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We produced a globally distributed catalog of earthquakes and nuclear explosions with
calibrated hypocenters, referred to as the Global Catalog of Calibrated Earthquake
Locations (GCCEL). This dataset currently contains 18,782 events in 289 clusters with
> 3.2 million arrival times observed at 19,258 stations. The term “calibrated” refers
to the property that the hypocenters are minimally biased by unknown Earth structure.
In addition, we calculate uncertainties using empirically determined variability of the
arrival-time data itself, specific to each calibrated cluster of hypocenters. Outliers in
the arrival-time dataset are removed based on measured variability of the data. In each
cluster, we estimate the empirically determined uncertainty for each set of station-
phase arrival times. We use a version of the hypocentroidal decomposition multiple
event relocation algorithm specifically adapted for calibrated relocations of clusters
of seismic events. Most clusters are calibrated by fitting the subset of direct crustal first
arrivals (Pg and Sg) with a locally appropriate travel-time model to estimate the cluster
hypocentroid. A few clusters are calibrated by aligning the pattern of relative locations
in space and timewith one or more events for which a ground-truth hypocenter is avail-
able from an independent source with known uncertainty, such as a nuclear explosion.
Epicentral uncertainties in GCCEL typically range from 1 to 5 km with a 90% confidence
interval. Most events have depth constraint from one or more sources, usually with an
uncertainty of ≤ 5 km. GCCEL is a significant resource for research at local, regional, and
global scales because it provides minimally biased absolute hypocenters, meaningful
associated error estimates, and curated arrival times as a reference dataset that can
be used as prior constraints in the development of new regional, national, and global
earthquake catalogs; validation of new location techniques; and the generation of
advanced Earth models.

Introduction
Since the beginning of instrumental seismology, researchers
have struggled with the problem of inferring accurate locations
of seismic events using arrival-time data for which propagation
has been perturbed by unknown Earth structure. A high-qual-
ity and well-distributed set of reference seismic events is there-
fore highly valuable for studies of the Earth’s structure and for
the development and testing of travel-time models and
advanced procedures for earthquake location. By “high qual-
ity,” we mean that (1) the epicenter, depth, and origin time of a
hypocenter are known with uncertainties that are small com-
pared with the uncertainties of the models to be tested; (2) the
hypocenters are minimally biased by unmodeled Earth struc-
ture; and (3) the uncertainties in hypocentral parameters are
realistically quantified based on measured data variance. Bias
caused by unmodeled earth structure is minimized by estimat-
ing the absolute location of the cluster using only local data

(Pg and Sg) with good source–receiver geometry and a
travel-time model that fits the data in this distance range.
We infer robustly determined uncertainties that reflect the
actual variability of the arrival-time data as distinct from
the formal errors returned from most earthquake location
codes. The term “calibrated” hypocenters have these qualities.

Until the late 1990s, little work had been done to assemble
such a dataset. Kennett and Engdahl (1991) assembled a modest
catalog of reference events for testing the IASP91 earth model.
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Beginning in the late 1990s, the nuclear monitoring research
community carried out several investigations to develop“ground
truth” (GT) seismic locations (e.g., Gitterman and Shapira, 2001;
Bondár and McLaughlin, 2009).

One effort to systematically collect GT seismic source loca-
tions is the IASPEI GT reference events database, hosted by the
International Seismological Centre (ISC). We use this catalog
for identifying good candidates for analysis, but the database of
volunteer contributions leads to heterogeneity of results.

This article describes the principles of event selection, pro-
cedures for relocation, and the statistical characteristics that
form the GCCEL dataset. The GCCEL clusters are chosen
for their suitability for obtaining calibrated locations, for hav-
ing associated arrival-time data that are valuable in regional-
and global-scale research studies, and for being well distributed
globally. No attempt is made to represent the entirety of seis-
mic activity in a source region or necessarily to include the
“most important” events that have occurred there if they can-
not be calibrated. This ensures that the GCCEL hypocenters
are of the highest quality possible. The complete GCCEL data-
set, including the travel-time model used for each cluster, seis-
mograph station coordinates, phase data, figures detailing each
cluster, source code, and documentation, can be found in
Benz (2021).

Figure 1 shows the location of the 289 clusters currently in
GCCEL. In general, the clusters are located where there is good
azimuthal distribution of stations within 100–200 km.
Calibrated relocations are lacking in many seismically active
regions, often due to the lack of local seismic networks or dif-
ficulty in accessing local seismic network data. There are many
source regions that are not represented simply because we have
not yet tried to develop a calibrated cluster there. Notable
recent earthquake sequences that we calibrated include the
2003 M 6.6 Bam, Iran; 2008 M 6.0 Wells, Nevada; 2010
M 8.8 Maule, Chile; 2011 M 7.1 Van, Turkey; 2011 M 5.7

Mineral, Virginia; 2015 M 7.8 Gorkha, Nepal; 2016 M 7.8
Pedernales, Ecuador; and 2019 M 7.1 Ridgecrest, California,
earthquakes, among others.

Arrival-time data have been compiled from 19,258 stations
around the world (Fig. 2). These include both permanent and
temporary stations. Most of the arrival-time data used in this
study were obtained from the ISC (Storchak et al., 2017, 2020)
or from the U.S. Geological Survey (USGS) comprehensive
earthquake catalog (USGS Earthquake Hazards Program,
2017). In some cases, we received data from colleagues,
regional, and/or national monitoring facilities that do not rou-
tinely share their catalogs with the international community.
Regardless of the source, the arrival-time data and coordinates
of every station used are included in this dataset. Stations with
the highest number of observations are typically from the
Global Seismograph Network or other long-operated and
accessible networks (e.g., Geoscope and Geofon) that report
their data to the ISC or the USGS National Earthquake
Information Center. Most stations shown in Figure 2 are
within local and regional networks or special studies networks,
which are important for providing the near-source data needed
to ensure minimally biased calibrated locations.

Event Selection
The essential feature of a cluster is that the events are concen-
trated within a limited area, usually on the order of tens of
kilometers. The area of the cluster can be quite small if an

Figure 1. Map showing the location of each cluster currently in
the Global Catalog of Calibrated Earthquake Locations (GCCEL)
dataset. Symbols are scaled by the largest reported magnitude
event in the cluster. The blue symbols are earthquake clusters and
the red symbols are clusters made up of nuclear tests or a
peaceful nuclear explosion (PNE).
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adequate number of events (typically ≥10) with suitable
arrival-time data (good connectivity to the other events, good
azimuthal coverage, and depth control) are observed. When
seismic stations in a source region are scattered widely, it
can be necessary to expand the area of a cluster to obtain
the azimuthal coverage with local distance ray paths that
are needed to calibrate the cluster hypocentroid (absolute loca-
tion). In this case, there is an increased likelihood of unmod-
eled lateral heterogeneity in the region sampled by the arrival-
time data that are used to estimate the hypocentroid (with a 1D
model). The natural consequence is increased variance among
the data used to estimate the hypocentroid, which leads to
inflation of the calibration level of the hypocentroid and there-
fore the uncertainties of the absolute locations of all events in
the cluster. A typical cluster size is 50–100 km. Cluster dimen-
sions tend to be larger in regions with fewer seismic stations or
with sparser seismicity.

All multiple event relocation methods depend on repeated
samples of phase observations at common stations. When the
number of events is small, the statistical power of the dataset
is too weak to obtain locations that can be considered calibrated.
In our experience, clusters with more than ∼20 events usually
become stable enough for calibrated location analysis. If these 20
events have all been observed by a consistent set of stations, the
stability will likely be high. If the observations are sparse, per-
haps because the events occurred over a long time period before
many seismic stations were installed, the stability could be poor.
The detailed analysis, which involves many iterations to identify
outlier readings and to ensure location stability, becomes overly
laborious when the number of events grows too large.

The Mangyshlak cluster in western Kazakhstan is the small-
est with only three events, all of which are peaceful nuclear
explosions for which GT location information was obtained
from Mackey and Bergman (2014). The largest clusters have
usually been calculated as part of a seismotectonic study in

which inclusion of the greatest possible number of events is
desirable, for example, the 200 events of the Dehloran cluster
in Iran (Copley et al., 2015).

In most cases, our ability to successfully calibrate a cluster
depends on the availability of arrival-time data (considered
cumulatively for all events in the cluster) at near-source and
local distances with good azimuthal coverage. Twenty-six clus-
ters are calibrated by taking advantage of the inclusion of one
or more GT events such as nuclear explosions. Generally, event
selection begins with ensuring there are sufficient data at local
distances, which tends to favor smaller, more recent events,
and continues by adding larger, older events that have been
observed at greater distances.

The ability to constrain focal depth is a prime consideration
in selecting events. The goal (not always achieved) is for all
events to have depth constraint. There are several ways this
can be done. The most desirable is a relocation with depth
as a free parameter, driven by arrival-time data at close epicen-
tral distances using an appropriate local velocity model. In
some cases, this was possible, but the data in most clusters
are not adequate for this approach. Subsets of events for which
a free depth relocation can be performed are often used to start
a calibration analysis. After these events are calibrated, more
events are gradually added to the cluster to avoid instability,
with depths adjusted manually. When possible, other depth
constraints such as teleseismic depth phases are referenced
for confirmation.

Most clusters are in regions without deep seismicity. In
subduction zones we generally avoided including events deeper
than ∼60 km, for the same reason we try to avoid clusters that

Figure 2. Map showing the location of the 19,258 stations
currently used in the GCCEL dataset. The size of the station
symbol is scaled by the number of arrival-time observations.
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cover too large an area: the risk of location bias due to unmod-
eled Earth structure, which is certain to be substantial in sub-
duction zones. We also avoid including shallow events that are
far offshore in subduction zones.

To be included in a cluster, an event must have a certain
degree of connectedness with other events through observa-
tions of the same phases at common stations. When attempt-
ing to include older events with more recent ones, this can be
problematic due to evolution of contributing seismic stations
worldwide. Therefore, most clusters are composed of events
that occurred since the beginning of the 1960s. The require-
ment for connectedness applies only to the cluster vectors.
The required number of shared observations for an event to
be adequately connected to the cluster varies, depending on
the azimuthal distribution, the weighting of the observations,
and the extended connectedness of the other event concerned.
We have been unable to quantify “connectedness” by any met-
ric other than dropping events that exhibit instability location
or large uncertainties. For example, two events may be very
strongly connected between themselves but unconnected or
poorly connected to the rest of the cluster; therefore, these
would be dropped from the cluster.

Calibrated Location Procedure
Only a brief description of the calibrated location procedure
(called mloc) is presented here. A detailed description, includ-
ing all source code, supporting data files, references, bibliogra-
phy, utility codes, examples, user’s manual, and extensive
documentation, is available online at Benz (2021). The hypo-
centroidal decomposition (HD) algorithm for multiple event
relocation (Jordan and Sverdrup, 1981) on which mloc is based
has undergone extensive development to add the capabilities
required for performing a calibrated relocation analysis.
Recent studies using this code include Hayes et al. (2013),
Mackey and Bergman (2014), Yeck et al. (2016), and
Karasözen et al. (2019).

It is necessary to understand two technical terms, “hypocent-
roid” and “cluster vector.” The essence of the HD algorithm is
the use of orthogonal projection operators to separate the relo-
cation problem into two parts:

• The cluster vectors, which describe the relative locations in
space and time of each event in the cluster. They are defined
in kilometers and seconds, relative to the current position of
the hypocentroid.

• The hypocentroid, which is defined as the centroid of the
current locations of the cluster events. It is defined in 3D
geographic coordinates and UTC.

Both methods of location calibration implemented here
depend fundamentally on this decomposition of the relocation
problem into separately estimating the hypocentroid and the
cluster vectors and the fact that the arrival-time data used

for the two parts need not (and for purposes of location cal-
ibration, should not) be the same. Our concept is simple: to
minimize the biasing effect of unknown Earth structure, we
seek to base the estimate of absolute location and origin time
(i.e., the hypocentroid) only on data as near to the source as
possible. If the ray paths are short, the cumulative error
between the real Earth and our theoretical travel-time model
(and thus, location bias) is minimized. This is known as “direct
calibration.”

Reciprocal cluster analysis (Bondár et al., 2008) is a very
similar concept. The relative locations of a set of earthquakes
are also fixed by a relative event relocation. Using the reciproc-
ity principle, the roles of events and stations are reversed. The
constellation of events is then shifted in space and time
(through an inversion) to minimize the misfit of the observed
arrivals to an appropriate travel-time model.

Alternatively, if we accept the previously determined hypo-
center of one (for simplicity) event in the cluster, which we
refer to as a calibration event, we can simply impose the shift
in space and time of the hypocentroid needed to align the cor-
responding event with its calibration location, completely
bypassing any concern about unknown Earth structure. This
is termed “indirect calibration.” The hypocentral uncertainty
of any calibration events used in this manner must not be
too large because those uncertainties propagate into the cali-
bration process. Most events in this study have epicentral
uncertainties less than 4 km, so an event with uncertainties
greater than ∼3 km would be of little value.

The cluster vectors in either case, which have been esti-
mated with all available arrival-time information (because only
arrival-time differences are used), are dragged along with the
hypocentroid, establishing the calibrated hypocenter of each
event in the cluster. The fact that the hypocentroid is separately
estimated is the key to its suitability to determine calibrated
locations compared with most other relocation methods.

For most clusters, the relocation analysis starts with select-
ing a subset of events that have well-recorded Pg and Sg arrivals
at distances less than the Pg/Pn crossover (∼100–150 km) with
good cumulative azimuthal coverage (typically <100° maxi-
mum open azimuth). Avoiding observations near the Pg/Pn
crossover reduces the potential for misidentified phases, intro-
ducing location errors. Relocating this “kernel” as a subcluster,
we can simultaneously obtain an appropriate 1D local travel-
time model and reliable focal depths through trial and error.
We use the term “travel-time model” rather than “velocity
model” because these models are determined only to match
the observed arrival-time data to a reasonable degree. We cal-
culate the average of Pg and Sg residuals over the range used for
the hypocentroid and normally achieve a fit in which both are
within ± 0.1 s of the zero line. The average velocities through
the crust are probably meaningful, but we make no claims con-
cerning the details of the layering, which are very poorly
resolved with most travel-time data.
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Here, we are not investigating crustal velocity models. We
simply need a travel-time model that provides a good fit to the
observed arrival-time data at epicentral distances in which
direct crustal phases arrive first. From our experience, the
details of the velocity model are a minor factor in location
accuracy if one is using mainly Pg and Sg phases with good
azimuthal coverage.

The travel-time models usually feature a two- or three-lay-
ered crust over the upper mantle portion of the global 1D
model ak135 (Kennett et al., 1995). When the hypocentroid
of the kernel of locally recorded events is stable, which is nor-
mally almost immediately, velocities in the crustal portion of
the model are adjusted to fit the observed moveout of Pg and
Sg arrivals. Focal depths must be adjusted at the same time
because they affect the arrival times at closer distances.
Then the thickness of the crust is adjusted so that the predicted
arrival times for Pn and Sn (which are mostly not used to esti-
mate the hypocentroid) match the observations. In a small
number of cases, Pn and Sn arrivals observed within the dis-
tance range to estimate the hypocentroid are retained because
their residuals are small and they are few; thus, they have neg-
ligible influence on the hypocentroid. The scatter in observed
Pn and Sn arrivals are such that estimation of the Moho depth
in this manner has a typical uncertainty of ∼3–5 km. We usu-
ally specify the crustal thickness to give a reasonable fit to all
observed first-arriving Pn, so it usually represents an average
over a region with radius of 1.5°–17° epicentral distance.

Similarly, the velocities in the upper mantle of the travel-time
model are usually adjusted to match the observed slope of Pn
and Sn arrivals at greater distances.

The next step in relocation is to add the remaining events to
the kernel a few at a time, adjusting the focal depth, and flag-
ging gross outliers using the “cleaning” process described sub-
sequently. Each change in the arrival-time data or starting
location for one event affects the other events in the cluster.
Dozens or sometimes hundreds of runs are required to thor-
oughly investigate the statistical properties of the distributions
of phase arrival times.

Observations of multiple arrival times for the same “station–
phase” pair in a cluster provide an opportunity to carry out a
statistical analysis that estimates the uncertainty of the observa-
tions known as “empirical reading error” used to improve the
location in two ways: identifying and flagging outlier readings
and inverse weighting in the inversion. Each unique station–
phase combination with two or more (unflagged) observations
is assigned its own empirical reading error. This uncertainty
contains information such as scatter arising from inconsistencies
in arrival-time picking, changes in station equipment, irregular-
ities in timing systems, and differences in the precision to which
picks are reported.

Figure 3 shows an example of “empirical reading error” and
“empirical path anomaly” calculated from the residuals of a set
of phase observations at a station (station–phase). For each run,
every instance of a given station-phase pair is assigned the same
empirical reading error, which is simply a robust estimate of the
spread of the observed distribution of residuals at any given
stage of the relocation. “Robust” refers to the statistical quality
that the estimate is insensitive to outliers. Importantly, standard
deviation is not a robust estimator of spread. Because the arrival-
time readings are weighted inversely to their empirical reading
errors in the location algorithm, the specification of reading
errors has a major impact on the estimated hypocenters and
their uncertainties. The estimate of spread of residuals is done
using the procedure of Croux and Rousseeuw (1992). Their
measure of scale or spread has three desirable properties:
(1) it requires no assumptions about the nature of the under-
lying distribution; (2) it requires no estimate of the central ten-
dency (e.g., the mean or median) of the distribution; and (3) it
reduces to the standard deviation if applied to a Gaussian dis-
tribution, which enables computing more meaningful estimates
of hypocentral uncertainty.

The relocation process consists of multiple iterations from
which estimates of empirical reading error are used to identify
outlier readings. The largest outliers are progressively removed.
Successive estimates of empirical reading errors tend to be
smaller because of iterative outlier removal, leading to improve-
ments in the relative locations of the clustered events (Fig. 4a,b).
Because outlier readings are removed in successive runs, the dis-
tribution of each station phase is expected to evolve toward a
normal distribution with a standard deviation equal to the

Figure 3. Plot illustrating the distribution of “station-phase”
residuals (observed–theoretical travel times) for the Tunisian
station KEST, which provides a basis for determining the
“empirical reading error.” A robust measure of the spread
(i.e., insensitive to outliers) provides a basis for the objective
identification of outliers, and the mean of the residuals provides a
measure of the “empirical path anomaly.” Outliers are removed
progressively, starting with the most severe ones (red circles),
over the course of many runs. Because the process converges, the
mean of the distribution stabilizes, and the distribution
approaches a normal distribution.
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calculated empirical reading error. We generally continue this
iterative outlier removal process until all readings used in the
relocation are within �3σ of the mean for that station phase,
in which σ is the current estimate of empirical reading error
for the relevant station phase.

Figure 4 shows an example of the progression of the loca-
tion calibration analysis for the Bejaia, Algeria, cluster in which
there is a good distribution of events and observing stations
within 150 km. The differences between the initial and final
locations illustrate the importance of the analysis and use of
empirical reading errors to identify outliers and control data
weighting and refinement of the crustal velocity model and
focal depths.

In addition to the empirical reading error, an “empirical
path anomaly” is also calculated from the distribution of sta-
tion–phase samples (Fig. 3). This is simply a measure of the
central tendency of the residuals relative to the theoretical
arrival time for that station phase. Because of clustering, the
range of epicentral distances over which this estimate is made
is normally small (typically <50 km). This measure is of inter-
est after a relocation is completed because it carries important
information about the true variability of seismic wave

Figure 4. Initial and final dispositions of a calibrated cluster of
earthquakes near Bejaia, Algeria. (a) The results of the first run in
which all data are weighted equally; only the grossest outliers are
removed. Focal depths are taken from the input data files
(Storchak et al., 2017, 2020). The crustal model has not been
refined. The change in location from initial locations (Storchak
et al., 2017, 2020) are shown by red vectors. The confidence
ellipse (90%) for each event is for the relative location only; the
uncertainty of the hypocentroid that defines the absolute loca-
tion is shown by the blue ellipse. The uncertainty of the hypo-
centroid must be added to the uncertainty of relative location to
obtain the uncertainty of absolute location for any given event.
The red triangles show the locations of the local stations, and a
red circle of 10 km radius is shown for scale. (b) The final
relocation is shown, after refinement of the crustal velocity model
and focal depths, determination of empirical reading errors for
each station phase, and identification and flagging of outliers
based on the empirical reading errors. There are dozens of runs in
between panels (a) and (b). Some events may have been dropped
between mloc runs when they could not be located with suffi-
cient accuracy. Panels (c) and (d) display the empirical travel-time
curves from the initial and final runs.
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propagation in the Earth, but it is not used in the actual relo-
cation. For estimation of the hypocentroid with near-source
and local distance observations, the true travel-time residuals
are used. For most observations that are used only to estimate
relative locations (cluster vectors), only travel-time differences
are used. The mean of station-phase observations (rather than
a more robust estimate, such as median) is used for empirical
path anomaly because the parameter is only referenced after
outlier readings have been identified and flagged, leaving an
approximately normal distribution.

Results
Observed phases
The calibrated relocation analysis is restricted to using phases
for which theoretical travel times can be calculated using the
ak135 global travel-time model (Kennett et al., 1995) plus Lg
and T phase travel times that are represented by travel-time
models that are linear in distance and adjustable by the user.
Supplied phase names must often be renamed to be consistent
with standard phase nomenclature and observed arrival times.
Phase identification is done algorithmically and closely moni-
tored to resolve identification issues. Phases P and Pn account
for ∼70% of the 11 most used phases in the dataset (Fig. 5a). All
crustal phases are relabeled to Pg and Sg, and the bar labeled
“other” contains all the phases not otherwise specified. In total,
87 unique phases and >3.0 M observations are included in the
dataset (Fig. 5b).

Epicentral uncertainty
Epicentral uncertainty of a calibrated location is described by a
confidence ellipse at a 90% confidence level using the method-
ology of Jordan and Sverdrup (1981). Because the analysis is
based on data with realistic uncertainties (empirical reading

errors), the confidence ellipses in GCCEL are considered more
meaningful than those based on rule-of-thumb guesses about
data variability. Nevertheless, these uncertainties are likely to
have been underestimated in many cases because of factors that
we cannot adequately control, such as lateral heterogeneity of
the crustal structure within the area of the cluster, failure to con-
sider the cross correlations between epicenter and focal depth
when depths are held fixed, and the well-known limitations
of statistical tests made with small sample sizes. An additional
1–2 km of uncertainty in epicenter is not unrealistic for typical
clusters. We compensate for any such bias by taking the longest
semiaxis of the confidence ellipse as the metric of uncertainty.

The distribution of lengths of the longest semiaxis of the con-
fidence ellipse is shown in Figure 6a. Most events have epicentral
uncertainties of 1–3 km, and very few are >5 km (Fig. 6a). For
descriptive purposes, we round the major semiaxis length to the
nearest integer and refer to it as “calibration level.” The GCCEL
database includes the full epicentral ellipse for each hypocenter,
as well as the calibration level (Benz, 2021).

Origin time uncertainty
Origin time is a free parameter in the relocation process, but
origin times are biased unless focal depth has been usefully
constrained. Calibrated origin times are essential for many
of the uses of the arrival-time data in GCCEL, which is why
we emphasize the selection of events for which focal depths
can be constrained. Most of these values for origin time

Figure 5. (a) A bar graph showing the 11 most observed phases in
the GCCEL dataset. All other phases are aggregated in a bar
labeled “other.” (b) Travel time versus distance plot of all the
phases used in this study.
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uncertainty are underestimated, however, because they were
determined in an inversion in which focal depths were held
fixed (Fig. 6b). The small set of uncertainties near 1 s are from
clusters of nuclear explosions for which precise shot times have
not been published, and there are no local-distance arrival-
time data to constrain origin time.

Focal depths
Focal depths are referenced to World Geodetic System 1984.
There is no provision for calculating theoretical travel times
for foci above the reference ellipsoid. Nearly all events in
GCCEL are at crustal depths of <60 km (Fig. 7). The median
depth is 12 km with an average depth of 14 km. The peak at
0 km mainly represents nuclear explosions. Most nuclear tests
in GCCEL have been conducted in boreholes, partly compen-
sating for the elevation at the test site, but by requiring all
events to be set at zero or greater depth in GCCEL, a small
bias in depth has been introduced in some cases.

Focal depth uncertainty
The focal depth uncertainties reported in GCCEL are, in many
cases, less rigorous (when depth is not a free parameter in the
location procedure) than those of the epicenters. The ability to
determine focal depth as a free parameter in the inversion
depends on the availability of arrival-time readings from stations
very close to the epicenter; the required minimum distance
reduces as focal depth shallows. In many clusters, a subset of
events can be relocated with free depth. In these cases, the focal
depth is fixed accordingly with the uncertainty calculated in the
free-depth inversion, usually ranging from <1 km to∼2 km. In a
few cases, the dataset for a cluster is extensive enough at short
distances to permit a free-depth relocation for the entire cluster.

Figure 6. (a) Histogram showing the number of events versus the
90% confidence level of the longest semi-axis of the confidence
ellipse (full uncertainty; hypocentroid plus cluster vector). For the
entire dataset most epicentral location errors are <3 kmwith only
a few >5 km. (b) Histogram of origin time uncertainty.

Figure 7. Histogram showing the number of events versus depth
for the dataset. The dataset has a median event depth of 12 km
and average depth of 14 km. A peak near 0 km is dominated by
nuclear explosions. Deeper events are primarily in subduction
zone clusters.
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When arrival-time data are not sufficient to constrain depth,
we fixed the depth to a value determined by other methods. In
cases in which some events in a cluster have one or more read-
ings at a distance less than approximately twice the focal depth,
the focal depth is adjusted manually to fit the near-source read-
ing and the uncertainty is normally set to ± 3 km based on
extensive comparisons with free-depth inversions.

The most common method of constraining focal depth is by
analysis of local distance readings. This method allows useful esti-
mates of focal depth to be made using first-arriving crustal phases
that are too distant from the epicenter to be treated as near-source
indicators of focal depth. The uncertainty of this approach,
however, is difficult to quantify. Through extensive comparisons
with datasets that are amenable to analysis with free-depth relo-
cation, depth constraint by manually fitting near-source readings,
and analysis of the more distant local distance readings, we have
found that an uncertainty of ± 4 km is achievable.

A small number of events in GCCEL have been fixed at an
“average cluster depth” determined for a cluster from the dis-
tribution of constrained depths. These usually occur in clusters
that were originally analyzed in the context of a seismotectonic
study, so we judged it necessary to include events for which
focal depth could not be constrained by any of the methods
mentioned earlier. All events in GCCEL include a flag that
indicates the nature of the constraint on focal depth, as well
as the associated uncertainty.

Empirical path anomalies
An important application of this dataset is its usefulness in
investigating lateral heterogeneity in the Earth. It is particularly

useful in studying regional Pn propagation because it is the
second most observed phase in the dataset (Fig. 5), and it is
the dominant phase used for location in most regional seismic
networks. Because the calibration of clusters is based on the fit
to first-arriving crustal phases, the unknown variability of Pn
propagation does not bias the hypocenters and the observed
arrival times are measures of the true Pn travel time.

Within a cluster the collection of Pn (for example), obser-
vations at a given station are analyzed for a robust estimate of
spread, which we refer to as the “empirical reading error.” The
mean of the distribution, relative to theoretical travel-time
model, provides an estimate of lateral heterogeneity that is
termed an “empirical path anomaly.”We balance (by adjusting
crustal thickness in the model) the number of positive and neg-
ative Pn residuals, especially over the near-regional distance
range, but it is a qualitative judgment. Figure 8 shows the sys-
tematic variation of Pn empirical path anomalies over a broad
region for the El Mayor, Mexico, and the Polzohab, Iran, clus-
ters. The scale used for making such plots “floats” in the sense

(a) (b)l M ll l ll

l l

Figure 8. Empirical Pn path anomalies from: (a) the El Mayor,
Mexico, cluster and (b) the Polzohab, Iran, cluster. The hypo-
centroid of the cluster is represented by a black star. Each open
circle represents the mean of residuals for Pn arrivals at a given
station. Early arrivals are shown in blue and late arrivals in red,
and symbol size is scaled by the absolute value of the mean
residual. The transition between early and late arrivals is sensitive
to the choice of Moho depth in the local travel time model; the
Moho depth is qualitatively chosen to provide a near-zero mean
for observed Pn arrivals, especially at shorter epicentral distances.
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that the zero residual level is coupled to the crustal thickness
specified in the local travel-time model from which theoretical
Pn travel times were calculated for the cluster in question. The
value of empirical path anomalies is enhanced by the fact that
each measurement comes with an estimate of uncertainty, that
is, the empirical reading error for the relevant station phase.
Empirical path anomalies such as those shown in Figure 8
can be calculated for any phase in this dataset.

The near-zero mean of Pg arrivals for the entire dataset
(Fig. 9) reflects the fact that most of the calibrated hypocenters
are based on fitting Pg (and Sg) arrivals as closely as possible at
distances when Pg is the first-arriving phase. The dataset
includes many Pg arrivals from greater distances where they
are secondary arrivals, which increases the spread of the Pg
distribution. The near-zero mean of Pn phases in Figure 9
reflects our efforts to adjust the crustal thickness in the local
travel-time models to fit the Pn arrivals from calibrated hypo-
centers. When the crustal thickness is adjusted in this manner,
the distribution of Sn readings has a negative mean. This may
be caused by phase identification problems in the crossover
region with Sg, or it may indicate some difference in the propa-
gation of Sn versus Pn in the real Earth that is not well rep-
resented in our simple layered travel-time models.

The distribution of teleseismic P residuals in GCCEL
(Fig. 9) has a positive mean of 1–2 s relative to the ak135 global
model. A discrepancy is not unexpected because the selection
of events is heavily weighted toward continental regions,
whereas ak135 is intended as an average global model. The
nonzero mean of teleseismic P residuals does not bias the relo-
cation because these data are used only as differential times.

Conclusions
We assembled a globally distributed catalog of 18,782 seismic
events with calibrated hypocenters. These locations are char-
acterized as minimally biased by unknown Earth structure and
for which hypocentral uncertainties are based on the empirical
variances of the data, implying realistic epicentral error esti-
mates. For most clusters, a local travel-time model, which is
included, was derived to optimally fit the observed moveout
of arrival-time data at local distances and to fit the observed
arrival times of Moho-refracted phases Pn and Sn.

The relocated hypocenters are important for providing a set
of globally distributed reference locations that can be used as
prior constraints in the development of new regional, national,
and global earthquake catalogs and for development of
advanced Earth models and earthquake location technologies.

Data and Resources
The online Global Catalog of Calibrated Earthquake Locations (GCCEL)
dataset (Benz, 2021) includes the phase data, seismograph station coor-
dinates, travel-time model, and figures for each cluster. It also includes
descriptive text, source code, and documentation of the relocation pro-
gram. Most of the arrival-time data in GCCEL have been acquired from
the International Seismological Centre (ISC) On-Line Bulletin (Storchak
et al., 2020). For earthquakes in the United States, the Advanced National
Seismic System (ANSS) Comprehensive Catalog has contributed many
data (U.S. Geological Survey [USGS] Earthquake Hazards Program,
2017). Other data have been contributed by individual researchers from
permanent and temporary seismograph networks studies and reposito-
ries. Notable contributors include Kevin Mackey, Farzam Yamini-Fard,
Mohammad Tatar, Myrto Pirli, Nuno Alfonso Dias, and Frederik
Tilmann.
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