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Abstract Accounting for improvements in the location algorithms used to relocate seismic events, we
investigate the criteria used to identify well constrained seismic event locations, particularly seismic Ground
Truth events. By relocating explosions with known epicentres using modern location techniques, we have
determined that the parameter measuring unbalanced station distributions, ΔU, can be replaced by a more
general measure of azimuthal station coverage defined as the Cyclic Polygon Quotient. This is the ratio of the
area of a cyclic polygon formed by connecting event to station azimuths on a unitary circle, and the area of
the unitary circle. We demonstrate that the semi-major axis of the error ellipse after relocation is a strong
discriminant of location quality. We show that hypocentre depth can be resolved where multiple seismic sta-
tions report both P & S phase arrivals, providing an alternative to the previous Ground Truth identification
criteria, which requires a station within 10 km of the event. These findings are incorporated into an updated
set of criteria for identifying well constrained seismic event locations. We show that the updated criteria in-
creases both the number and geographic distribution of Ground Truth events that can be added to the IASPEI
Reference Events List.

1 Introduction

Seismic events with well constrained locations and ori-
gin times, referred to as “Ground Truth” (GT) events,
are an important resource allowing seismologists to
test and validate new techniques relating to seismic
event locations, such as location algorithms and veloc-
ity models (e.g. Begnaud et al., 2020). As we demon-
strate in this study GT events are of particular use for
calibrating the absolute event locations (e.g. Belinić and
Markušić, 2017) and additionally GT events can be used
as the seed locations for multi-event relocation tech-
niques (e.g. Bergman et al., 2022; Bondár et al., 2023).
GT events can be defined in many ways: by explo-

sions or other anthropogenic events, where the location
and timing of the event is known or well documented
by nearby observations (e.g. Bennett et al., 2010; Bit-
tner et al., 2022); seismic events that are well located
by a dense and well distributed near-field seismic net-
work (e.g. Boomer et al., 2010; Bondár andMcLaughlin,
2009); seismic events well located by amulti-event loca-
tion technique (e.g. Bondár et al., 2008; Bergman et al.,
2022). Additionally, there are less established methods
of obtaining GT events including using ambient seismic
noise (e.g. Zeng et al., 2014) and InSAR (e.g. Zhu et al.,
2021). In this study we are concerned with the second
of these cases, where GT events are well located earth-
quakes defined by single event GT criteria. Single Event
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GTevents (referred tohere after simply asGTevents) are
defined as events that have an acceptable station distri-
bution, i.e. there are plentiful well distributed stations
within 150 kmof the proposed GTevent, contributing to
defining the event origin, with a well-defined hypocen-
tre and a relatively small error ellipse after relocation.
The criteria currently used to identify GT5 events

(ground truth events where the epicentre is known
to within 5 km accuracy), described by Bondár and
McLaughlin (2009), requires at least one station within
10 kmof the candidate GTevent, amaximumsecondary
gap (defined as the largest azimuthal gap in the station
coverage if one station is removed) of 160° and aΔU (net-
work quality metric, describing station distribution as
proposed by Bondár andMcLaughlin (2009) of less than
or equal to 0.35 (See Table 1). Identification and certi-
fication of GT events occurs in two parts, GT candidate
events are identified with the above criteria after which
the event is relocated using only stations within 150 km
(1.36°) of the event. The location output is certified as
a GT5 event if the semi-major axis of the error ellipse
(henceforth called semi-major axis) is less than 5km,
the earthquake depth has not been fixed to a set value
and the candidate criteria remain met.
Many potential GT candidate events fail tomeet these

criteria, significantly limiting the geographic distribu-
tion of GT events. We investigate the GT criteria with
the intention of increasing the geographic distribution
ofGTevents and evaluating the applicability of the crite-
ria given the advances in earthquake location methods

1
SEISMICA | ISSN 2816-9387 | volume 4.1 | 2025

https://doi.org/10.26443/seismica.v4i1.1536
https://orcid.org/0000-0003-2119-0512
https://orcid.org/0000-0002-2895-3140
https://orcid.org/0000-0001-7183-2240
https://orcid.org/0000-0002-4892-1074
https://orcid.org/0009-0002-8237-7073
https://orcid.org/0000-0002-1481-801X


SEISMICA | RESEARCH ARTICLE | Revising the Seismic Ground Truth Reference Event Identification Criteria

Current Ground Truth Criteria
Event Magnitude < 6.1

At least one station within 10 km of event
Secondary Azimuthal Gap < 160°

Balanced station distribution, ΔU < 0.36
Event recorded at a station at a distance of at least 2°

Semi-major axis of the error ellipse ≤5 km
Earthquake depth is not fixed to a set value

Table 1 The current Ground Truth criteria (Bondár &
McLaughlin, 2009a), with the criteria in italics applied after
relocation. Other criteria are applied before and after relo-
cation.

since themost recent GT identification criteria were de-
fined (Bondár and McLaughlin, 2009).

1.1 History of Ground Truth Events
The standardisation of GT event criteria was achieved
by an iterative process of criteria refinement and pub-
lication (e.g. Sweeney, 1996, 1998; Bondár et al., 2001,
2004a,b) leading to a broadly accepted set of definitions
(Bondár et al., 2004a). This set of criteria is based on
the number and distribution of stations local to a can-
didate GT event. Further development of the GT crite-
riawas designed to avoid correlated travel time errors at
nearby stations. Thiswas achieved through the addition
of a new criteria, ΔU, which quantifies the azimuthal
distribution of the station locations in the local area
around the event (Bondár and McLaughlin, 2009). This
criteria is designed to eliminate GT candidate events
with unbalanced station distributions as they may be
disproportionally affected by correlated travel time er-
rors or more generally by a majority of stations in one
particular azimuthal direction. The revised set of cri-
teria described by Bondár and McLaughlin (2009) is
used to populate a searchable database of ground truth
events, the IASPEI Ground Truth Reference Event list,
which is maintained by the ISC (International Seismo-
logical Centre). The IASPEI Ground Truth Reference
Event list is supervised by the Commission on Seismo-
logical Observation and Interpretation (CoSOI) work-
ing group on Reference Events for Improved Locations.
This database currently contains 12,278 ground truth
events, with all events added since 2009 being based on
the criteria given by Bondár and McLaughlin (2009).

1.2 Considerations for Modern Ground Truth
The ever-increasingnumbers of seismic stations report-
ing seismic phase arrivals, and dense seismic deploy-
ments in particular, have resulted in an increased num-
ber of widely recorded events with unbalanced station
distributions. This has led to a greater proportion of
well constrained events being rejected based solely on
the value of ΔU. Given the relative paucity of ground
truth events in some regions, the rejection of events
due to ΔU alone leaves some areas of the globe under-
represented by the GT list, limiting the ability to verify
seismic velocity models and earthquake location tech-
niques in these areas.

Improvements in earthquake locationmethods, such
as correcting for bias in the distribution of seis-
mic stations (Bondár and Storchak, 2011; Bondar and
McLaughlin, 2009) suggest that the strictest criteria of
station distribution, ΔU, may have been superseded.
Specifically, ISCloc (Bondár and Storchak, 2011), which
is used in the ISC-Bulletin and IASPEI GT reference list
locations for seismic events occurring since January
2011, accounts for correlated errors in closely related
stations following Bondár and McLaughlin (2009). The
correlated errors are accounted for by the non-diagonal
elements of the covariancematrix as defined by Bondár
and Storchak (2011), with the covariance for a given sta-
tion pair depending on the station separation. The co-
variance matrix can vary at every iteration of the linear
relocation, as phases are redefined or even rejected.
The posterior data covariance matrix, calculated for

the final converged hypocentre is used to define the er-
ror ellipse. The remaining phase residuals are com-
bined with the posterior data covariance matrix to in-
form the 4D error ellipse (e.g. equation 8 of Bondár and
Storchak (2011)). This 4D error ellipse (latitude, longi-
tude, depth and origin time) is then used to define the
2Dhorizontal error ellipse, describedby the semi-major
axis, semi-minor axis, and the orientation of the semi-
major axis, as well as 1D errors for event depth and ori-
gin time. The reported error ellipse is scaled to a 90%
confidence level, through benchmarking with the orig-
inal GT list (Bondár and Storchak, 2011).
The single event GT earthquakes considered in this

study are seededwithwell recorded events from the ISC
Bulletin, that fulfil the criteria discussed and refined in
this paper (see Table 1 and 2). The events are then re-
located using ISCloc which employs an iterative linear
relocation procedure, where the hypocentre is refined
from a given starting point through the linearised re-
duction of travel time residuals between the observed
seismic phases, and those predicted by ak135 (Kennett
et al., 1995). ISCloc attempts to solve for the event depth
where one of the following is true; there is at least one
reported station within 0.2° distance, there are at least
five stations reporting P & S phases within 3° distance,
there are at least five reported depth phases or there
are at least five core reflection phases. We note that the
last two of these are irrelevant for constraining depths
for GT events defined using local data. If the linear in-
version fails to converge using a resolved depth from
the above criteria then the inversion is repeated with
a “fixed depth” which is taken from a geographic grid
of user defined depths. In the case of GT qualifying
events, the free depth criteria within ISCloc will almost
certainly be met for all events considered, as the equiv-
alent GT criteria aremuch stricter. Fixed, or unresolved
depths can still occur however when the linear relo-
cation procedure fails to converge. This may occur if
the available phases have elevated degrees of error (e.g.
pick errors resulting from noisy waveform data), or if
the travel times predicted from the 1D velocity model
account for the arrival times of the observed phases
poorly. If the depth is unresolved and thus set to a fixed
depth, the event is rejected as a GT event.
The improvements to the location procedures imple-
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Figure 1 Top left: Plot of event (yellow star) and stations (red triangles) for a ML 3.4 in New Zealand on 2nd May 2018. Top
right: plot showing the distribution of event to station azimuths (red circles) and the same number uniformly distributed
event to station azimuths (blue circles) on a unitary circle (right) for the New Zealand event. Bottom left: Plot of event and
stations for a ML 3.3 in Nevada on 15th May 2020. Bottom right: plot of event to station azimuths and the same number
uniformly distributed event to station azimuths on a unitary circle (right)

mented in ISClocbyBondár andStorchak (2011) provide
an opportunity to update the GT criteria. If we can rely
on the error ellipse produced by the location algorithm,
including accounting for bias arising from uneven sta-
tion distributions, to identify GT events that have a loca-
tion known to within 5 km, then the pre-relocation GT
criteria can be more permissive. The purpose of these
criteria therefore becomes filtering out events that can-
not be expected to produce a sufficiently small error el-
lipse, as well as ensuring that the event is well enough
recorded to exclude thepossibility of an error ellipse be-
ing underestimated.

The ΔU criteria is a measure of the deviation of the
azimuthal station distribution from a perfect azimuthal
distribution. For example, a perfect distribution of five
points would be described by the corners of a pentagon.
Thismeans that adding a single station can decrease the

value of ΔU by altering the perfect distribution that the
station azimuths are compared to, thus causing a GT
candidate event to fail while all other criteria are im-
proved. We show that ΔU is highly sensitive to seismic
networks that deviate even slightly from a perfect geo-
metrical distribution, for example if there is a cluster of
stations on one azimuth (e.g. Figure 1, bottom). This
has the effect that as the density of seismic stations in-
creases, it becomes ever more implausible that the sta-
tion distribution required for a GT can be achieved, es-
pecially in well instrumented areas (e.g. Japan). While
such a stringent criteria may well have been necessary
to guard against highly uneven or clustered station dis-
tributions in the past, when using location algorithms
that do not account for correlated station errors, we
show that modern location algorithms that correct for
uneven station distributions (e.g. Bondár and Storchak,
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Figure 2 Left: Event (yellow star), reported stations (red triangles) andunreported stations (black triangles) for theML 3.4 in
New Zealand on 2nd May 2018. Right: Event to station azimuths for reported stations (red circles), unreported stations (black
circles) and the same total number of uniformly distributed event to station azimuths (blue circles) on a unitary circle (right).

2011) negate the requirement for such a non-inclusive
criteria.
We propose a replacement criteria referred to as the

Cyclic Polygon Quotient (CPQ), which better describes
the azimuthal station coverage for an event. We demon-
strate that CPQ and secondary gap are the most useful
GT candidate criteria and show that the semi-major axis
of the error ellipse derived in the relocation procedure
is a robust criteria for selecting relocated GT events.
Additionally, we demonstrate that the requirement for
a station to be within 10 km of a GT event can be re-
laxed when sufficient P & S phase pairs are reported for
nearby stations.

2 Quantifying Unbalanced Station Dis-
tributions

TheΔUparameter is a normalisedmeasure of the differ-
ence between a uniform azimuthal distribution of local
stations and the actual station distribution. Only sta-
tions within 150 km of the event are defined as local
and are used to determine ΔU, defined by Bondár and
McLaughlin (2009) as:

∆U = 4
∑

|esazi − (unif i + b)|
360N

, 0 ≤ ∆U ≤ 1 (1)

where esazi is the ith event to station azimuth in the
sorted list of esazi, unif i is each uniform event to station
azimuth (unif i = 360i/N for i = 0, . . . , N−1), the b value
calculates the offset between the average actual and
uniform station distributions where b = avg(esazi) −
avg(unif i) and N is the total number of stations.
To demonstrate the calculation of ΔUwe consider two

well recorded earthquakes and the associated station
distributions within 150 km of the events. A map of the
locations of these example earthquakes, a ML 3.4 (re-
ported by GNS Science) in New Zealand on 2nd May 2018

and a ML 3.3 (reported by National Earthquake Infor-
mation Center) in Nevada on 15th May 2020, alongside
the reported stations for the events is shown in Figure 1.
TheNewZealand event has aΔUof 0.293 and theNevada
event has a ΔU of 0.859. Figure 1 also shows the same
station distribution for both events represented by plot-
ting event to station azimuth at a unitary distance, along
with the associated value of ΔU. While both example
earthquakes have a gooddistribution of nearby stations,
the stations are azimuthally clustered. This means that
despite the prevalence of well distributed stations, the
Nevada event would not qualify as a GT event due to the
value of ΔU,whereas theNewZealand eventwould qual-
ify as a GT event. Removing the majority of the clus-
tered stations from the Nevada event could improve the
value of ΔU such that the event passed the ΔU criteria.
In contrast, the values of CPQ are very similar for the
two events and requires no stations to be removed.

2.1 Drawbacks of ΔU
An issue with using ΔU as a constraint on the selec-
tion of GT events is the possible increase in ΔU as ad-
ditional stations are added to an event. This is demon-
strated in Figure 2, by taking the example event from
New Zealand, which is currently part of the IASPEI
Ground Truth Reference Events list, and adding picks
from nearby unreported stations. The example event
considered is reported at 32 stations within 150 km of
the event. This event has a ΔU of 0.293, a secondary gap
of 127.7° and multiple stations within 10 km. After re-
locating the event with ISCloc, the semi-major axis for
this event is 4.58 km.
Figure 2 shows the location and azimuth of 114 addi-

tional unreported stations within 150 km of the event
and a plot of the event to station azimuth including
these additional stations. If phases from all of these sta-
tions were picked and made available, the revised ΔU
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for this event would be 0.465, with a secondary gap of
120.9°. Although the azimuthal coverage of the event
recordings improves, and the secondary azimuthal gap
improves, the increase in ΔU means that the event no
longer meets the ground truth criteria. This also im-
plies that ground truth events can be “created” by re-
moving reported phases with no reference to whether
the phases are accurate or not. With increasingly dense
seismic deployments, both permanent and temporary,
it is possible that regions which previously provided
ground truth eventsmay no longer produce them as the
modern network is too dense (on certain azimuths). We
therefore propose that a low value of ΔU is not neces-
sary to provide a well constrained epicentre, and that
without ΔU a greater number of GT events with a wider
geographic distribution become possible.

2.2 Cyclic Polygon Quotient

Assuming that GT criteria are not required to account
for unbalanced station distributions we propose an al-
ternative criteria to ΔU, that is focused only on charac-
terising the azimuthal distribution of stations around an
event. This replacement uses the area of the cyclic poly-
gon formed by plotting the event to station azimuths on
a unitary circle and connecting them together. We de-
fine the ratio between the area of the polygon and the
area of the unitary circle as the Cyclic Polygon Quotient
(CPQ). Given that there are multiple methods to calcu-
late the area of a cyclic polygon there are thus multi-
ple correct ways to calculate CPQ, we show one below
(Braden, 1986):

CPQ =

∣∣∣∣n−1∑
i=1

xiyi+1 + xny1 −
n−1∑
i=1

xi+1yi − x1yn

∣∣∣∣
2π

(2)

where x and y are the Cartesian coordinates of the event
to station azimuths (esazi) ordered from 0 to 360 de-
grees, the subscript refers to the number of the vertex
in clockwise order. TheCartesian coordinates are found
using x = cos(esazi) and y = sin(esazi) with a radius of
1. Once the vertices of the cyclic polygon are in Carte-
sian coordinates, we can apply the “Shoelace Formula”
where in a clockwise (or counter-clockwise) direction
we calculate the sum of the product of the x coordinate
value with the y coordinate value of the next vertex and
the subtraction of the product of the y coordinate value
with the x coordinate value of the next vertex. We can
subtract these two sumsanddivide by two to get the area
of the cyclic polygon. By dividing this value by π, we get
the ratio of the area of the cyclic polygon to the area of
the unitary circle.
Larger values of CPQ imply a larger area of the unitary

circle is covered/enclosed by the polygon, indicating a
better azimuthal coverage. Figure 3 shows a simplified
synthetic example of howCPQ is calculated. Adding sta-
tions will always result in an increased value of CPQ, as
demonstrated in Figures 1 & 2 for the New Zealand ex-
ample event.

0°

270°

180°

90°

Figure 3 Synthetic example of a Cyclic Polygon formed
by connecting event to station azimuths on a unitary circle.
Red dots are event to station azimuths, the red line shows
theCyclic Polygon. CPQ is givenby the ratio enclosedby the
redpolygon to theareaenclosedby theblack circle. This ex-
ample has a CPQ of 0.781.

3 Investigating Mislocation & Depth
for Seismic Event Relocation

So far, we have explored existingmethods of identifying
well located seismic events and proposed a new formu-
lation to quantify the azimuthal distribution of report-
ing seismic stations. Wenow test the proposedmethods
of identifyingwell located seismic events using two data
sets. The first data set we consider is comprised of an-
thropogenic explosions that have a known location and
origin time (section 3.1). The second data set consists of
natural earthquakes taken from the 2018-2020Reviewed
ISC Bulletin that are recorded on five or more seismic
stations within 150 km of the seismic event epicentre
(section 3.2).

3.1 Mislocation of Anthropogenic Explosions
One element of the GT data set are anthropogenic ex-
plosions where the location and origin time is known
to a very high degree of certainty from near-field non-
seismic observations (i.e. an anthropogenic test explo-
sion thatwasplaced in a knownposition and thedetona-
tion was precisely timed). Here we use a subset of an-
thropogenic explosions with known origins to test the
how well CPQ, ΔU and the semi-major axis of the error
ellipse relate to the accuracyof the event locationonce it
is relocated using seismic observations and the GT relo-
cationprocedure. To quantify themislocationwe follow
themethodology ofBondár andMcLaughlin (2009), who
define themislocation as the distance between a known
explosion site and the hypocentre arrived at through the
relocation procedure, and use this as a metric to evalu-
ate ΔU.
In this analysis Bondár and McLaughlin (2009) take a
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number of explosions with known locations and relo-
cate each anthropogenic explosive event multiple times
with a randomly defined subset of the seismic obser-
vations. These subsets of seismic stations (and the as-
sociated phase observations) then provide a test data
set with which to quantify which features of the near-
field seismic network most strongly control the event
mislocation. Bondár andMcLaughlin (2009) performed
this analysis for 15,000 possible permutations of station
distributions for 47 explosions. Here we replicate this
test using 133 explosions that are distributed globally,
each with an independently constrained location, re-
sulting in 124,811 usable random permutations of sta-
tion combinations and mislocation. Only station distri-
butions which include five or more stations are evalu-
ated, as opposed to the less restrictive three ormore sta-
tions used by Bondár and McLaughlin (2009). Approxi-
mately 50,000 additional permutations failed to produce
a value for mislocation as the number of randomly se-
lected stations was insufficient for ISCloc to produce a
stable hypocentre. Figure 4 shows the mislocation of
each permutation with respect to ΔU and CPQ for all
124,811 qualifying and successful permutations.
The majority of events have a ΔU of between 0.1 and

0.6 with events at the 95th percentile are mislocated by
between 4 – 9 km for this range of values of ΔU (Fig-
ure 5). This observed increase in mislocation of 5 km
between ΔU = 0.1 and ΔU = 0.6 is comparable to the in-
crease inmislocation found by Bondár andMcLaughlin
(2009), which was ~6 km in the same range.
The lower panel of Figure 4 shows the comparison of

absolute mislocation with CPQ. The linear groupings of
iterations each relate to an individual explosion event,
demonstrating the correlation between high misloca-
tion and lowCPQ on an event by event basis. Themajor-
ity of these linear structures demonstrate that increased
CPQ values are correlated with decreasing mislocation,
consistent with the general trend observed. In a minor-
ity of linear groupings, the opposite is observed, with in-
creasing CPQ correlated with greater mislocation. This
canbe explainedby an increasingproportionof stations
with poor quality picks contributing to the constrained
hypocentre, or by the greater chanceof the locationpro-
cedure being influenced by unmodelled local velocity
perturbations.
These features suggest that for some of the explo-

sions it is impossible to achieve a low mislocation or
high CPQ, most likely due to the limitations from the
available station geometry. Additionally small differ-
ences between this study and Bondár and McLaugh-
lin (2009) may result from the different global velocity
models used in the relocation procedures. Bondár and
McLaughlin (2009) used iasp91 (Kennett and Engdahl,
1991), whereas this study uses the ak135 (Kennett et al.,
1995). In both cases, however, there are many events
with a ΔU greater than 0.35 and a mislocation less than
5 km, suggesting that ΔU is not a primary control on the
mislocation of the event.
To investigate this further we compare the abso-

lute mislocation of these seismically recorded anthro-
pogenic explosions to the semi-major axis of the error
ellipse calculated by ISCloc (Figure 5). For all permu-

Figure 4 Mislocation with respect to ΔU (top) and CPQ
(bottom), for 124,811 random station selections on 133 ex-
plosions. The black dots are for each individual relocated
permutation. For each bin of width 0.1, 95% of permuta-
tions are below the red line. The linear structures in theCPQ
plot represent each of the individual 133 anthropogenic ex-
plosions, with the distribution reflecting the randomly sam-
pled combinations of stations for each explosion.

tations of the explosion data set ~8.8% (11,923 out of
124,811) are mislocated by greater than the semi-major
axis. Focusing on the 5,393 iterations where the semi-
major axis is less than 5 km, there are 151 iterations
where the mislocation is greater than 5 km. This repre-
sents ~2.8% of iterations with a semi-major axis of less
than 5km.
From the top panel of Figure 6 we can see that events

with a semi-major axis of less than 5 km have a limited
range of values of CPQ (> 0.9) and ΔU (0.2 – 0.5), sug-
gesting that the relationship between semi-major axis
and mislocation is untested for cases where the station
distribution is unbalanced or poor (i.e. high ΔU or low
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Figure 5 Absolute mislocation of anthropogenic explo-
sions with respect to semi-major axis of the error ellipse for
124,811 random station iterations. Red line shows where
mislocation equals semi-major axis. 93.2%of the events are
mislocated by less than the 90% semi-major axis.

CPQ). We therefore consider a wider subset of samples
to include cases where the semi-major axis of the error
ellipse is less than 10 km. As shown in the top panel
of Figure 6, this allows for a wider range of values of
CPQ (> 0.5) and ΔU (< 0.7) to be included. In this sub-
set there are 4,565 iterations where the mislocation is
greater than the semi-major axis, corresponding to ~7
% of iterations with a semi-major axis less than 10 km.
As a further verification of the validity of the reloca-

tion error ellipse to quantify location uncertainty, we
calculate the number of iterations for which the known
location of the anthropogenic explosion iswithin the er-
ror ellipse calculated during the relocation. Wefind that
for ~87% of the explosion data set the known location
is within the calculated (90% confidence interval) error
ellipse. This corroborates the results from Bondár and
Storchak (2011) who defined the 90% confidence inter-
val when using ISCloc with global data, however, in our
case we have replicated this result using only local data
(e.g. seismic phases reported less than 150 km from the
event).
This indicates (from Figure 5) that whereas the semi-

major axis generally overestimatesmislocation it rarely
underestimates mislocation. This holds true even for
poor and unbalanced station distributions. Based on
this result we propose that the semi-major axis of the
error ellipse is the best control on whether an event has
a mislocation of 5 km or less and that other criteria are
secondary. This demonstrates that the effect of unbal-
anced station distributions is accounted for effectively
and successfully when the location procedure accounts
for station-station correlations, as is the case for ISCloc
(Bondár and Storchak, 2011). This removes the require-
ment for earthquakes with unbalanced reported station
distributions to be excluded from the GT candidate list.

This combined with CPQs related feature of only im-
proving with the addition of more stations, leads us to
propose replacing ΔU with CPQ in GT candidate event
selection.
The anthropogenic explosions considered in the test-

ing described above are a specialised data set that are
limited in number and geographical distribution. The
number of anthropogenic explosions that canbeused to
calibrate to is limited as there are few events where the
location is accurately known from non-seismological
constraints. Additionally, these events are geographi-
cally limited to a small number of sites. This data set
is further specialised as they primarily occur at the sur-
face and in remote areas. Therefore, in order to conduct
a broader test of GT criteria it is necessary tomove away
from testing absolute mislocation and instead use the
semi-major axis to evaluate how accurately the event
has been located. Given the relationship between mis-
location and the semi-major axis of the error ellipse es-
tablished above (i.e. ~93% of events with a semi-major
axis of the error ellipse < 10 km are mislocated by less
than the semi-major axis of the error ellipse) we pro-
pose using the semi-major axis of the error ellipse as a
proxy for absolute mislocation for these events.

3.2 Testing Event Relocation Accuracy for ISC
Reported Events

To investigate the GT criteria with a broader dataset we
consider all reviewed events in the ISC Bulletin dur-
ing the years 2018 – 2020, which have five or more sta-
tions within 150 km, resulting in a test dataset of 47,161
events. The bottom panel of Figure 6 shows the semi-
major axis of the error ellipse with respect to ΔU and
CPQ for this test data set of locally well recorded earth-
quakes.
In both cases there is a value of ΔU or CPQ at which

it is highly unlikely that an event will have a semi-major
axis of the error ellipse less than 5 km. For CPQ this
value is 0.4 (0.02% of events with CPQ < 0.4 have a semi-
major axis < 5 km) and for ΔU the value is 0.7 (0.05%
of events with ΔU > 0.7 have a semi-major axis < 5 km).
A minimum criteria of 0.4 CPQ excludes 18,089 events
(~38.4%) whereas ΔU with a value of 0.7 excludes 7,857
events (~16.7%). Therefore, by using CPQ as a candidate
criteriawewill evaluate fewer eventswithout a resulting
reduction in the number of GT events identified.
Given the extended test data set we propose here, we

also test other criteria for selecting GT candidates, in-
cluding secondary azimuthal gap, stations within 10 km
of the event and finally a potential new GT criteria con-
sidering the number of stations reporting both P & S
phases. Figure 7 shows each of these constraints with
respect to the semi-major axis of the error ellipse. As
with CPQ and ΔU there is a value for secondary gap
(~210°) that can be chosen above which it is highly un-
likely that an event can have a semi-major axis of less
than 5 km (0.31% of events with secondary gap < 210°
have a semi-major axis < 5 km). Using this value a total
of 21,611 (~46 % of initial candidates) events can be ex-
cluded. For stations reporting P & S phases or stations
within 10 km, it is clear that even with no stationsmeet-
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Figure 6 Top: Semi-major axis of the error ellipse with respect to CPQ (left) and ΔU (right) for the resampled anthropogenic
explosion relocation data set. Bottom: Semi-major axis of error ellipse with respect to CPQ (left) and ΔU (right) for the recent
earthquake test data set. Red lines bound the area containing the central 90 % of samples, bins of size 0.1.

ing either of these criteria it is still possible to have a
semi-major axis of less than 5 km, suggesting that these
factors have limited control over the location accuracy.
These criteria are however still considered, due to their
potential control on earthquake depth, as discussed be-
low.
Based on both the explosions and ISC Bulletin test

datasets we propose the following criteria to identify GT
candidates that are likely to have adequate location res-
olution: secondary azimuthal gap of less than or equal
to 210° and a CPQ greater than or equal to 0.4. This
would result in 24,811 events in the ISC Bulletin test
dataset (covering the period 2018-2020) being consid-
ered as GT candidates, corresponding to ~53% of all
events that were assessed. Additionally applying these
criteria to the explosion test dataset results in 10,019 of
all samplesmeeting GT criteria, 93.2% of which have an

absolute mislocation of less than or equal to 5 km. This
suggests that CPQ and secondary azimuthal gap are use-
ful as both a candidate selection criteria and as certifi-
cation criteria.

3.3 Event Depth Constraints for ISC Reported
Events

An additional constraint for selectingGTevents after re-
location is a requirement for the locator to be able to
resolve the event depth. In this study, we continue to
require a free or resolved depth for an earthquake to
be considered a GT event. At this stage, we do not dis-
criminateGTevents based on the size of the depth error,
as the error in depth may be as much controlled by the
deviation of the unknown local velocity structure from
ak135, as by the station distribution geometries that are
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Figure 7 Top left: Semi-major axis of the error ellipse with respect to secondary azimuthal gap. Top right: Semi-major axis
of the error ellipsewith respect to number of stations reporting P&Sphase pairs. Bottom: Semi-major axis of the error ellipse
with respect to number of stations within 10 km of the event.

primarily considered in this study. In addition, we cur-
rently haveno reliable benchmarkdata set that is appro-
priate for testing depth resolution. The assertionsmade
in this work concerning horizontal location errors are
based on the well constrained locations of explosions,
with sources located very close to the surface, making
them ill-suited for testing depth resolution. We there-
fore consider only if the event depth can be resolved
given the available phase data.

Bondár and McLaughlin (2009) introduced the re-
quirement that GT candidate events have at least one
defining stationwithin 10kmof the event in order to add
some constraint to the event depth. This requirement
of at least one very close station is designed to limit
potential trade-offs between the event depth and ori-

gin time, that is an established limiting factor in earth-
quake depth resolution. Another way of addressing the
trade-off between event depth and origin time is by re-
quiring S and P phases recorded at a local station. This
has been shown to significantly reduce the trade-off be-
tween depth and origin time (Gomberg et al., 1990).
Here we test whether using a defined number of pairs
of P & S observations (i.e. where P and S phases are re-
ported at the same station) can provide a comparable
reduction in the trade-offs between earthquake origin
time and depth to that from having a defining station
within 10 km of the event.

To test the potential depth resolution of these con-
straints, we use the 47,161 natural event test dataset
based on events from the 2018 – 2020 Reviewed ISC Bul-
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1 2 543
Stations within 10 km

Figure 8 Top: Histogram quantifying the variation in the number of resolved (purple) and unresolved event depths (black)
for number of stations within 10 km of the event. Bottom left: Histogram as above, quantifying the number of resolved and
unresolved depths varying with the number of stations reporting P & S phase pairs, where there is also one or more station
within 10 km of the event. Bottom right: As above, but with a varying number of P & S phase pairs, and no stations within 10
km of the event.

letin that are well recorded locally. The top panel of Fig-
ure 8 illustrates the number of events where the depth
is resolved for all events in the test dataset with respect
to number of stations within 10 km. It is clear from this
figure that having one or more stations within 10 km of
the event significantly improves the potential depth is
resolution. Without a station within 10 km of the event
the depth is resolved for 73.3% of events, and with one
or more stations within 10 km of the event the depth re-
solved in 91.7% of events. This confirms the proposal
of Bondár and McLaughlin (2009) that having a station
within 10 km of the event is a strong predictor of depth
resolution.

The second potential criteria controlling depth reso-
lution considered here is the number of stations within
150 km of the event reporting P & S phase pairs at the
same station. The bottom left panel of Figure 8 demon-
strates that events with one or more stations within 10
km, and one or more stations reporting P & S, 93.6%
of events have a resolved depth. Without at least one
station reporting P & S, 80.3% of events have a resolved
depth. This reduction indicates that having at least one
station reporting both P & S phases improves the ability
to resolve the event depth.

The depth resolution provided by stations reporting
P & S phases (S-P times) is also evident when looking

10
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Current Ground Truth Criteria New Ground Truth Criteria
Event Magnitude <6.1 Event Magnitude <6.1

At least one station within 10 km of event
At least one station within 10 km of event or

five or more stations reporting both P and S phases
Secondary Azimuthal Gap <160° Secondary Azimuthal Gap ≤210°

Balanced station distribution, ΔU <0.36 CPQ ≥0.4
Event recorded at a station at a distance of at least 2° Event recorded at a station at a distance of at least 2°

Semi-major axis of the error ellipse ≤5 km Semi-major axis of the error ellipse ≤5 km
Earthquake depth is not fixed to a set value Earthquake depth is not fixed to a set value

Earthquake depth is ≤35 km

Table2 Table comparing thecurrentGTcriteria (BondárandMcLaughlin, 2009)with thenewlyproposedGTcriteria. Criteria
in italics are applied after relocation, other criteria are applied before and after relocation.

at events where there are no stations within 10 km of
the event. For these events, when there are no stations
reporting P & S phases only and no stations within 10
km only 34.4% of events have depth resolution. Where
there are no stations within 10 km and five or more sta-
tions reporting both P & S phases, 86.6% of events have
a resolved depth.
Together these results show that with either a station

within 10 km (80.3% solved for depth) or five or more
stations reporting both P & S phases (86.6% solved for
depth) there is a high likelihood of resolving the depth
of an event. We therefore propose amending the GT cri-
teria to allow depth resolution to be added by either ap-
proach, requiring either one or more stations within 10
km of an event or five or more stations within 150 km
reporting both P & S phases or both. For the test dataset
this would result in 36,948 events (78.3%) passing the
depth criteria. These criteria, along with the require-
ment that the event depth is resolved by the relocation,
would be necessary for adding an event to the GT list.
In total 32,288 of 47,161 events (68.5%) from the ISC Bul-
letin test dataset would pass both the revised depth cri-
teria, and provide a free depth solution after relocation.

4 GTCandidateandCertificationCrite-
ria

Based on the above work we propose the following cri-
teria for identifying GT candidate events:

• Five or more stations within 150 km of the event

• CPQ greater than or equal to 0.4

• Secondary Azimuthal Gap less than or equal to 210°

• One or more stations within 10 km of the event OR
five or more stations reporting both P & S phases

• The event is recorded at distances greater than or
equal to 2°

The final criteria outlined above has not been dis-
cussed in detail, but effectively acts as a magnitude fil-
ter, removing smaller events that meet the other GT cri-
teria, but are of limited use as they are not recorded at

adequate distance from the candidate event. This crite-
ria is chosen to select events of the most use for travel-
time calibration while maintaining an acceptable work-
load for event processing.
From the ISC Bulletin test dataset (2018 – 2020) the

above criteria would result in 20,921 events (corre-
sponding to 44.3% of events with five or more stations
within 150 km) being identified as GT candidates and
being relocated to test for GT event certification. After
relocation we propose the following criteria for certifi-
cation of GT events:

• Five or more stations within 150 km of the event

• CPQ greater than or equal to 0.4

• Secondary Azimuthal Gap less than or equal to 210°

• One or more stations within 10 km of the event OR
five or more stations reporting both P & S phases
OR both conditions are met

• Recorded at distances greater than or equal to 2°

• Semi-major axis of the error ellipse less than or
equal to 5 km

• The event depth is resolved during relocation, and
is not fixed to a default reference depth

• The resolved event depth is 35 km or shallower

The final criteria which has been added excludes
earthquakes occurring deeper than 35 km, due to the in-
herent uncertainty in the velocity structure of regions
where deeper earthquakes occur. A comparison be-
tween the new set of GT criteria and the existing GT cri-
teria is shown in Table 2.
From the test dataset this would result in 8,742 events

(i.e. 18.5% of the initial 47,161 test data set) qualifying
for the GT dataset. Figure 9 shows the geographic dis-
tribution of these events along with the 1,799 GT events
that would have been identified with the previous cri-
teria of Bondár and McLaughlin (2009). This demon-
strates that the proposed revisions to the GT criteria
outlined here significantly increase the overall number
of GT events, as well as extending the coverage of the
GTcatalogue to geographic regions thatwere previously
unsampled.
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Figure 9 Map of events meeting current GT criteria of Bondár and McLaughlin (2009) (black circles) and the new GT criteria
proposed here (red circles) for events occurring in the years 2018–2020.

5 Conclusion

We have shown that with a modern location algorithm,
such as ISCloc, unbalanced station distributions no
longer significantly bias event location. This removes
a key rationale for the implementation of the ΔU crite-
ria. We therefore propose to replace ΔUwith a newmet-
ric for azimuthal coverage, CPQ, which is amore appro-
priate measure of station azimuthal coverage and will
always increase when stations are added. For location
algorithms that are not able to account for unbalanced
station distributions, the ΔU parameter remains an im-
portant constraint that can still be considered when
identifying well located events.
To identify GT candidate events, we use a minimum

criteria of CPQ (> 0.4), secondary azimuthal gap (< 210°)
and require five or more stations within 150 km, to re-
move events where it is unreasonable to expect a GT
event after relocation. Similarly, we use aminimumcri-
teria of oneormore stationswithin 10 kmof the event or
five or more stations reporting both P & S phases, to re-
move events where it is unreasonable to expect a depth
solution after relocation.
Using 136,011 iterations of random station selections

for 133 explosion events, we have demonstrated that the
semi-major axis of the error ellipse (90%confidence) af-
ter relocation is normally (~93% of iterations) greater
than the mislocation. We therefore propose using the
semi-major axis of the error ellipse and that event depth
is resolved (not fixed), as the two main discriminants
for selecting GT events after relocation, in addition to
reapplying the candidate event selection criteria to the
relocated events. We have demonstrated that this new
set of criteria will allow for more GT events to be iden-
tified across a greater geographic extent without com-

promising the integrity of the event locationswithin the
GT database. The new criteria have been tested and de-
veloped using the Reviewed ISC Bulletin, using ISCloc,
a modern location algorithm that accounts for uneven
station distributions.
Given this specificity, we note that these criteria may

not directly apply to all seismic event bulletins and loca-
tion techniques. The proposed update to GT identifica-
tion criteria are reliant on measures of horizontal pre-
cision calculated by ISCloc during the relocation proce-
dure. This reliance is justified, when investigating epi-
central location, by the testing using the anthropogenic
explosion dataset that allows benchmarking with the
absolute mislocation of the event. We therefore have
evaluated the true performance of ISCloc in relation to
horizontal location accuracy, in the context of reason-
able local seismic station coverage. For depth there is
no similar dataset to perform this benchmarking, and
the criteria proposed here are therefore designed to op-
timise the proportion of events where the depth can
be resolved. Further work may focus on developing
testable depth constraints which quantify the uncer-
tainty in the calculated depth.
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