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Abstract

Tripoli Seismic Array, Greece, performance in terms of event location is restricted
by its very small aperture and limited number of sensors. Detailed investigation of
errors in automatic location results suggests structural and local geology effects. In
order to investigate the possibility to correct for systematic errors automatically,
mislocation vectors were calculated for an extended data-set. Theoretical values
were calculated based on earthquake catalogues compiled by the National Observa-
tory of Athens and the ISC. Resulting mislocation vectors are characterized by sig-
nificant vector length, consistent with the large observed backazimuth and slowness
residuals, the smaller values being met in the area NE of the array and for epicen-
tral distance values less than 200 km. As expected, resulting corrections mostly con-
cern backazimuth values and are not able to sufficiently affect the final epicentre so-
lution, as the largest automatic algorithm errors are observed in epicentral distance
determination. However, the possibility to automatically correct for systematic de-
viations is verified, and future research with an extended array configuration is ex-
pected to provide clearer results, due to significantly lower scatter.

Key words: automatic algorithm, slowness vector, correction, dipping layer.

MepiAnyn

H amoteleouanikétnra e Zetourng Aigralne Tpimdlews (TRISAR) otov mpoadiopi-
OUO TV ETTIAKOV TOPOUETPOV TWV TEICUDV TEPLOPICETOL OTO TO UIKPO GVOTTUYHO
Kot ap1Bud aieOntipav ovtig. H AeTtopephs avaivon twv opaiidtmy 6Tov avTouaTo
TPOCOIOPIoNUS ETKEVIPWY ONUIOVPYE] DTOVOIES VIO ETIOPGOEIS THS OOUNS TOV PAOIOD
Kol TG TOmIKAG yewloyiag. o tn digpedvnon e SvvatotyTas avtépuatns 016pwong
TV  ATOTEAETUATOWV TOL aVOOUATOS PpoadiTnTag, vmoloyiotnkay to ovdouato
0i6pBaans yia Eva extetauévo deiyua dedouévav. Or Bewpntikés Tinés mpoadiopiotn-
kav fdoel twv oeiouikdv katoddywyv tov EQvikod Aotepookomeiov AOnvav kar tov
Migbvoie Zeiouoloyikod Kévipov (ISC). Ta avoouota diopbwaong, mov mpoékvyay,
EYOVY OHULOVTIKO UNKOG, TOUPMVO UE TO. [LEYGAO OCPAAUATO. TOD TOPATHPODVIAL YIG TO
alovbio kar t fpaditnra. O pikpotepes Tués diamiatmvovtar BA thg didrolng, yio
EMIKEVIPIKES OTOOTAOELS LiKkpotepes Twv 200 km. Ormwg eivar avauevouevo, oi
010pOcdaeIc apopody kupiws oto aliuovdio kai Jev ival OPKETES OTTE VO ETNPECTOVY
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™V TeAIKH AD0Y, O00UEVOD OTI TO. UEYAADTEPD. OPOAUATA TOV OWTOUATOD OAYOPIBLLOD
APOPOLY OTOV TPOTOLOPIOUO THG ETIKEVIPIKNG amdotaons. Qotooo, kabiotator oaphs
n dvvarotnra avtduatng didplwans tov aviouarog PpadiTnrag, avougvetar o pia
Peltiwuévn yewpetpia e oetoukis oiaralng va dwoer modd kaddtepa amotedéouara,
Kvpiwg A0yw s pelwuévng dioomopdg, mov Bo emitvyyaver.

Aéerg KAewdid: avtoparog oAyopiBuog, dvvoua Ppoadvtnrag, diopbwon, kexAyuevy
aovvéyela.

1. Introduction

The Tripoli Seismic Array (TRISAR) was installed by the Seismological Laboratory of the
University of Athens in the vicinity of the town of Tripoli, central Peloponnese, Greece, on July 16,
2003. It is a 4 element, small-aperture array of experimental character, aiming to assess array
performance in terms of seismicity monitoring and earthquake location in the area of Greece.
Three short-period sensors are situated at the peaks of an almost equilateral triangle with a
maximum side length of approximately 250 m (Fig. 1). A broadband station, serving as reference
element, is situated in the middle of this deployment (Pirli ef al. 2004). All array elements are
equipped with 3-component instruments and are installed on a plane area without elevation
differences.
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Figure 1 — Tripoli Seismic Array (TRISAR) location and configuration

Current TRISAR configuration does not support real-time data processing, so array data undergo a
real-time processing simulation using the DP, EP and RONAPP algorithms (Fyen 1987, 1989,
Mykkeltveit and Bungum 1984) developed at NORSAR. Automatic processing involves detection
of seismic phases within array records (DP — Detector Processor), slowness vector estimation for
each phase (EP — Event Processor), and individual phase grouping into seismic events (RONAPP
— Regional ON-line Array Processing Package), which are then located using the TTAZLOC
algorithm (Bratt and Bache 1988). Automatic algorithm results are reviewed by an analyst.
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TRISAR restricted aperture and small number of sensors result in poor array resolution in terms of
slowness and backazimuth estimation, consistent with the rather wide main-lobe of the transfer
function for frequencies lower than 15 Hz (Pirli et al. 2004, Pirli 2005). Slowness distribution is
characterised by very large scatter, introducing significant uncertainties in seismic phase
discrimination. Backazimuth exhibits large standard deviation values, especially for epicentral
distances larger than 180 km, due to very limited array aperture. Optimum epicentral distance
range for TRISAR is between 40 and 180 km, slowness vector determinations being also validated
by high spatial coherence levels (Pirli 2005).

Afore mentioned restrictions have a drastic effect on automatic algorithm performance. Indeed,
even though automatic detector performs very satisfactorily, detecting 98% of the recorded
seismicity, only a small number of the detected phases are eventually grouped into locatable events.
Moreover, a significant percentage of the automatically located events are characterised by large
deviations compared to true locations (Fig. 2). This is the effect of frequent phase
misidentifications and wrong groupings, due to poor slowness resolution (Pirli 2005, Pirlis 2006).

In order to investigate further the distribution, size and origin of backazimuth and slowness
uncertainties, mean mislocation vectors are calculated for the Tripoli Seismic Array for the
automatically processed data (Schweitzer 1994, 2001). Mislocation vector estimation results are
then introduced into the automatic processing procedure, so that appropriate backazimuth and
slowness corrections are applied to each determined slowness vector. Corrected results are then
evaluated to assess the overall automatic correction process and its contribution to earthquake
location results improvement. Finally, an interpretation of backazimuth and slowness residual
distribution is attempted.

Figure 2 — Automatic algorithm epicentre location for TRISAR data within the time
intervals July — August 2003, October 2003 — May 2004 and December 2004 — January 2005
(left). Seismicity in the broader area of Greece for the same time intervals located by NOA
and ISC (right). TRISAR location is noted by a black, inverted triangle

2. Methodology and Data

Scatter in slowness vector determination by small-aperture arrays is usually significant and should
be attributed to their restricted resolution. An additional contributor is automatic calculation of
slowness parameters, as it has been observed that scatter is less for manually processed onsets.
However, despite the large scatter, systematic slowness deviations have been observed at small
aperture arrays (Schweitzer 1992, 2001, Harjes ef al. 1994).
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The primary aim of this research being to investigate possible systematic deviations and scatter in
slowness vector estimation for TRISAR, mislocation vectors are calculated with respect to the
‘observed’ values (correction vectors). Owing to the large scatter characterising single
observations, mean vectors are used. To achieve this, slowness-azimuth space is divided into bins,
each one of them being assigned a minimum of 3 observations, in order to ascertain the validity of

A

the results. Such a vector, Soc , would point from one bin of observations SO to the most likely

‘true’ theoretical slowness $7, the mean correction vector for the j-th bin being the mean value of
n slowness deviations in this bin (Schweitzer 2001):

Equation 1 - Formula for Correction Vectors

n e e
it Z(so,. ~31,)
soc=H———.

n
Information contained in these vectors can be used to correct systematic slowness deviations and
reduce scatter in the data, as attempted for the TRISAR data-set used in this research. Thereby, the
automatic location process was eventually repeated, allowing for correction of backazimuth and
slowness values.

In order to obtain information regarding the ‘theoretical’ slowness vector, a list of reference events
needs to be compiled. Pairs of reference events and corresponding TRISAR onsets are identified,
and epicentral distance, backazimuth, seismic phases’ onset-times and expected slowness are de-
termined for the reference list with respect to TRISAR. Both P- and S-wave phases are used. To
obtain theoretical values, an appropriate velocity model for the broader area of Greece is used
(Pirli 2005).

TRISAR data used for the calculation of mean mislocation vectors cover the following time
intervals:

e July 26, 2003 to August 16, 2003.
® October 30, 2003 to May 19, 2004.

® December 11, 2004 to January 31, 2005.

In between the array was not in operation, as one or more elements had been experiencing
technical problems, their very restricted number making it impossible to use the remaining ones
for slowness vector determination.

Array data were converted to CSS3.0 database format (Anderson et al. 1990) in order to be
compatible with the DP, EP and RONAPP automatic detection, processing and location algorithms.
An STA/LTA detector run through the data, providing detections for single phases, each one of
them being processed so, that the slowness vector was calculated using broadband f-k analysis
(Kvzerna and Doornbos 1986, Kvarna and Ringdal 1986). Then, single phases were grouped into
events and located using the TTAZLOC algorithm, providing epicentre coordinates and local
magnitude values. Event Processor generated lists containing slowness vector results were used to
calculate the mean mislocation vectors.

To achieve this, as already mentioned, a list of reference events had to be used. In the case of the
Tripoli Seismic Array which is mainly targeting seismicity in the area of Greece, National
Observatory of Athens (www.gein.noa.gr) catalogues were used for the corresponding time
intervals. In order to receive information for a wider slowness value range, the reference list was
enriched with events of magnitude larger than 5.0 listed in the ISC Bulletin (ISC 2006). Thus, a
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reference event list containing more than 10000 entries was compiled, double entries being
carefully eliminated.

To link a reference event to an event automatically detected by TRISAR, some limitations need to
be applied. Thus, the onset-time residual accepts values between -10 and 10 sec, while the
slowness vector residual length should not exceed a value of 10 sec/°. Once mislocation vectors
are calculated, more rules need to be taken into consideration to select a number of acceptable
vectors from the whole population. For this task, the onset-time residual is set to 4.0 sec for P- and
8.0 sec for S-wave phases, and maximum acceptable slowness vector length is set to 10.0 sec/® for
P- and 15.0 sec/® for S-wave phases.

3. Discussion

According to the parameter settings discussed in the previous section, 252 mean mislocation
vectors have been computed, the mean vector length being equal to 5.04 sec/°. Mean slowness
residual is equal to 0.93 sec/° with a standard deviation of 4.49 sec/®. Residual and standard
deviation values for backazimuth are -6.5° and 35.5° respectively. Overall scatter for slowness and
backazimuth is equal to 4.56 sec/®° and 36.1°, while the overall length of the mean mislocation
vector equals 6.37 sec/°.

MEAN MISLOCATION VECTORS FOR TRISAR
N

Figure 3 — Mean mislocation vectors for the Tripoli Seismic Array. Black circles denote the
‘theoretical’ value. The thick, black line at 20.0 sec/® is the slowness limit between P- and S-
wave phases
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The mean mislocation vectors for TRISAR, calculated for at least 3 observations, are plotted in
Figure 3, where the ‘theoretical’ value is denoted by a black circle. Since both P- and S-wave
phases have been used, a thick black line (20 sec/°) is used to separate theoretical slowness value
for the two different phase groups.

Most of the calculated vectors are characterised by significant length, the lower values being
observed at the area NE of the array, where in general TRISAR exhibits better performance (Pirli
2005, Pirlis 2006). It is difficult to discern any systematic trends either in slowness or backazimuth
residual, however some more general features can be observed. Between 300° and 360°
backazimuth residuals are positive, the observed value being larger than the ‘theoretical’. Residual
sign changes between 0° and 45°, whereas it is difficult to draw any conclusion for backazimuth
values between 45° and 150°. Between 150° and 300° available data is too poor to provide any
possibility of valid observation. As far as slowness residual is concerned, most values for
local/regional events are positive in contrast to small slowness values that may represent phases of
far-regional or teleseismic events.

A more detailed image of the backazimuth and slowness residual distribution for the data-set used
to calculate the mislocation vectors for TRISAR can be obtained from Figures 4 and 5. Figure 4
provides the distribution of backazimuth residual versus ‘true’ backazimuth for Pn, Pg, Sn and Sg
phases, while Figure 5 provides the distribution of slowness residual versus ‘true” backazimuth for
the same phases.
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Figure 4 — Backazimuth residual distribution for Pg, Pn, Sg and Sn phases of the reference
events used for mislocation vectors calculation

The large backazimuth and slowness residuals observed in Figures 4 and 5 are consistent with the
large mislocation vectors length reported previously. Backazimuth residual for Pg phases is clearly
lower than for Pn phases, whereas for corresponding S-wave phases used, data are too scarce to
provide substantial conclusions. No similar observation can be made for the slowness residual,
whose distribution is in general much more diffuse than the one for backazimuth. Such a
phenomenon was expected and may be attributed to the large scatter in slowness for an array of
such restricted aperture as TRISAR.

Consistent to the image obtained from Figure 3 is also the change in residual sign observed both
for slowness and backazimuth, although the general trend is much more pronounced for
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backazimuth. The shift in residual sign takes place around backazimuth value 0° and 180°, both for
Pg and Pn phases for backazimuth. Regarding slowness, this shift seems to be taking place for
slightly different values, 50° and 230°, although the large scatter prevents accurate conclusions.
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Figure 5 — Slowness residual distribution for Pg, Pn, Sg and Sn phases of the reference events
used for mislocation vectors calculation

Several researchers have linked such backazimuth residual sign shifts to the effect of dipping
structure underneath or in the vicinity of the recording network or array (e.g. Niazi 1966, Lin and
Roecker 1996). According to Niazi (1966), the distribution of the residual and in particular the
zero crossings can provide information regarding the geometry of this dipping layer. Thus, strike is
determined as the midpoint between the two zero crossings and direction of dip corresponds to the
zero crossing value, that if read clockwise, is the transition point from negative to positive
backazimuth residual values. A rough estimate of accuracy can be expressed as the backazimuth
value range for which residuals are observed both in the negative and positive value space. It is
evident that with the available data within the present study, it is exceedingly difficult to obtain a
valid indication of the geometry of the dipping structure affecting TRISAR data. The clearest
image is that obtained for Pg phase data, which is anyhow characterised of uncertainty in the
observation in the order of 50°. If we were however to attempt a quantitative approach, this would
suggest a dipping layer of general E-W strike, dipping towards the South.

From extensive geophysical investigations conducted in the area where TRISAR is situated
(Alexopoulos 1998), a sedimentary layer of approximately 100 m thickness is overlaying the
alpine basement. Array stations are installed on this layer, which in this point has a thickness of 95
m. Such sedimentary layers have been reported to affect slowness vector estimation (e.g. Krtiger
and Weber 1992). However, no clear image exists at this point of the precise geometry of this layer.
Moreover, previous research on overall TRISAR performance (Pirli 2005, Pirlis 2006) has
indicated that there is an obvious deviation in array performance between the area East and West
of TRISAR, the latter case being characterised by inferior quality results and system performance.
Such an observation seems to be coinciding well with the general geological regime in the
Peloponnese. The Tripoli plateau where the array is located is almost in the middle of the area (Fig.
6), in a region where a transition is observed from a more complex regime in the West to a simpler
situation in the East (Mariolakos er al. 1985). Indeed, the western part of the Peloponnese is
dominated by large-scale horst and graben systems of E-W and NNW-SSE direction, and highly
seismic active faults, alpine strata formations appearing multiply folded. Eastern Peloponnese
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exhibits mostly inactive to moderatively active faulting of NW-SE direction and alpine formations
that have suffered only one phase of tectonism, at Eocene — Early Miocene. However, before any
valid interpretation can be attempted for the observed residuals, more data should be included in
the data-set, while the most interesting aspect would be re-estimation of the mislocation vectors for
an enhanced TRISAR configuration, involving both aperture and number of sensors extension.
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Figure 6 — Neotectonic map of the Peloponnese and the southern part of Greek mainland
(Mariolakos et al. 1985)

As already mentioned, determined mislocation vectors were used to correct the automatic system
results. Figure 7 provides a map of backazimuth residual spatial distribution before (version 1.0)
and after the applied corrections (version 2.0).

In general, no significant changes can be observed for the backazimuth residual before and after
the corrections were applied. A few occasional ‘highs’ can be observed in the corrected version,
but these are restricted in large epicentral distances from TRISAR. The only area for which an
enhancement is obvious is the region containing broader Attica, Evia Island and Northern
Sporades Islands, indicated with a black ellipse in the lower part of Figure 7. It is interesting to
point out that this is the area where TRISAR exhibits its optimum performance in slowness vector
estimation and event location determination, both for automatic and manual data processing (Pirli
2005, Pirlis 2006).

In order to investigate the effect of the automatic correction procedure on epicentral distance
estimation, a chart exhibiting the distribution of the epicentral distance residual against
‘theoretical’ distance values is presented in Figure 8. Two distributions are presented; one for the
initial results (version 1.0) and one for the results after the application of calculated corrections
(version 2.0). Epicentral distance values according to the solutions ptovided by NOA
(http://www.gein.noa.gr) are used as theoretical or ‘true’ values.
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Figure 7 — Spatial distribution of backazimuth residual according to NOA locations for
initial (top) and corrected (bottom) automatic algorithm results. A sub-set of common events
between the two solutions is used. Residual bars are scaled from 0° to 360°, dark colour
representing positive residual values and light colour negative values. The black ellipse
denotes the area with the largest enhancement observed after automatic results correction

As expected, epicentral distance residual is increasing with distance. However, the image obtained
from Figure 8, suggests no actual difference in residual distribution prior to and after the automatic
correction was applied. The only case where a slight deviation can be observed is indicated on
Figure 8 by a black ellipse, close to the distance value of 200 km. Indeed, this is the upper distance
value limit for which the Tripoli array exhibits optimum performance. This slight enhancement is
presumably related to corresponding improvement in backazimuth determination.

Assessing together the observations derived from backazimuth and epicentral distance residual
analysis, it is quite obvious that no substantial improvements to the total of the calculated epicentre
solutions can be expected. This also infers that there are only minor changes to analysed seismicity
spatial distribution, compared to initial locations.
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Figure 8 — Epicentral distance residual distribution for the initial (version 1.0) and corrected
(version 2.0) automatic locations, according to the epicentral distance values corresponding
to NOA epicentre solutions (‘true’ values). The black ellipse denotes the area of most
significant observed enhancement.

4. Conclusions

Mean mislocation vectors were calculated for the Tripoli Seismic Array, using a data-set of
earthquakes from the broader area of Greece. Resulting vectors are characterised by large length,
verifying the large slowness and backazimuth residuals expected for an array of such restricted
aperture and number of sensors as TRISAR. Both backazimuth and slowness residual exhibit the
same general trends for the most common body-wave phases analysed by TRISAR. An even more
extended data-set is expected to provide even better information on particular phase ‘behaviour’.

Although intense scatter does not permit solid conclusions regarding the nature of observed
deviations or on the existence of systematic anomalies, some implications regarding structural
effects on backazimuth and slowness distribution are suggested. The overall residual distribution
can be attributed to more than one cause, however some possible contributing factors, apart from
array design and configuration, are the local geological conditions in the vicinity of the array,
especially dipping layers.

Automatic correction of the results was attempted, using the information provided by the mean
correction vectors calculation. In the present staté, this procedure provided poor results, no actual
improvement in the final epicentre solutions being observed for the vast majority of the data-set.
This however has to be attributed to persisting phase misidentifications and wrong groupings made
by the automatic algorithm, owing to the very poor slowness resolution of the array in its present
configuration. Scheduled improvements in TRISAR configuration are expected to alter drastically
its capabilities and thereby the obtained image. A similar study with the new configuration should
prove very interesting in terms of verifying or disproving the interpretation of residual analysis
attempted within this study.

Even under the present conditions, with only poor results obtained, the advantages and
possibilities of the automatic correction procedure for the calibration of such a small-aperture array
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are obvious. The significance of this process is even greater under the assumption of real-time
seismicity monitoring, as it can increase the validity of real- or near real-time epicentre
information.
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