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This paper presenthe empirically based ground truttriteria, orshorterGT criteria, for
theestimation othe epicentralocation accuracy of theesmic events recorded at network stations
within 400 km aroundhecity of Zagreb The criteria are based only on the network coverage metrics
and the GT5 level represents an absolute location lerer than 5 kmThey havebeendeveloped
using a bootstrap resampling method: same earthquakeshban relocated many timbst with
different randomly séected seismic stations. We us22D reference events takisam the pages of
ISC (ISC Reference ¥ent Bulletin 2008)and showedhat the location accuracy is most affected
by the distance to the farthest statiorthie seismic network, while not at all influenced by the
distance to the neare3the developed GT criteria for Gdsxlevel of accuracy require 10 or more
network stations, all within 125 km from the epicentre, and the secondary azimuthal gap (the largest
gap when any given station is removed from the ne
metric (the deviation étween the optimal uniformly distributed network and the actual network)
less than 0.41IThe dotained resultsevealedhat the global criteria are toestrictiveand unsuitable
for the studiedarea sinceghey requre more regular netwogk With ourcriteria, it is possible to
achieve higher accuracy ftire networks with a bigger secondary azimuthal gagreatemetwork
quality metric. In additionour criterialimitations are showifor the areas witlsimplergeological
structure.
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1. Introduction

One of the most important task seismology is to determartheposition of any source
thatradiates seismic energy. Thgact hypocentral locations are necess$aryhe calculation
of seismichazard and the development @ 8eismm ¢ vel ocity model s in t
Almost allearthquake atalogies are produced by using iterative linear inversion scheands
1D seismic velocity modslto estimatehypocental locatiors and uncertainty parameters
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althoughthere ae efforts to develomonlinear inversion methodéSambridgeand Kennetg

2001 Kennett, 2006 and D models(LevshinandRitzwoller, 2003; Ritzwolleet al, 2003

Nicholson, 200% that could be sed in routine supplementatiai earthquakecatalogues
Usually, themain goal is to achieve catalagcompletenesto the lowest possiblmagnitude
andthe goal to mintainequal accuracyor all events is generallgverlooked.Therefore the
cataloguesnevitably contain a mixture of accuratgod and bad locatiorendthe datafrom

earthquakeatalogueshould be always used with cautidn fact, published bulletingrovide
hardly anyinformationabout the accucy of the hypocentral location.

The common practice cfeismic location accura@nalysisis to calculatethe formal
uncertainties(error ellipses, elapsed time amdreliaility of depth). According to Pavlis
(1986), hey are dominatelly three factorsmeasurement errors tfe seismicarrival times,
modelling errors ofthe calculated traveltimes and ndinearity of the earthquake location
problem.The majority of thelocationalgorithmsrely on one of the following twenethods to
determne uncertaintiesthe first, which is basedon the F-statistic, wherethe a posteriori
residual distributionis defined witha location confidence ellipsoievhich is estimated by
scaling the partial derivatives of traveltime with respect to the hypocentre coordfiates
1965);0r the secongwhich isbased on the? - statistic, where¢he a priori phase picking and
traveltime uncertaintiesare obtainedthrough the locatioralgorithm to produce a coverage
ellipsoid (Evernden1969). The correct calculation of formal agmtaintiesdemands the
following assumptiotiulfilled: Gaussiaruncorrelated error processeshwzero meanalthough
proved inpractice asion-viablefor most seismic locations. The most critical assumption is that
traveltimeprediction erors are unbiasediue totheuse ofa 1D model fortraveltimeprediction
in the D Earth which resuls in tendencyalong specific pathsCurrently the most popular
approabt to the evaluationof location uncertaintiess the useof the probabilistic Bayesian
formulation (Huserand Smith, 2004 Gesretet al, 2015). Its final solutionis the complete
posterior probability density functioof the eventocation andit essentially depends on the
accuracy otheused velocity model.

Thereforetheground truth criteria were introduced to specify the accuracy of epicentral
location only by network geometryhile the quality of phase pickingan be uneven and the
usedvelocity modeldoesnotneedtdb e o pt i methl.(200B)@amdi§ Bo n REM) et al
developed the GT4s criteria, whereX is thelocation accuracy ikilometreswith a confidence
level of C%, respectively, the exagiicentras within X km fromtheestimatedne. All events
recorded onheregional networks aréirectly approvedasthe GT20oxleveleventsB o n @t8 r
a.( 2004) aandMcBaoghlid 009)kxtended the criteria using tg@obal bulletin's
data, while Boomer et al. (2010, 2013) tested the existing global criteria against the reference
GTO explosions and demonstrated that the global criteria may be overly restrictihe for
relatively simple geological structures.

The aim @ this study wago determinghe GT criteria for the locahetwork within a
radius of 40(km around the citpf Zagrebin order to achievéhe GT5sslevel of accuracy for
epicentral locationsThe GT5 level represents an absolute location error Idigm 5 km. We
used the network coverageametric folocation accuracgvaluationwhich isdefined bythe
primary andthe secondaryazimuthal gapneasurement®lso, we researched the influerafe
eventnetwork distanceson the location accuracy The wsedresampling method ensurdige
independence dhelocations of the same earthquakiee to randomly selected netwsrkhe
studied area haarelatively complex structure, thuise resultingcriteriashould besimilar to
those obtained b o n e&t&l(2004, 2009).



2. GT criteria parameters

As previouslymentioned it is common to use network coveragetlas measure of
location accuracy. It is quantified ltye primary andhesecondary azimuthal g#pigs. 1a and
1b) defined as:

1 primary azimuthal gap the largest gap betweem e t w @vehtsiation azimutg

1 secondary azimuthal gaphelargest gap that results when any given statioensved
from the network.
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Figure 1. Example of: &) primary azimuthal gapbj secondary azimuthal gag) (feal and optimal network fq
the earthquake that happered 1 6. 2000 at 2 0:N2 9 1dh s phimary azimuthal gap §
80A and the secondary 160A, they are marked wi
possible positions of the optimal network stations are repted by blue lines. The network quality metric f
the real UmetOw®drS5k aind dUo=r0. t he opti mal o
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The primary azimuthal gap is directipked to the network geometry amdpreserga
guantitative measure of howell the epicentres surrounded byhe stations. Howeverthis
metric is sensitiveto readingerrors thus theuse of the secondary azimuthajap is more
standardly acceptedhe condary azimuthal gap ke more robust measure tife network
geometryasit reduceghe vulnerability tophasepicking and traveime prediction errors, and

implicitly invokesthe constrains on the primamzimuthal gap and the minimum number of
stations.

To provide the best azimuthal coverage for the event locatituitively, the stations
in a local network sbuld be uniformly distributed among thgimutts. The more the network
deviates from thisptimal geometry, the more prone it becomes to location uncertaifies.
network quality metrid nt r o d u ¢ e éndlcLaudghlin{20@Y iddefined as the mean

absolute deviatiobetweenthe optimal uniformly distributed network and the actoatwork
The metric is given by the expression:

vy B2 s 1

whereN is the number of stationgsazis theith evenito-station azimuthd ¢ "Q"@— for

i =1, .,Nandb = avg(esag - avg(unf). Eventto-station azimuths must be sorted by
increasing values. The network quality meisicormalized, thugdJ values range from O ta 1
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glJ = 0 when the stations are uniforndistributedandgdJ = 1 when all the stations are at the

same azimuth(Fig. 1c). The metric is sensitive to large azimuthal gaps and potentially
correlated stations.e. unbalanced networks with stations at similar azimualthough related

to the nomparametric Kolmogorodmirnov statistic,D (which represents the maximum
absolute deviati on b eltnatrieis detinedoas the nerinalizedbane i o n s
between the (best fitting) uniform network and the actual on

The location accuracy can be influendgdevenistation distance®.g.distances to the
nearest anthe farthest network station, number of used pha&sesTo locate the events, the
seismological surveys use either all phases recorded on the ssiatioos or just the first
arrivals, because of their higher accurddye cetermination of the $hase arrival time is more
difficult because of the larger siga@a-noise ratio (considering that the arrival of thev&ve is
during the Pwave coda antha it can be preceded by the converted phases) and it introduces
larger uncertainties (HusemdHardebeck, 2010).

3. Review of GT criteria

Earthquake location accuratys beerhe subject ofnumerous studieduring the last
decadesvith the purpose of increasinlge effectiveness ohuclear explosion monitoringnd
collectinghigh accuracy dataKennett and Engdahl (199®)ere thefirst who determinedhe
global location accuracgndfound an average error of 14 Kor adata set o104 events

Sweeney (1996)lefineddeference evendsand explored the option of choositigem
from the global bulletins,e.g.the International Seismological CentasnvardISC) and the
National Earthquake Information Center (NEIC). Reference eventeatbquakes and
explosions whoshkypocentrefiave high accuracy, better than 5 Krhe location accuradpr
these catalogues wasaluated a40i1 5 km, when the azi mut hal ga
|l east 50 phases are used. For teleseismic ne
(1998) found an accuracy of 15 km when using at least 50 phases.

Tablel. Global GT (Bon@r et al., 2004) and EBGT criteria for the Kaapvaal Craton (Boomer ¢
2010)

Number of stations within specified distance

Py/Pn Primary Secondary Between BP, < Py/Pn

Distance . . ) Minimal GT
Network A crossover azimuthal azimuthal crossover distance crossove distance  level
distance [km gap[A gap[4 and 100&km distance
Local  0i2.5 250 110 160 b 10 1betweer g5
30km
Near 2510 250 b 120 10 b b GT20o%
regional
Regional 2.5 20 250 b 120 b b b GT25%0%
Teleseismic 28191 b b 120 b b b GT250%
Kaapval " 1 betweer .
EBGT 0r 1.9 215 202 b b 10 70 km GT3o59%

Engdahlet al. (1998) provided a new catalogue, named EHB, using a newer global
velocity model ék139, the arrival times of later phases and special station traveltime
corrections. They relocated a data set of 1166 nuclear explosions and 83 eartlaquifioesd
an average error of 9NB.7 km for an azimuthal gap of less than 280



Boneétgah( 2001) introduced Ogr ouiXcpresentsthd 6 cat
epicentre location accuracy in kilometres). They described the event location gdouthe
Ground Truth data set assembled at the Centre for Monitoring Research (CMR). The events
that satisfied Sweeneyods (1998) <criteria wer
events required at | east Bzvewushati gap wit he
for stations within 5A distance.

In the development of the 2004 criteriB © n cet8al, 2004,see Tab1l), events from
regions with complex crustal structure were used and an average gléhal®ssover distance
of 250km was consideredJsing the bootstrap resampling methtitey relocated tw@&TO
events repeatedly duetttedensity ofthenetwork coverage in thecal distanceghere where
3 stationswithin 30km, and at least 40 stations within 2k® of each evenOn account ofhe
usedglobal crossover §P, distance of 250 knthe criteriamay not always be representative
of the local velocity structures and can lead to phase identification errors.

Bai et al. (2006) modifiedthe GTXcw classificationto REXGy, which represents a
reference error (thepicentrdies withinthe X km from the referencepicentrg¢. They showed
that the relative hypocentral error achieweRElgsy level, and the relative epicentral error
REO.5s%l f t he seismic network meets following r
within 100 km around thepicentreand ( 2) primary azi mut hal gap

Table 2GIl ob al GT (Bond8&8r & McLaughlin, 20009)
the Tibetan Plateau (Boomer et al., 2013)

Number of stations within specified distance
Network Between P, <Py/P,

Distance Py/P,crossover . X Minimal
Network A distance [km] quality crossover distance  crossover distance GT level
metric and 100km distance
Local  0i1.35 150 00.35 b 10 1 beween g
10 km
Ethiopia ;1 6/1.9 178/211 <0.43 b 8 b GT5os9
EBGT B : 5%
Tibet 0i 1.5 167 <0.45 b 8 1 between GT5gsy,
EBGT 65 km

Bond8&r and McLaughlin (2009) rgB.drostoveed t he
distance of 150 km. They relocated 47 GTO events and it turned out that the networks with
guality metrics lower than 0.35 meet the GT5 level (see. PabUnlike the epicentre
parameters, focal depth and origin time have a strong dependeroy osed velocity model
and cannot have the same accuracy degree as the epicentre location. The focal depth, for most
events, is known to within Bm with a low confidence level. For an acceptable depth resolution,
both criteria (2004 and 2009) require animum distance between the station and the event
location. However, it is important to note that the GT criteria are primarily used for epicentral
accuracy, not the hypocentral one.

Boomeret al.(2010) for the Kaapvaalr@ton in South Africa specifiethe criteria to
achieveanempirically based ground truth level EBGW&h 95% confidence. The conditions
are: (1)aneventshould be recorded at 8 or more stations within fié.lerossover distance of
215k m and (2) the primary azi mut hal angwemis mu st
recorced at 9 or more stations where adsewithin 79km from theepicentre focal depth
accuracy is &km with 95% confidence. Similarly, &nevent is recorded at €ations,focal



depth accuracy isldm. Using the new criterigTab.1) they have identified 10 new GT5 events
which had previously failetherestrictive criteria from 2004 or 2009.

Also, Boomeret al.(2013) determinethe EBGT criteria for the Main Ethiopian Rift
and theTibetan Plateau (Tal2). In a region ofthe Main Ethiopian Rift, an went must be
recordedat at least 8 stati®within the local i/P, crossover distance aride network must
haveaquality metric less than 0.43 to be classified as EBGT5 with 95% confidemee@iteria
for the TibetarPlateau arsimilar, albhough slightly less restrictivéhe quality metric must be
less than 0.45. They identified 34 n@&W'5 events in Ethiopia ar¥ in Tibet.

The IASPEL catalogueof referenceGT events(ISC Reference Event Bulletin, 2008)
consistsof: nuclear explosions with GTB levels (Bennetet al, 2010); chemical explosions
and explosions caused by mines with &I0 | e v e | &t al (280d)naddgearthquakes with
GT5 | ev e letsal.,2083pBnodn &gl McLaughlin, 2009; reguldy updating fromthe
ISC bulletin) There is otal of 8816 events.

4. Data and methods

For the evaluation ofthe GT criteria, we studied 'gh(—;- local netwomrkithin a radiusof
400km around theityofZa gr e b N( 4 % 558 Wduke®B30 reference events from the
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Figure 2. Map shows the locations of used reference events (the colour of the dot depends on the
the event) and seismic stations (white triangles).

il nternational Association of Seismology and Physics
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IASPEIGT catalogugISC Reference Event Bulletin, 200@)wnloaded from the pages of the
International Seismological Center. They héaeen recorded &15 seismic stations-(g. 2),
each at more than 10 statiorthe period from January 1989July 2012.Almost all of events
had depth smaller than &&n, and 29 of the used events were explosions that happened near
the ground along the seismic pro§ii@ the Hungary Also, therewere nine earthquakes with
the magnitude larger than 5, and the strongest one with a magnitude of 5.6 occu2ed on
Septembel 997 near the tN,wnl B iv8téniglrtaly. ( 43 . 02 A

We used the bootstrap resampling method, which estigatesalized errors based on
resampling with a completely random selection of samples. To ensure independent samples,
the easiest approach is to use sampling with replacement, especially when there is large number
of possible elementse(g. arrival times),thus a large number of realisations can be easily
achieved. The method is quick and easy with no assumptions on the model type and does not
rely on asymptotic results. The Rather arbitrary choice of 10 stations is typical for dense local
networks. A requedor a larger number of stations would eliminate too many small networks,
because networks with fewer stations can not satisfy the constraints on the azimuthal gap to
achieve GT5 levels of accuradilhen data from regional networks are used to deterrhe t
GT level, there is often the problem of a small number of stations. Soméfienegents that
should be included in GT catalogues do not pass the global criteria due to their network
geometry or the limited number of stations, although perhaps thairdos are accurate within
5 km.

In this paper, for each of 330 reference events, we made 100-Karterealisations.
In every realisation, the event was relocated with 10 randomly chosen different stations that
recorded the event. There were not amiyditions on the number and type of used phases. We
made a total of 3800 realisations. For each of them, we calculated the primary and secondary
azimuthal gap, the distance to the nearest and farthest station and the network quality metric
(by eq. 1).Events were located with the program HYPOSEARCH (Herak, 1989). Reference
events have locations with high accuracy, thus locating errors were calculated as differences
between those locations and locations determined in each realisation.

5. Results and dscussion
5.1.Dependencyf epicentral mislocation on the GT criteria parameters

The2D histograms o$cattereepicentraimislocatiorversusmentionecbarameterare
shown onFig. 3. We can see thathe mislocation error increases withlarger primary or
secondary azimuthal gaipe. there isa greater error range, which wagected. Networks with
large azimuthal gaps are biased in tloeating of the epicentral positioras they havea
tendency to "pull" locations tthemselvesThe aror range increases for networks witre
primary azimuthal gap larger than ¥50r with the secondaryone larger than 224
Mislocaions areupto 10 km for networks with a smallgiap while for those with biggegaps
they marginup to 30 km.There is asmaller range of secondary azimuthal gaps A2260)
within which errorgeach larger valugsherangeof primary gaps is from 130 3609, which
provesthe premise thathe secondary azimuthal gap tise more robust measure of network
geometry. Also, we can see thathe eventnearest station distana#oes no affect the
mislocation rangédi.e. it remainspractically the saméor all distancesandthat most of the
used network haveone statiorwithin 30 km. Furthermorethemislocation error increases with
largereventfarthest statiowlistancg> 300km) or with alarger network quality metri¢c>0.4).
On all histogramghe errorgnostlydo not exceed.0 km.



5.2.GT criteria

With results from bootstrapping, we made empirical cumulative distribution plots of
mislocatiorerrors thaprovided datébased probability distributions. Ninefith percentile can
be obtained to form a ormded 95% confidence interval for the trg@centrelocation. The
correct interpretation of confidence intervals (asymptotic or empirical) is that 95% lof suc
intervals contairthe exact location, and 5% dot. We found out that the biggest influence on
epicentral accuradg thedistance to the farthest netwatation,i.e. theempirical cumulative
distribution has the fastest growth, athe influence ofthe distance to the nearesetwork
stationis negligible.Limiing or necessarythe maximum distancéor all network stationss
125 km.We estimatedit by trialanderror to reach 95% confidence, whifor the greater
distances was ngossible. According to the work of Di Stefaabal.(2006) thelocal Py/Pn
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Figure 3. 2D histogram of epicentral mislocatiorrsus: (a) primary azimuthal gap; (b) secondary azimutt
gap; (c) evenhearest station distance; (d) evéarthest station distance and (e) network quality metric
obtained with 100 Mont€arlo realisations for all phases recorded at 10 station nefwork
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crossover distander Italy is 130km, while for our ared is estimatedoetween 100 and 150
k m ( Betgl¢2R07). Thedistance of 12%m is evidentlyalmost equal to the loc&y/P,
crossover distance for thégea, which was expecteahdit represents valuable metric to avoid
lateral heterogeneity.

To achievean accuracy of &m with 95% confidence, numerous variationstio#
criteriawere made and the best was cho3érerefore, it is possible to use eittiee primary
or secondary azimuthal gap tire network quality metric, buthe network must be within
125km.

Finally, thedeveloped GT criteria fadhe studiechreaare adollows:

§  primary azimuthal gap £¥70Aor
f secondary azimuthal ga?@0Aor
1 network quality metric €.41

for networks with stations within the loday/P. crossover distance of 1Xm.

Figure 4. The cumulative percentile of mislocations fa) {fwo criteriadeveloped by this study (the blue line
represents restriction on the secondary azimuthal gap, the green one on network quality rhethsit(dy
(green 1 ine) ver sandMcltahghlin, 009. (blaerlinep AllvealizaBansvdtioutyause of
criteria are shown with a red line.

The empirical cumulative distributioof mislocations with the resulting criteria ftire
GT5os%level of accuracys shown orFig. 4a. Without any criteria, the determind location
accuracy i km with 70% 9 km with 90% and 12 km with 95%anfidence. Howeveryith
the use of any criterion, it is possibleachieveanaccuacy of 4 km with 90%and 5 km with
95% confidence which is a great accuracy improvement with not so restrictive criteria. We
recommendheuse ofa criterion forthe secondaryinstead of primarazimuthal gapsinceit
is themore robust network coverage measure.

Furthermorethe whole proceduneas performedwo times. Inthefirst casgthe events
were relocated with the first recordedivalsof bothP and S wawg and inthe secondvith
the first arrivals ofonly P wavesActually, both cases presentadigger dispersion for all
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