 1996; Dai and MacBeth 1995; Patane
and Ferrari 1999; Sleeman and van Eck 1999) and
that examine the efficiency of location methods
related to the quality of the phase readings and
of other factors such as the network geometry, the
number of available phases, and the knowledge of
the crustal structure (e.g., Pavlis 1986; Gomberg
et al. 1990; Billings et al. 1994; Pujol 1996; Lienert
1997; Rong-Song 1999).

In this paper, we compare two different picking
algorithms and two different location methods
by analyzing their performances when applied as
automatic procedures to an actual dataset of more
than 500 seismic events recorded by the Regional
Seismic network of Northwestern Italy (RSNT;
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www.dipteris.unige.it/geofisica) in the area of the
southwestern Alps and northern Apennines. In
particular, we investigate the Characteristic Func-
tion (CF)-based picker (Allen 1978, 1982) and
the Akaike Information Criterion (AIC)-based
picker (Akaike 1974; Sleeman and van Eck 1999).
Then, starting from automatic readings, two loca-
tion procedures are compared: the first based on
Geiger’s method (Geiger 1912; Hypoellipse code,
Lahr 1979) and the second based on a probabilis-
tic nonlinear global search approach (NonLinLoc
method, Lomax et al. 2000; Lomax and Curtis
2001).

Note that the CF picker has been chosen since
Allen’s picking system is still part of several and
widespread tools used by the seismic community
for seismic signal processing and analysis, such
as Earthworm (Johnson et al. 1994) and Sac2000
(Goldstein et al. 1999, 2003). On the other hand,
the AIC picker has been already shown, as de-
scribed by Sleeman and van Eck (1999), to pro-
vide accurate and robust automatic picks on large
experimental database, and mainly, it is based
on the application of the AIC that completely
differs from short-term average long-term average
(STA/LTA) detector-based algorithms.

The main purpose of this work is the evalua-
tion of the reliability of each automatic algorithm
by comparing outcomes (picks and hypocentral
coordinates) with reference one (derived from
manually revised data) and therefore the selection
of the most suitable automatic location proce-
dure for quasi-real-time processing of seismic data
recorded in the northwestern Italy by the RSNI
network. The selection is performed by choosing
the most reliable picking algorithm and the most
appropriate location method that lead to locations
as much as possible similar to the reference ones
and to the smallest number of events with location
differences greater than 10 km with respect to the
reference data.

2 Event detection processing overview

In the last years, the RSNI network greatly
improved its performances with the complete
renewal of the seismic stations (in terms of in-
struments and transmission systems) that are now
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fully digital and “in real time”. Today, the network
consists of 30 broadband seismic stations with high
dynamic digitizers (>120 Db) and with real-time
dedicated large-band links to the processing cen-
ter of the University of Genoa. Since the purpose
of this study focuses on the selection of the more
appropriate phase picker and location method for
“quasi-real-time” earthquake locating through the
RSNI network, the approach for performing event
detection is here briefly described (we refer the
reader to Ferretti et al. (2008) for a more in-depth
description of the all-comprehensive processing
procedures).

The event detection algorithm, based on the
NagsServer data acquisition system (developed
by the Nanometrics Inc., www.nanometrics.ca),
is applied to the continuous stream of real-time
waveforms transmitted by the RSNI stations in
order to extract from the data buffer 240-s-long
time window containing possible seismic event.
Such procedure is based on a STA/LTA analy-
sis (empirically calibrated for each station as a
function of site’s ambient noise, sensor type, etc.)
and on a coincident system (empirically cali-
brated for RSNI network) defining the number of
data channels (hereinafter TrigsToStart number)
which must be triggering coincidentally within a
coincident window in order to declare the start
of a potential event. At present, in the area
monitored by the RSNI network, the magnitude
threshold for both earthquakes and explosions
is proved to be less than 1.0 local magnitude.
This is derived from a comparison among other
seismic bulletins (published for area including
the northwestern Italy, such as Istituto Nazionale
di Geofisica e Vulcanologia (INGV), Eldgenos-
siche Technische Hochschule Zurich (ETH), and
European Mediterranean Seismological Centre
bulletin), and from several tests performed by
considering alternative parameters for the event-
detection algorithm. The parameters selected and
adopted at present lead to the best compromise
between the lowest magnitude of a detectable
event and the smallest amount of “false” events
(that are ambient or anthropic noise coinciden-
tally triggered by a number of data channels
greater than the TrigsToStart number).

Although it is not the aim of this work, the au-
tomatic location algorithms, described and tested

in the following paragraphs, are proved to be
robust leading to the recognition of “false” events
by means an additional algorithm based on the
evaluation of the quality of the location: “false”
events are proved to be not locatable (e.g., in-
sufficient number of readings) or locatable with
a small number of phases or with high location
errors (horizontal error, vertical error, residual
root mean square (RMS), etc.). Nevertheless, in
this paper, we focus our attention to the selection
of the best location procedure that leads to the
most reliable locations considering “true” seismic
events with local magnitude greater than 2.0 only.
Note that the RSNI “quasi-real-time” earth-
quake location procedure is, at the moment, used
only for monitoring the local seismic activity in
the southwestern Alps and northern Apennines
(for which the mean source-receiver distance is
generally less than 100 km), and therefore, the
problem related to regional or teleseismic phase
association has not been still dealt with.

3 Reference data

The automatic procedures analyzed in this paper
are developed and tuned in order to locate seis-
mic events in the southwestern Alps and north-
ern Apennines where the RSNI network oper-
ates since 1982 (Fig. 1). This area encompasses
the western Alpine arc, the Ligurian Sea, and
the northern Apennines and it has a great struc-
tural complexity and a wide lateral heterogeneity,
coming from the continental collision due to the
closure of the Alpine ocean in the Middle Tertiary
(around 50 Ma) with a N-S to NNE-SSW directed
motion between the European and the African
plates and from the following anticlockwise rota-
tion of the Adriatic microplate.

The selection of the seismic database used for
testing the automatic location procedures is aimed
to obtain a representative sample of the whole
seismicity of such a heterogeneous area, mainly
characterized by low-energy earthquakes (Ml <
3.5) concentrated along the Alpine and the Apen-
ninic chains (Fig. 1). The selection criteria are
applied to manually revised location parameters
and are based mainly on spatial distribution. The
earthquakes taken from the RSNI database for
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Fig. 1 Seismic network
configuration (RSNI,
INGYV, and ETH stations)
and recorded seismicity
(gray shaded circles) used
as reference dataset in
this study. Top right
panel: local magnitude of
the 575 selected events

the period 2000-2007 have been geographically
selected from 43° to 46° in latitude and from
6°30" E to 11°30’ E in longitude, with local mag-
nitude greater than 2.0. In order to exclude from
the dataset a large number of events for which the
location could not be potentially constrained (e.g.,
earthquakes located outside the network with a
few readings), a selection in quality has been
performed considering events with azimuthal gap
lower than 240° only. The resulting database con-
sists of 575 earthquakes (11,898 P phases and 9,693
S phases manually revised) recorded from 30 seis-
mic stations of the RSNI network. Starting from
2005, stations belonging to both ETH and INGV
operating in the study area have been also consid-
ered in the manual and automatic location proce-
dures. Manually revised P- and S-phase readings
and hypocentral locations, computed by using Hy-
poellipse code (Lahr 1979) applied to the manual
picks, are used as reference data to test auto-
matic picking and automatic location algorithms,
respectively.

An objective estimate of the location accu-
racy may be achieved by analyzing quarry blasts.
Mainly in the southwestern sector of the consid-
ered area (Ligurian region) some quarries were
energetic enough to be recorded by a significant
number of stations (i.e., >8). In this paper, five
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blasts, with local magnitude spanning between 0.6
and 1.0, have been located with Hypoellipse and
NonLinLoc codes applied to manually revised P-
and S-phase picks. The obtained locations (black
and gray circles in Fig. 2) have been compared
with the center of each quarry (black crosses in
Fig. 2); in summary, we can estimate an average
error less than 500 m in the epicenter location
and about 1.5 km in focal depth for locations
derived from both Hypoellipse and NonLinlL.oc
scheme. This test points out that the location
derived from manually revised readings may be
considered accurate and that the differences in
the hypocenter parameters computed by applying
Hypoellipse and NonLinLoc schemes are negligi-
ble. Since Hypoellipse code is routinely adopted
to locate earthquakes by the RSNI network, it is
here used to compute the reference locations.
Note that while the location procedure of Hy-
poellipse code, as adopted by RSNI, uses different
1D velocity models, calibrated for each station
to take into account lateral heterogeneities, the
location algorithm of NonLinLoc uses a full 3D
velocity model of the whole volume of study. The
1D models adopted by Hypoellipse code are de-
scribed and checked in Spallarossa et al. (2001)
and they are derived from deep seismic profiles
and tectonic constraints. The 3D model, adopted
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Fig. 2 Quarry blasts
analysis: crosses indicate
the position of quarries,
circles indicate the
location derived from .A
manually revised data, *
and stars and triangles 447 30'
indicate the locations
derived from CF and
AIC automatic pickers,
respectively. The black
symbols indicate
Hypoellipse locations
whereas gray symbols
indicate NonLinLoc
location (see text for
details)

2.5 km

by NonLinLoc scheme, comes from a local tomog-
raphy study by Scafidi et al. (2006) and it derives
from a 3D inversion procedure computed by the
software SIMULPS (Evans et al. 1994).

4 Methodology

Two different and independent approaches for
automatic phase picking have been applied and
tested in this study: the CF picker and the AIC
picker. Here is a step-by-step description of each
one (Fig. 3). Note that the CF picker provides
arrival picks for which a measure of reliability
(quality weight) is determined on the basis of the
background noise level at event onset, the first
difference at observed onset, and the peak ampli-
tudes of the first three peaks (for detail, see Allen
1978); on the contrary, for the time being, the
AIC picker does not assign quality weight to au-
tomatic readings (fixed quality weight). In Fig. 4,
the behavior with time of the picking schemes is
illustrated by means some examples.

VENTIMIGLIA

A9 A 25km

K 25km

2.5km

Quarry location
@® Manual Hypo
Manual NLLoc
A AIC Hypo
AIC NLLoc
% CF Hypo
CF NLLoc

& oo 8" 30"

4.1 CF picker

The first automatic picking procedure uses the tra-
ditional Allen’s (1978, 1982) picking scheme based
on the STA/LTA ratio applied on the following
envelope function (Characteristic Function), sen-
sitive to both amplitude and frequency:

E0=f0)+C+ f®*. (1)

In this equation, f(¢) is the seismogram, f'(¢) is
the first difference, and C, is a constant taking into
account of the weight associated to f(¢) and f'(¢),
as a function of the digital sample rate and of the
noise characterizing the seismic station.

The algorithm of Allen (1978) was created
to detect P-phase arrival times on single traces
recorded by one-component stations. However,
since three-component stations are available in
our dataset, a Characteristic Function for S-phase
picking is also computed using the horizontal
components.
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Fig. 3 Top panel: flow chart of the multistep processing picker. The number reported in the gray frames corre-
scheme relative to the CF picker. Bottom panel: flow chart sponds to the step number used in the text

of the multistep processing scheme relative to the AIC

Allen’s algorithm is the base of the standard Step 2: A preliminary P-phase picking on the

SAC autopicking command APK (Goldstein et al. vertical component is performed using
1999) that we use in our procedure. For a more in- the APK function (SAC2000) based on
depth analysis of the automatic procedure, a step- Allen (1978). Although in the Sac2000
by-step description follows (Figs. 3 and 4): Command Reference Manual (http:/
www.iris.edu /manuals /sac /manual.html)

Step 1: Data are subjected to a preprocessing it is stated that most of the parameters of
phase that consists in the application of the function do not need to be changed,

a “fixed” band-pass filter carefully cali- we performed some tests in order to

brated for each station on the basis of a optimize the algorithm performance for
trial-and-error procedure. our dataset. The only parameter c5, used
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Fig. 4 Main steps of the picking schemes (CF and AIC picker) illustrated by examples. The number reported for each panel
corresponds to the step number used in the text

to compute the threshold reference level 15 Hz for which the S/N is higher than
to declare a potential event, has been SN threshold. The original signal is then
modified to 4.5 instead of the default filtered between Fp;, and Fax.

5.0. The other parameters are set to the
default values proposed by the Sac2000
Command Reference Manual (e.g., C; =
0.6, the weight used to compute the STA
of the Characteristic Function; C, = 0.03,
the weight used to compute the LTA
of the Characteristic Function; D¢ = 1,
the duration in seconds used to initialize
the LTA of Characteristic Function; the
STA is set to averaging time as short

If Fiin Or Fpa.x cannot be estimated (i.e., the
S/N ratio keeps lower than 3 between 1 and 8 or
9 and 15 Hz), the waveform (and therefore the P
pick) is removed from the automatic analysis of
the event. The “variable” filter, based on the S/N
ratio, allows to define, for each event and station,
a variable frequency band where P phase is partic-
ularly evident and consequently detectable from
the STA/LTA analysis computed by the APK

as three samples). Unpicked data are algorithm.

removed from the automatic analysis. Step 5:  Definitive P-phase picking on the BP-
Step 3:  Signal-to-noise analysis (S/N) on the ver- filtered vertical component (by the APK

tical component: Using the P pick as ref- function) is defined.

erence time, a 3-s pre-P window (noise) Step 6: A preliminary location based on the P

and a 3-s post-P window (signal) are de- readings is computed using the Hypoel-

fined. Then the signal-to-noise ratio is lipse code (Lahr 1979).

computed and analyzed to find the op- Step 7: If, considering location computed in step

timal band-pass filter frequencies (Fuin 6, the number of phases is greater than 5,

and Fpax). the azimuthal gap is lower than 280° and
Step 4: Criteria to define Fyin and Fpax and pick- the distance of the third station is lower

ing validation: Analyzing the S/N ratio, than 120 km, the computation of the

Fin 1s defined as the smallest frequency theoretical S arrival time is performed

between 1 and 8 Hz for which the S/N is using a simplified velocity model, and a

higher than a threshold value (fixed at 3.0 window of 4 s around it is selected.

after several tests; hereafter SN thresh- Step 8: The S picking is defined within the se-

old); in the same way, Fp.x is defined lected window using the APK algorithm,

as the greatest frequency between 9 and considering the unfiltered signal. For the
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3Crecordings, the S picking is performed
on each of the two horizontal compo-
nents separately and the S-pick value ob-
served on the recording with higher S/N
ratio (computed between 1 and 8 Hz) is
chosen as final pick.

Step 9: The final S pick is validated on the basis
of S/N ratio as for P pick; in particular,
for S-phase pick validation, the S/N ra-
tio is computed considering 3-s window
length pre- and post-S reading, the SN
threshold is fixed to 2.5, and if F; . can-
not be estimated (i.e., the S/N ratio keeps
lower than 2.5 between 1 and 8 Hz), the
S pick is rejected.

4.2 AIC picker

Following the work of Morita and Hamaguchi
(1984), based on that of Kitagawa and Akaike
(1978), and the more recent approaches proposed
by Sleeman and van Eck (1999) and mainly by
Kurz et al. (2005), an adapted automatic picker
based on the AIC is developed and tested. As
stated by Zhang et al. (2003), an autoregressive
AIC picker is accurate if the AIC s only applied to
a part of the signal which contains the onset. The
Hilbert transform is therefore used to prearrange
the onset:

+00

Hm:%/fwbu @)

—00

where H(¢) is the Hilbert transform of the real-
time dependent function R(¢), t denotes the time,
and the singularity at u =t is handled by taking
the Cauchy principle value of the integral. The
envelope time function E(¢) is calculated as:

E@® =+R®>+ H®>. (3)

The onset of seismic signal is determined by
calculating the AIC function directly from the
time series R(f) cut on the ground of the envelope
time function (Maeda 1985).

AIC () =t log (var (R (%, 1))+ (Tx—tx—1)

x log (var(Ry (1+, Tx))) 4)

@ Springer

where Ry indicates that only the chosen window
containing the onset is taken. 7T is the last sample
of the cut time series, # ranges through all sam-
ples of Ry, and var denotes the variance function
defined as:

1 al 2
var = ﬁ — (Rl— E)

(N is the length of the signal) (5)

Ry (a,b) means that the variance function is calcu-
lated taken all samples ranging from a to b.

The P- and S-phase arrival times are detected
selecting the minimum of the AIC function fol-
lowing a multistep procedure as following de-
scribed (Figs. 3 and 4):

Step 1: The signal related to the vertical com-
ponent is filtered by a band-pass filter
between 2.5 and 15 Hz and then the en-
velope time function (E(¢)) is computed.
The envelope is used to prearrange the
onset: Each envelope is squared and
normed, so that a constant threshold can
be applied to all signals. A threshold
value of 0.16 has been empirically cali-
brated for our data. A window of 20 s
before and 8 s after this point is then the
cutoff of the signal.

The AIC function is applied to the pre-
viously selected part of the signal (pre-
viously filtered between 2.5 and 15 Hz)
and the P arrival time is identified as the
minimum of AIC function.
Signal-to-noise analysis: same as step 3 of
the CF picker

Criteria to define Fpyj, and Fiyx and pick-
ing validation: same as step 4 of the CF
picker, except for the SN threshold val-
ues that is fixed to 6.5 after several tests
If the pick is not rejected, the steps 1
and 2 are applied again starting from
the signal filtered by a band-pass filter
between Fuin and Fi,x and recomputing
the envelope time function and the AIC
function.

Preliminary location: same as for the step
6 of the CF picker

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:



J Seismol (2010) 14:393-411

401

Step 7: Validation of the preliminary location:
same as for the step 7 of the CF picker

Step 8: The AIC function is applied to the se-
lected window containing the theoretical
S onset and the S arrival time is recog-
nized as the minimum of AIC function
(note that in the case of one-component
station, the AIC is applied to verti-
cal component; for three-component sta-
tion, the S picking is performed on each
of the two horizontal components sepa-
rately and the S-pick value observed on
the recording with higher S/N ratio is
chosen as final pick).

Step 9: S pick validation: same as for the step 9
of the CF picker

4.3 Hypoellipse-based and NonLinLoc-based
seismic location algorithms

Two location procedures applied to automatic
picked data are tested in this work: Hypoellipse
(Lahr 1979) and NonLinLoc (Lomax et al. 2000).
Since Hypoellipse is a traditional earthquake lo-
cation program routinely used by seismologists,
here we give only a short review and refer the
reader to Lahr (1979) for a more detailed descrip-
tion of this method. Briefly, the software Hypoel-
lipse is a computer program for determining the
hypocenters of local or near regional earthquakes.
Theoretical travel times are determined from hor-
izontally layered velocity structures (considering a
fixed V,/V; ratio, tuned for the area under study
to 1.68), and observed arrival times for the first
arrival of P and S waves are used in the solutions.
Each arrival may be weighted according to the
reading clarity (assigned by the automatic picking
procedure or by an operator), in order to take
more into account mainly good data. Besides the
reading weighting factor, the location algorithm
considers weight factors also related to the epi-
central distance to the station and the deviation
of its residual from the mean. The hypocenter
is found using Geiger’s method (Geiger 1912)
to minimize the RMS of the difference between
observed and predicted arrival times. In this work,
automatic seismic locations have been computed
by using the following Hypoellipse weighting set-
tings: the maximum distance (XNEAR) with as-

signed weight multiplied by 1.0 (full weight) is
50 km; the least distance (XFAR) with assigned
weight multiplied by 0.0 (zero weight) is 400 km.

The NonLinLoc software (Lomax et al. 2000)
uses efficient global sampling algorithm to obtain
an estimate of the posterior probability density
function (PDF) in 3D space for the hypocenter
location. The location PDF provides a complete
description of likely hypocenter locations and
includes comprehensive uncertainty information.
The location algorithm follows the probabilistic
formulation of inversion presented by Tarantola
and Vallette (1982), Moser et al. (1992), and
Wittlinger et al. (1993). This method makes avail-
able two different likelihood functions to build
the PDF. The first function is the standard ap-
proach of the least squares, L2 norm (LS-L2).
The second function is based on the equal dif-
ferential time (EDT) formulation of Font et al.
(2004) which is a generalization of the master sta-
tion method (Zhou 1994). These approaches are
extensions of the “method of hyperbolas” cited
by Milne (1986). The EDT-likelihood function
is proved to be more robust than LS-L2 in the
presence of outliers (with a residual greater than
its nominal error) in the data (Lomax 2005). With
both likelihood functions, the errors in the seismic
wave arrival times and in the forward problem
for the travel time calculation are assumed to
be Gaussian expressed by covariance matrices.
This assumption allows the direct analytic calcu-
lation of a maximum likelihood origin time for
the LS-L2 likelihood function, whereas the EDT
determination is inherently independent of any
origin time estimate. In this way, the 4D problem
of hypocenter location reduces to a 3D search
over latitude, longitude, and depth. This 3D
search could be performed in three different ways
(Lomax et al. 2000):

e Via a grid-search algorithm using successively
finer nested grids

e Via a Metropolis—Gibbs sampling algorithm
performing a directed random walk within a
spatial volume to obtain a set of samples that
follow the PDF

e Via an Oct-Tree Importance sampling al-
gorithm, which gives accurate, efficient, and
complete mapping of earthquake location
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PDFs in 3D space (Lomax and Curtis 2001).
This algorithm uses recursive subdivision and
sampling of rectangular cell in 3D space to
generate a cascade structure of sampled cells.
The density of sampled cells follows the PDF
values of the cell center, thus leading to a
higher density of cells in areas of higher PDF
(lower misfit).

The location uncertainties are often shown as
confidence volumes or confidence contours of ar-
bitrary shape if the complete PDF is available
(when obtained by the grid search algorithms) or
by density plot if the complete PDF in not avail-
able (when obtained by Metropolis—Gibbs and
Oct-Tree sampling algorithm). The final hypocen-
ter location is given by its maximum likelihood

(or minimum misfit) value or by the expectation
hypocenter location (Gaussian estimator; Lomax
et al. 2000; Lippitsch et al. 2005).

In this work, we locate automatically picked
earthquakes adopting, in the NonLinLoc code,
the EDT-likelihood function and the Oct-Tree
algorithm (Lomax and Curtis 2001), considering
3D velocity model for P waves with a fixed V,/V
ratio of 1.68. These program settings ensure the
most reliable results.

5 Results

A preliminary estimate of the accuracy of the in-
vestigated automatic location procedures may be
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Fig. 5 Multiplet analysis: crosses indicate the position of
the events as computed by Massa et al. (2006) and stars
and triangles indicate the locations derived from CF and
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derived from the analysis based on the five quarry
blast analysis. As shown in Fig. 2, all automatic
procedures lead to location (triangles and stars in
Fig. 2) with an average epicentral difference less
than 5 km with respect to the center of each quarry
(black crosses in Fig. 2). Only in one case, the CF
picker applied to both location schemes shown an
epicentral error greater than 5 km (but lower than
10 km). Regarding the depth, for all automatic
procedures, we can estimate an average error less
than 5 km.

Another preliminary test is performed consid-
ering the multiplet analysis proposed by Massa
et al. (2006). For these events, occurred in
Piedmont region, very accurate relative locations,
derived from a waveform similarity analysis, are
available and can be used as reference data for
testing the automatic location procedures. Among
the events considered by Massa et al. (2006), 14
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shows histograms and cumulative curves for P and S phase
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earthquakes have been picked out following the
same criteria used for selecting the reference data.
As shown in Fig. 5, all automatic procedures lead
to location (triangles and stars in Fig. 5) with an
average epicentral difference less than 10 km with
respect to the locations computed by Massa et al.
(2006) (black crosses in Fig. 5). The best results
have been obtained for the AIC picker applied to
both location schemes showing epicentral errors
lower than 5 km for about 80% of events. In this
text, we have just analyzed the difference encoun-
tered in terms of absolute coordinates; obviously,
the reference locations only, obtained applying
relative location method, lead to a sharp image of
seismicity that may be correlate to the seismoge-
netic structure studied in Massa et al. (2006).

A more complete discussion is also proposed
by considering the earthquake dataset. The com-
parison between automatic location schemes is

AIC - picker
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separately. The cumulative curves are computed from the
absolute value of Af (see the scale on the upper side of
histograms; note that the frequency percent are relative to
the range of Af values considered in the plots)
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Fig. 9 Same as Fig. 4 but
for the AIC-HYPO
dataset (Hypoellipse
scheme applied to
automatic readings
derived from AIC picker)
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and quality estimates for the two automatic pick-

ing procedures are summarized.

5.2 Step 2 (CF-HYPO, CF-NLLOC, AIC-HYPO,

and AIC-NLLOC datasets)

computed by using Hypoellipse code (Lahr 1979)
and the locations obtained applying the automatic
algorithms. The histograms of these differences
are shown in Figs. 7, 8, 9, and 10. Table 2 sum-

marizes the main results of the location analysis.
The results can be summarized as follows:

The automatic location reliability was evaluated

by analyzing the differences between the refer-
ence location of the selected 575 earthquakes,

Fig. 10 Same as Fig. 4
but for the AIC-NNLOC
dataset (NonLinLoc
scheme applied to
automatic readings
derived from AIC picker)

@ Springer

CF-HYPO results (automatic readings de-
rived from CF picker used in Hypoellipse

0 50 100 150 200 250 300 350 400
500 +4 - . . - - . 100
u 500
=1 £ 400
% 00 £ 300 [ 75
« 300 5 20048
2 P e i | - 50 32
@ 200 foaeenet® 10 20 30 0 50
o AH(km)
E 100 f 25
=
0 T T T T T T 0
100 150 200 250 300 350 400
I S i AH(km)
AIC-NNLOC dataset
|AZ|(km)
0 50 100 150 200
300 - : - 100
2 =300 b
3 =9 —J Sis0 L 75
@ 200 o
[ Z "3 =0 0 20 40 o
© 150 AZ{km) L 50 32
@ v
2 100
g - 25
2 50
0 T T : : 0
-200 -150  -100 -50 0 50 100 150 200
AZ(km)



J Seismol (2010) 14:393-411 407
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% c ;\;§ R age of earthquakes localized with an epicen-
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g CF-NLLOC results (automatic readings
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EE % % % % percentage of earthquakes localized with an
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= than 50 km is 4%.
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£18 with epicentral difference greater than 50 km
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i.;j = R quakes localized with an epicentral difference
Elg B8 less than 5 km is 70%.
3 g RIS AIC-NLLOC results (automatic readings de-
S|IEa3leles rived from AIC-picker used in NonLinLoc
ol i R e location scheme): The automatic algorithm
§ = allowed us to localize 574 events. The percent-
“E § age of earthquakes localized with an epicen-
g3 FERE tral difference less than 10 km is 88% and that
g E % ‘}".; % % with epicentral difference greater than 50 km
& ‘g._é et is 3%. Moreover, the percentage of earth-
? A VNI e S quakes localized with an epicentral difference
E less than 5 km is 70%.
= g
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5 E‘i § § % lg E for each dataset the average weighted root mean
8|5 9 R square (wrms) defined as follow:
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E o 8 Q C_D] the ith event and r.m.s.; is the root mean square
~ &= E o travel time residual of the ith event. The wrms is
= E E OO equal to 0.24 s for the reference dataset and equal
= OO0 << to 0.46, 0.35, 0.42, and 0.33 s for the CF-HYPO,
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Fig. 11 Distribution of automatically located events as a function of epicentral differences between manual and automatic

procedures for each analyzed datasets; different symbols indicate different epicentral difference range

Table 3 Relationship between azimuthal gap and location differences with respect to manual reference data for the four

automatic location datasets

Epicentral difference
<10 km

10 km < epicentral
difference <50 km

Epicentral diffterence
>50 km

CF-HYPO GAP < 180°
180° < GAP < 270°
GAP > 270°
GAP < 180°
180° < GAP < 270°
GAP > 270°
GAP < 180°
180° < GAP < 270°
GAP > 270°
GAP < 180°
180° < GAP < 270°
GAP > 270°

CF-NLLOC

AIC-HYPO

AIC-NLLOC

202
165
16
241
222
19
288
204
3
271
223
7

34
71
27
17
34
18
11
30

6

9
28
15

8
14
31

2

4
15

3
12
13

1

11
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CF-NLLOC, AIC-HYPO, and AIC-NLLOC,
respectively.

As shown in Fig. 11, the plot of the geographical
position of the automatic locations as a function of
epicentral difference with respect to the reference
locations evidences the different level of reliability
of the analysed procedures: As expected, for all
datasets, the most accurate automatic earthquake
locations are obtained in the areas with a better
station coverage (Fig. 1).

The relationship between azimuthal gap, de-
fined as the largest azimuthal separation in de-
grees between stations, for which at least one
automatic reading is available, as seen from the
epicenter, and the epicentral differences with
respect to the reference locations is shown in
Table 3. Except for CF-HYPO dataset, more than
80% of locations for which the azimuthal gap is
less than 270° shows epicentral differences lower
than 10 km.

6 Conclusions

In this paper, two automatic picking schemes
and two location methods are analyzed and
compared with the aim of selecting the most
suitable automatic procedure for locating seis-
mic events in southwestern Alps and northern
Apennine by using RSNI network. The reliability
of each automatic procedure is defined by com-
paring automatic readings and automatic location
coordinates with reference values derived from
manually revised data. It is worth noting that all
tuning parameter (such as filtering ranges, S/N
thresholds, AIC threshold, location weights, and
so on) adopted by the algorithms (both pickers
and location schemes) are carefully calibrated by
trial and error procedure applied to our reference
dataset in order to obtain the best results (i.e.,
automatic readings as much similar as possible to
manual ones and hypocentral coordinates as much
similar as possible to manual ones).

The main conclusions of this study can be
summarized as follows:

e Regarding P phases, the CF picker and the
AIC picker provide very similar results in
term of magnitude of travel time differences

with respect to manual picks (travel times
difference less than 0.5 s for more than 80%
data) even though the AIC picker leads to a
larger number of picks than CF picker (8,284
versus 7,127). Note that the small number of
picks with travel time differences greater than
£0.5 s is related to the quality of the picking
engines (STA/LTA detector or Akaike Infor-
mation Criterion) and to the pick validation
criteria included in the two procedures (steps
4 and 9)

Regarding S phase, on the contrary, the two
picking algorithms strongly differ: The AIC
picker provides larger number of picks than
CF picker (2,690 versus 691) with a lower
magnitude of travel time differences with re-
spect to manual picks; the number of auto-
matic picks with differences greater than 1 s
is reduced from 55% for CF picker data to
26% for AIC picker data. Although the use
of CF picker may be considered as proper
as AIC picker for automatic picking of P
phases, AIC picker is proved to be more suit-
able than CF picker for (rightly) recognising
S phases; therefore, the AIC picker provides
more information (readings) for, potentially,
computing more constrained and reliable lo-
cation than CF picker, mainly regarding the
definition of the focal depth

Using Hypoellipse scheme, the epicentral lo-
cations found starting from AIC picker read-
ings are more reliable that those derived from
CF picker showing a percentage of earth-
quakes located with epicentral difference less
than 5 km of 70% instead of 54%

The NonLinLoc location scheme leads to sim-
ilar results using both CF picker and AIC
picker (epicentral difference less than 5 km for
about 70% of data); therefore, the NonLinLoc
code seems to be less sensitive than Hypoel-
lipse in computing reliable locations even if
the number and the quality of available read-
ings is not optimal and mainly when reliable
S phases are lacking

Starting from the same automatic readings,
the number of events localized with epicen-
tral difference greater than 10 km is strongly
reduced when using the NonLinLoc loca-
tion scheme instead of Hypoellipse; when
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automatic picker provides few and/or unreli-
able data, the NonLinLoc code seems to be
more robust than Hypoellipse, seldom leading
to unreliable locations (i.e., epicentral differ-
ence greater than 10 km)

e For all automatic location procedures, the
number of not located events and events with
epicentral differences greater than 50 km is
very low (about 1% for all datasets). This
is strictly related to the presence of a very
limited number of wrong picks per event for
which the location schemes (both Hypoel-
lipse and NonLinLoc) succeeded in recognis-
ing outliers, almost always leading to reliable
hypocentral coordinates

e Regarding depth differences, the use of
Hypoellipse scheme coupled with AIC picker
provides the most reliable results (depth dif-
ference less than 5 km for 61% of locations
and greater than 10 km for 15% only); how-
ever, the NonLinLoc scheme is proved to be
more robust than Hypoellipse leading to reli-
able results even if the number and the quality
of S-phase picks is poor (e.g., depth difference
less than 10 km for 75% of events for CF-
NLLOC dataset)

e (Considering the wrms values, the best results
are obtained for the AIC-NLLOC procedure
whereas Hypoellipse scheme applied to au-
tomatic readings, derived from both CF and
AIC picker, leads to values almost equal to
twice the wrms of reference locations

It is worth noting that these conclusions are
strictly related to the characteristics of the ref-
erence seismic events, representative of the seis-
micity of the southwestern Alps and northern
Apennines and of the RSNI network geometry. In
this context, the most reliable automatic location
procedure suitable for locating seismic events by
the RSNI network is proved to be obtained by
using the AIC picker readings as input for the
NonLinLoc location scheme.
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