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Abstract

Earthquake catalogs are heterogeneous, especially those developed over long time
spans. Changes in seismological monitoring, which provides the records on which these
catalogs are based, are common. Typically, instruments and networks become more sen-
sitive over time, allowing for the detection and characterization of smaller earthquakes.
In pursuit of improvement, new methods for routine data analysis are occasionally
introduced, modifying the procedures for catalog compilation. The resulting hetero-
geneities may not be evident to users, but they should be unveiled and considered
in any application of the catalog, especially in statistical seismology, which analyzes
large earthquake data sets. The Global Centroid Moment Tensor catalog is considered
the most homogeneous database of global seismicity. However, a detailed analysis of
its heterogeneities has been lacking. This work reviews changes in the catalog’s devel-
opment from 1976 to 2023 and reveals how these have caused improvements and
heterogeneities in the resulting data. Several periods are distinguished, separated
by milestones in the methods employed for moment tensor inversion and catalog com-
pilation, as well as by the advent of global broadband monitoring in 2004. These
changes are shown to have caused variations in the catalog’s completeness and in
the determinations of centroid depths, scalar seismic moments, and moment tensors.
The magnitude of completeness is measured here in detail, both temporally and spa-
tially. It has decreased over the years and shows spatial variations within each period,
correlated to regional differences in network monitoring and compilation biases.
Moment tensor determinations have been significantly different since 2004, resulting
in a different frequency distribution of rake angles and a different dependence of the
double-couple component as a function of rake. This work is expected to benefit all
future uses of the catalog, enabling better characterization of seismicity properties
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and improved building and testing of models for earthquake occurrence.

Introduction

The Global Centroid Moment Tensor (Global CMT) catalog
(Dziewonski et al., 1981; Ekstrom et al, 2012; Ekstrom,
2015; Ekstrom and Nettles, 2015) provides estimates of the
focal mechanism, scalar seismic moment (M), and centroid
location for major earthquakes worldwide and has become
one of the most used databases in seismology. Apart from
offering global insights on Earth’s seismicity and seismotecton-
ics (e.g., Ekstrom, 2015), it has allowed systematic analyses of
earthquake size distributions (e.g., Yoder et al., 2012; Kagan
and Jackson, 2016; Serra and Corral, 2017; Corral and
Gonzalez, 2019), thanks to M, being a physically meaningful
and consistent size measurement reliable up to the largest
earthquakes (e.g., Deichmann, 2018). In contrast, many earth-
quake catalogs contain a mixture of nonequivalent magnitude
scales, which complicates such analyses (e.g., Di Giacomo and
Storchak, 2016; Gonzalez, 2017; Herrmann and Marzocchi,

3566 Seismological Research Letters

www.srl-online.org

Supplemental Material

2021). The Global CMT catalog has also enabled showing
how the earthquake size distribution depends on the faulting
style (Schorlemmer et al., 2005; Petruccelli et al, 2018, 2019).
And it has been used to identify that the latter is correlated to
the double-couple component of the focal mechanism
(Zaccagnino and Doglioni, 2022). Moreover, it is being
employed as a benchmark catalog for developing and testing
forecasts of earthquake rates (e.g., Kagan and Jackson, 2011;
Bird et al., 2015) and focal mechanisms (e.g., Kagan and
Jackson, 2014; Taroni and Selva, 2021). And, in turn, it is a
major data source for other databases, such as the
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International Seismological Centre (ISC) Bulletin (Lentas ef al.,
2019; Di Giacomo et al., 2021; International Seismological
Centre, 2024), the International Seismological Centre-Global
Earthquake Model (ISC-GEM) catalog (Di Giacomo et al,
2015, 2018; Lee and Engdahl, 2015) or diverse regional earth-
quake compilations (e.g., Mueller, 2019).

As is typical for most catalogs, heterogeneities and temporal
changes are to be expected on it, given the methodological
improvements for data analysis introduced over its develop-
ment (e.g., Ekstrom et al, 2012), and the expansion of the seis-
mological networks which provided the records used for
compiling the catalog. For example, only 10-20 stations con-
tributed globally with digital data to the catalog in the early
1980s, but more than 200 stations did in 2012 (Ekstrom
and Nettles, 2015).

A crucial issue is how complete the catalog is. Its compilers
acknowledge an improvement from an overall magnitude of
completeness (M.) from M, ~54 during 1976-2003 to
M, ~ 5.0 for 2004-2013 (Ekstrom and Nettles, 2015), but these
estimates are optimistic compared to more detailed ones.
Higher values of M. were noted by Kagan (2003), who consid-
ered its temporal variations, but not the spatial ones, and by
Woessner and Wiemer (2005) and Petruccelli et al. (2019),
who mapped its spatial variations but disregarded temporal
ones. Di Giacomo et al. (2021) compared M, of this catalog
to others, but only in specific regions and periods. So an
updated, comprehensive appraisal, considering both the spatial
and temporal variations of M., would be indeed necessary for
the catalog users.

This contribution first identifies the major eras in which the
catalog may be divided, based on milestones in its develop-
ment. Considering these periods, M. is then determined in
unprecedented temporal and spatial detail. I next show how
the resulting heterogeneities alter the spatial pattern of cent-
roid depths, the statistical distribution of rakes (which deter-
mine the faulting styles), and the fraction of the double-couple
component as a function of rake.

I will not overlap with other catalog issues already discussed
in detail elsewhere, for example as follows. Agnew (2015) noted
apparent magnitude heterogeneities in the catalog. Uncertainties
in the seismic moment tensors were analyzed, for example, by
Rosler et al. (2021). Finally, location errors of the centroids were
discussed, for example, by Ferreira and Woodhouse (2006),
Hjorleifsdottir and Ekstrom (2010), Morales-Yaiez et al.
(2020), Wimpenny and Watson (2021), and Sawade et al. (2022).

Catalog History: Temporal
Heterogeneities in the Catalog
Compilation

Here, I will analyze the Global CMT catalog (see Data and
Resources) for the 48 full years published so far (1976-2023),
which include a total of 64,879 earthquakes. See supplemental
Videos S1 and S2, available to this article, for animated globes
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(blank and with the epicentroid map, respectively). Moment
magnitudes (M,,) were calculated from the reported M,
(measured in dyn-cm) as M, = (2/3)(log M, — 16.1). This
equation, also used in the web searches of the catalog since
February 2006, avoids rounding issues (see Bormann, 2015),
which may arise when applying the original formulae by
Kanamori (1977) and Hanks and Kanamori (1979).

To analyze the evolution and heterogeneities of an earth-
quake catalog, it is necessary to separate eras with different
techniques for data processing, earthquake location, or magni-
tude determination, or according to the development of the
network contributing data for the catalog compilation (e.g.,
Hutton et al., 2010; Gonzalez, 2017). So, a first step is to iden-
tify the milestones that separate such periods.

For the Global CMT catalog, I will initially tell apart four
eras (Fig. 1), which are quite apparent when considering the
global rate of earthquakes reported in the catalog (increasing
as the methods and networks improved) and the procedures
for centroid depth determination. They are also based on
improvements of the routine CMT analysis for the catalog
(Ekstrom and Nettles, 2015) and on a major milestone in
the development of the Global Seismographic Network, which
is used as a major data source for the catalog, complemented by
other, global and regional networks (Ekstrom et al, 2012;
Ekstrém and Nettles, 2015). Further catalog heterogeneities
may be unveiled using scatterplots of magnitude versus time,
which were already explored by Agnew (2015, his fig. 8).

Transient, actual, increases in the global seismicity rates
were due to the high productivity of the aftershock sequences
of the great earthquakes of Sumatra-Andaman (26 December
2004; see Lay et al., 2005) and Tohoku-Oki (11 March 2011).
But the general trend (Fig. 1a) is expected to evidence the
improvements in the seismic monitoring and data analysis
over time, which allowed including more small earthquakes
in the catalog. This is made clear by plotting separately the
cumulative number of events with magnitude not larger than
the current median (Fig. 1a).

Moment tensor inversion using long-period waves, as used
for the CMT catalog, cannot resolve the depth of shallow seis-
mic sources (e.g., Hejrani and Tkal¢i¢, 2020). For this reason,
shallow earthquakes have been assigned a minimum, fixed
depth, in the catalog, which has changed over time. Such
changes may be missed by the catalog users, since the most
recent catalog descriptions (Ekstrom et al., 2012; Ekstrom and
Nettles, 2015) only mention the value used since 2004. Other
centroid depths could not be resolved either and are fixed at
the hypocentral depth or at a value considered suitable by the
analyst, considering the regional seismicity (Ekstrom and
Nettles, 2015). Fixed depths are suitably flagged in the catalog
files, indicating whether they were not inverted for (so fixed
in strict sense) or whether they were based on the modeling of
broadband P waveforms (body waves, Fig. 1b).

The eras and their rationale would be as follows:
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Figure 1. Eras distinguished in the Global Centroid Moment Tensor
(Global CMT) catalog, separated by the beginning of the

years 1977, 1986, and 2004 (marked). (a) Cumulative number

of earthquakes, for all magnitudes or for moment magnitude
M., < 5.2 (median magnitude as of the end of 2023 in the
catalog). (b) Centroid depths and their determination type. Note
that in panel (b) the vertical scale is logarithmic, to enhance the
differences in the minimum depth used during different eras

(10, 12, or 15 km). The color version of this figure is available only
in the electronic edition.

1976

The catalog for this year (only 108 earthquakes) was published
by Ekstrom and Nettles (1997), using the procedures then in
practice, such as a fixed depth of 15 km for shallow centroids.

1977-1985

After the initial CMT method was published (Dziewonski
et al, 1981), the catalog compilation started in 1982 at
Harvard University, as the Harvard CMT project, led by
Adam Dziewonski. During 1977-1985, an average of 540
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earthquakes per year were reported (almost a fivefold increase
with respect to 1976), most of them with M,, > 5.2 (Fig. 1a). A
minimum centroid depth of 10 km was used, and some depths
started to be fixed based on body waves (Fig. 1b). Depths in the
10-35 km range were rounded to the nearest kilometer. Early
improvements of the routine analysis were the modeling of
mantle waves (Dziewonski and Woodhouse, 1983) and consid-
eration of lateral heterogeneities of seismic wave velocities
(Woodhouse and Dziewonski, 1984, implemented at the begin-
ning of 1984, Dziewonski et al., 1984). These improvements
were applied backward to seismicity from 1977 onward
(e.g., Giardini et al, 1985; Dziewonski et al, 1987a, 1988),
so I will consider the period 1977-1985 as a single one, com-
piled with a sufficiently homogeneous methodology.

1986-2003

During this era, the minimum centroid depth was fixed instead
to 15 km (Fig. 1b), as shallower solutions were deemed unsta-
ble (Dziewonski et al, 1987b). Additional methodological
changes were the use of a new model of mantle shear-wave
velocities (Dziewonski and Woodward, 1992) for earthquakes
that occurred since July 1991 (Dziewonski et al., 1992), and
an improved calculation of the amplitude decay due to attenu-
ation for those occurred since the beginning of 1994
(Dziewonski et al., 1994), using a model later published by
Durek and Ekstrom (1996). During this period, an average
of 862 earthquakes per year was reported, a notable increase
due to including more small earthquakes than before, as clearly
noticeable for M,, < 5.2 (Fig. la).

2004-present
The broadband Global Seismographic Network achieved
global coverage by 2004 (Butler et al., 2004; Ammon et al.,
2010). Broadband deployments have drastically enhanced
the ability to characterize smaller earthquakes and reduce
M. in the catalogs (e.g., Hutton et al, 2010; Gonzélez,
2017). So a similar effect is to be expected in the Global CMT.
Moreover, the CMT inversion routine, under the new lead
of Goran Ekstrom (Ekstrom et al., 2012), incorporated several
changes and improvements at the beginning of 2004. Namely,
data of intermediate-period surface waves started to be used
(following the method by Arvidsson and Ekstrém, 1998, which
allowed analyzing earthquakes smaller than before, and better
determining the moment tensors of shallow ones), and mod-
eling of the moment-rate function was improved (Ekstrom and
Nettles, 2015). The minimum centroid depth was again
changed, set as 12 km (Ekstrom and Nettles, 2015), and the
pattern of manually fixed depths was significantly modified
(Fig. 1b), for example, the value of 15 km was maintained,
but the value of 33 km was almost no longer used. The latter
change was actually due to a modification in the reporting of
hypocentral depths in the U.S. Geological Survey National
Earthquake Information Center (NEIC) catalog (noted by
November 2024
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Ekstrém, personal comm., 2024). Frequently, when a centroid
depth could not be resolved, it was fixed to the hypocentral
depth reported by NEIC. This institution, in turn, stopped
using 33 km as a default value for fixed depths at the end
of 2003. During this last period considered of the Global
CMT catalog, it was achieved that the proportion of depths
calculated as free parameters (73%) was significantly larger
than in 1976-2003 (53%).

The magnitude and depth pattern of earthquakes in the cata-
log changed in 2006 simultaneously to the move of the project to
a different institution. Namely, in summer 2006, the project
(according to its webpage), moved with Ekstrom to the
Lamont-Doherty Earth Observatory of Columbia University,
changing its name to current one of the Global CMT Project,
and being coled by Meredith Nettles. Agnew (2015) had noticed
that, for 2004, 2005, and the beginning of 2006, the catalog con-
tains more small earthquakes (M, < 5.0) than immediately
after. This author furthermore pointed out that, during those
years, it seemed as if M,, (so indirectly the reported M) had
been calculated differently from the rest of the catalog
(Agnew, 2015, his fig. 8b). It turns out that, during those years,
the new methods for analysis had been implemented, but it was
still common to fix centroid depths based on the body waves, a
procedure that was discontinued for the earthquakes that
occurred since April 2006 onward (Fig. 1b). This change in
the pattern of fixed depths has not been explicitly noticed else-
where. Because it typically takes a few months to calculate and
publish the final Global CMT solutions, the analysis of that
month was finished once the project had moved to Columbia,
and indeed the monthly data file in the webpage (see Data and
Resources) dates from September 2006. Ekstrom et al. (2012)
indicated that, since 2006, not only of earthquake locations from
NEIC were used as an input for the CMT inversion, but also of
locations obtained from analyzing intermediate-period surface
waves (using the procedure of Ekstrom, 2006). This procedural
change in 2006 (presumably from earthquakes of April onward)
apparently resulted in not needing to fix centroid depths based
on the body waves as was common before. According to
Ekstrom (personal comm., 2024), broadband modeling of body
waves was discontinued in 2006 because it was time consuming
and the surface waves were found to provide better depth res-
olution for all earthquakes.

That M, values in 2004-early 2006 seem biased toward small
values (Agnew, 2015) may be explained if some centroid depths
had been biased toward too shallow values with the procedures
used in that particular period, before that change and when fix-
ing depths based on body waves had not been deprecated yet.
This effect would arise from a possible trade-off between depth
and M, when modeling the observed waveform amplitudes: The
shallower a centroid is assumed to be, in general, the lower the
calculated M, may be expected to be, to avoid the modeled
amplitudes being too large. So both kinds of heterogeneities
(on magnitudes and depths), being coincident in January
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2004-March 2006, might be due to the same cause. In any case,
a more detailed analysis would be required to further clarify
this issue.

Despite these heterogeneities, I will consider the period
2004-2023 as a single one, given that the same minimum
centroid depth was used (Fig. 1b) and, especially, since the
most important improvements in monitoring and data analysis
started already in 2004. Since this year, smaller and more
earthquakes catalog
(Ekstrom, 2015). An average of 2201 earthquakes per year were
reported between 2004 and 2023, an increase of over 250%
compared to the previous period, mostly due to earthquakes
with M,, < 5.2 (Fig. 1a).

numerous were included in the

Spatial and Temporal Variations of the
Magnitude of Completeness (M)

To be meaningful, M has to be calculated for separated space-
time volumes, since it typically increases with the distance to the
seismological stations and is subject to temporal changes coinci-
dent with modifications in the methodology for compiling the
catalog, and with developments of the seismological network
(e.g., Hutton et al, 2010; Gonzélez, 2017). Only earthquakes
with centroid depth <70 km were used (as, e.g., by Woessner
and Wiemer, 2005), given that this range includes most events
(82% of the total for 1977-2023) and is the most relevant for
seismic hazard. It is meaningful to avoid mixing them with
deeper earthquakes in the analysis, since M, is expected to vary
with depth (e.g., Kagan, 2003; Schorlemmer et al, 2010).

M, was calculated as the minimum value at which an expo-
nential distribution of magnitudes (Gutenberg and Richter,
1944) holds, as determined by the entire-magnitude-range
(EMR) method. This procedure was already applied by
Woessner and Wiemer (2005) to the Global CMT catalog
when proposing it. It relies on the catalog data itself and, using
bootstrap resampling, provides a reliable maximum-likelihood
estimate of M, even with small samples (=60 earthquakes) and
of its standard deviation, M. (Woessner and Wiemer, 2005).
All earthquakes with magnitude > M. are assumed to be
detected. Below M, the earthquake frequencies are fitted to
a cumulative normal (Gaussian) distribution, which describes
how the probability of detection is reduced as the magnitude
decreases. Visual inspection of the magnitude-frequency rela-
tion (e.g., Ekstrom et al., 2012; Ekstrom and Nettles, 2015) typ-
ically underestimates M, because it is not usually possible to
reliably determine by eye the departure from the Gutenberg-
Richter relationship (e.g., Felzer, 2008). The classical goodness-
of-fit test for an exponential distribution (Lilliefors, 1969) may
be suited for calculating M. with large samples (Herrmann and
Marzocchi, 2021) but has too low statistical power for small
ones (e.g., Marzocchi et al., 2020); indeed, tests indicated that
it systematically underestimated M. compared to EMR with
the small subcatalogs here forth used. Because the Global
CMT catalog does not report which seismological stations
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recorded each earthquake, methods for calculating M, based
on the station distance (e.g., Schorlemmer and Woessner,
2008) cannot be properly applied.

The EMR software code (see, e.g., Mignan and Woessner,
2012) searches by default in a range of +0.4 magnitude units
around the mode of the magnitude distribution (M, deter-
mined by maximum curvature, Wiemer and Wyss, 2000). A
wider range of +0.6 magnitude units was here used instead
to avoid any potential biases.

For avoiding empty bins and providing stable results, mag-
nitudes were binned to AM,, = 0.1 magnitude units, which is
on the order of the actual magnitude uncertainty in the catalog
and the default binning for the EMR method (e.g., Mignan and
Woessner, 2012). The catalog provides M, with 3 or 4 signifi-
cant digits, allowing (taking into account the nonlinear relation
to M,,) a finer nominal magnitude precision of AM,, ~ 1073
(e.g., Navas-Portella et al., 2019). But the actual magnitude
uncertainties are larger. Ekstrom and Nettles (2015) indicated
that the usual standard deviation of M, determinations in the
catalog was <20%, which corresponds to ~0.05 units of M,,.
And, when taking M,, values from the Global CMT catalog
for the ISC-GEM catalog (Di Giacomo et al., 2015), an uncer-
tainty of +0.1 magnitude units was assigned (Lee and
Engdahl, 2015).

Yearly variations of M,

Figure 2 shows the mean M, and the bootstrap estimate of its
standard deviation, M, for shallow earthquakes (centroid
depth <70 km) per each calendar year (also presented in
the Data S1). In comparison, Kagan (2003) calculated M, in
wider (5-year) periods, albeit he considered shallow, inter-
mediate, and deep earthquakes separately. These M. values
average out the spatial variations, but provide a general over-
view of the catalog improvement over time. A decreasing trend
is evident (Fig. 2), especially between periods, with M, being
relatively more stable within each period: ~6.4 in 1976, 5.5-5.8
in 1977-1985, 5.3-5.6 in 1986-2003, and 5.1-5.3 in 2004-
2023. The stated goal of M. = 5.0 (Ekstrom and Nettles,
2015) has not been reached yet, albeit a stable M, = 5.1 has
been achieved systematically, on average, since 2018.

Spatial variations of M, in each period

Figure 3 and Videos S3-S5 show the spatial variations of M,
for each period since 1977. Such a mapping cannot be properly
done in a yearly basis, as there would be too few earthquakes
for analysis (e.g., for 1976). As Woessner and Wiemer (2005)
did, I calculated M at each node of a latitude-longitude lattice,
considering the earthquakes within a radius of 1000 km around
it (if and only if there were at least 60 earthquakes in this
spherical cap). But I used a grid spacing of 1°, instead of
the 2° they employed, so the density of nodes (and map detail)
is four times as large as theirs. Blank areas in the maps had too
few earthquakes for calculating M..
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Figure 2. Mean magnitude of completeness M. per year, for
earthguakes with centroid depth <70 km. Error bars are £1 M.,
calculated from 1000 bootstraps. Dots are placed at the middle
of each calendar year, and their width covers the corresponding
yearly interval. Vertical lines divide periods in the catalog
development, as in Figure 1. Numerical results are provided in
Data S1. The color version of this figure is available only in the
electronic edition.

Values of M, and M. for each location and period, calcu-
lated using 200 bootstraps per sample, are provided as Data S2.
Maps of §M_ are provided as Figure S1 and show a decreasing
trend with time, being the mean values 0.15, 0.11, and 0.07,
from the first to third map, respectively. This improvement
results from the typically larger number of earthquakes avail-
able for analysis at each node of the map for more recent peri-
ods. Given the relatively low values of M, the variability
observed for M, both in time and space, is to a large extent
systematic and statistically significant.

Overall, along 1977-2023, M, varied between 5.0 and 6.0,
depending on the period and location. In 1977-1985,
M, €[5.5,6.0], with an irregular spatial pattern. In 1986-
2003, M. €[5.3,6.0], being the highest (worst) values found
between Tasmania and Antarctica, but with a general improve-
ment in other regions, compared with the former period. For
2004-2023 the map is particularly detailed, thanks to the abun-
dance of data; M, € [5.0,5.5], a significant reduction compared
to the previous era, with low values in well monitored regions
(e.g., Japan, Taiwan, western Mediterranean, and west coast of
North America, see, e.g., maps of contributing stations in 2010
and 2012 (Ekstrom et al., 2012; Ekstrom and Nettles, 2015,
respectively). The highest M values since 2004 are again found
in remote offshore areas near Antarctica, far away from any
station.

In this last period, even considering the uncertainties and
rounding of the digits, the goal of M. = 5.0 (Ekstrom and
Nettles, 2015) was reached only in a minority of regions.
November 2024
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Figure 3. Magnitude of completeness (M,) in the periods indi- circum-Pacific rim. Note the identical color scale for the three
cated. The Mollweide (equal area) projection is centered on maps. Numerical results are provided in Data S2. Animated,
longitude 150° E to better show the land areas around the rotating versions of these globes are presented in Videos S3-S5.
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Namely, it is statistically higher, beyond two standard devia-
tions (M, —26M. > 5.05) in 57% of the map area where
it could be determined (weighting the latitude-longitude
points of the map by the area of the cells they represent,
see Gonzalez, 2010), and in particular, in most of the southern
hemisphere.

Indeed, since 1986, when spatial trends are most apparent,
the lowest M, values are systematically found in the northern
hemisphere, and the highest ones in the southern hemisphere
(Fig. 3). This asymmetry was also noted, with less detail, by
Johnston and Halchuk (1993) and Woessner and Wiemer
(2005), and is expected from the majority of seismological sta-
tions being located in the northern hemisphere, allowing a better
coverage (both because of the spatial density of stations and the
network geometry). Gaebler and Ceranna (2021) calculated a
similar hemispherical asymmetry for the detectability of the
International Monitoring System Seismic Network. Ringler
et al. (2024) also calculated a similar pattern for the global
m,, detection thresholds of the network used by NEIC.

In addition, systematic spatial differences in M, may be due
to an unintentional selection bias (initially suggested by
Ekstrom, personal comm., 2021) caused by regionally variable
discrepancies between M,, and body-wave magnitude m,. Since
2004, the selection criteria for attempting a CMT analysis
(Ekstrom et al., 2012; Ekstrom and Nettles, 2015) is that the
earthquake has a reported magnitude (my or surface-wave
magnitude M,) 2>4.8, usually considering the preliminary
determination of hypocenters (PDE) catalog of NEIC.
Acknowledging the differences between magnitude scales, and
the uncertainties in magnitude determination, this threshold
aims to include all earthquakes with M,, > 5.0 (Ekstrom and
Nettles, 2015). For most earthquakes around that threshold
(especially those recorded at teleseismic distances), the magni-
tude type reported by PDE is m,,. These my, values are, on aver-
age, similar to the final, reviewed ones determined by ISC (e.g.,
Rezapour and Pearce, 1998; Scordilis, 2006). M,, and m,, scale
differently with M, so the difference M,, — my, is not constant.
Moreover, there are systematic regional variations in the average
difference between the final 1, values from ISC and M,, (Lolli
et al, 2014, 2015): in regions of high body-wave attenuation
(such as mid-ocean ridges, especially in the Pacific), m, tends
to be underestimated, whereas in regions with low attenuation
(such as in continental interiors and several subduction zones,
e.g., in the western Pacific) it tends to be overestimated. So the
larger the average difference M., — my, is in a region, the higher
the actual M,, selection threshold of the Global CMT catalog
may be (and the higher M. would tend to be).

This inadvertent selection bias may, for example, have con-
tributed to the high M. in midocean ridges (which, in addition,
are located far away from most seismological stations), and to
the low M, in subduction zones in the western Pacific, and in
central Asia. For the latter, Patton (1998) and Patton and
Randall (2002) found that M, values from the Global CMT
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may be typically overestimated by a factor of ~2, so M,
and thus M. would tend to be too high by ~0.2 units of
M, on average. But there the mean observed difference
M,, — my, is on the order of —0.3 to —0.4 (Lolli et al., 2014, their
fig. 2), contributing to reduce M. much further, consistently
with the low values observed. So this selection bias may even
counteract others. Conversely, since 2006 the catalog compilers
also calculate an independent magnitude estimate based on
intermediate-period surface waves to check whether a CMT
inversion could be attempted (Ekstrom et al, 2012), a pro-
cedure which may compensate the effect of this selection bias,
to an unknown extent, which would merit further scrutiny.

Interestingly, since 2004 the lowest M, is observed in the
northern mid-Atlantic Ridge (Arctic Ocean). There, m,, is
underestimated with respect to M, (compare M, and the
classical my, based on P waves in table 1 of Kim et al., 2020).
So, instead, a high M. would be expected from the threshold
selection bias. The low M. may be due to the relatively dense
monitoring of this area: for example, the map of contributing
stations to the catalog in 2012 (Ekstrom and Nettles, 2015)
shows a dense network around it, with good azimuthal cover-
age, being similar the number of stations in Greenland to those
on western Europe.

In northern Sumatra and surroundings, M, is intriguingly
low in the last period (Fig. 3). There the network of contributing
stations is not dense (maps by Ekstrom et al., 2012 and Ekstrom
and Nettles, 2015 show no station in Sumatra), and M_ was not
low in 1986-2003 (Fig. 3). This reduction of M. might be due to
several reasons. First, the general improvement of the global
monitoring network. Second, given that the prolific aftershock
sequence of the great 2004 earthquake was studied in detail by
the catalog compilers (Lay et al., 2005), there could be some low-
ering of M. due to this focused analysis. And third, this after-
shock sequence involved an extraordinarily energetic swarm
(Lay et al., 2005), implying a change in the regional magnitude
distribution which might have affected the estimation of M_.

As a cautionary note, the M, values calculated here are, inevi-
tably, averages for each location and period considered. Yearly
values for global seismicity (Fig. 2) are barely sensitive to spatial
variations. And maps for each period (Fig. 3) may not be rep-
resentative of temporal variations at smaller time scales. In addi-
tion, M. may increase during seismic sequences (e.g., Hainzl,
2016) because of the overlap of the seismograms of earthquakes
occurring shortly after each other, which hampers event detec-
tion and analysis (e.g., Jia et al., 2022). This effect implies that
large earthquakes can be missing in the coda of even larger ones
(Ekstrom and Nettles, 2015); it has been quantified in the Global
CMT catalog for aftershock sequences (Kagan, 2003, 2004) and
for worldwide seismicity (Iwata, 2008, 2012).

Spatial Depth Heterogeneities

Because shallow earthquakes are more frequently assigned a
fixed depth in the catalog, previously unnoticed regional
November 2024
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variations of depth quality can be identified (Fig. 4). High
quality, free, depth determinations are systematically more
common in the deep parts of subduction zones (e.g., South
America, Tonga, Indonesia, and Kamtchatka-Kuriles) and
are less so in midocean ridges, the shallow part of subduction
zones, and other regions with shallow seismicity (e.g.,
California).

Temporal Rake Heterogeneities

The catalog reports the two possible rake angle values for each
earthquake (in the range [-180,180]) using the convention of
Aki and Richards (2009): —180°, 0° or +180° for pure strike slip,
-90° for pure normal slip, and +90° for pure reverse slip.

The online format description of the catalog (see Data and
Resources) notes that, for some shallow earthquakes, the ver-
tical dip-slip components of the moment tensor could not be
determined properly in the CMT inversion, and they were
fixed as zero. In those cases, the result is that the mechanism
is assumed as pure (so the rake is exactly either —180°, —90°, 0°,
+90°, or +180°). It is not averted, though, that this procedure
was used almost exclusively before 2004: for 686 earthquakes
between 1976 and 2003, but only for two afterward.

Figure 5 shows the rake histograms (considering both rake
values per each earthquake), separated in those two broad peri-
ods. There is an overall, periodic variation in the frequency of
the rake angle, with values close to pure mechanisms being
more frequent than intermediate ones (Petruccelli et al., 2018).

However, the pattern is different in these two periods.
Before 2004 there are spikes of excess frequency of pure mech-
anisms (due to zeroing of vertical dip-slip components for
some earthquakes). In addition, since 2004, the peaks around
pure mechanisms tend to be narrower than in the earlier times.
Number 6«
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Figure 4. Percentage of centroid depths calculated as free
parameters (i.e., not fixed), during 1976-2023, using a spatial
moving average with 200 km radius.

Moreover, the peak at 0° for 1976-2003, with the spike
removed, would be lower than those for —180°, —90°, and
180°, whereas in 2004 those four peaks have similar height.
So the histograms in both periods would not become equiva-
lent just by disregarding the spikes.

It has to be concluded that the reported rakes and focal
mechanisms have been systematically different before and after
the methodological improvements introduced in 2004. These
heterogeneities were not noticed in earlier analyses, for exam-
ple by Petruccelli et al. (2018), who binned more coarsely the
rake angles in their histograms, nor by Taroni and Selva
(2021), who used focal mechanisms for earthquakes that
occurred since 2004 to retrospectively forecast earlier mech-
anisms.

Temporal Heterogeneities of the
Double-Couple Component

The double-couple component Cpc can be calculated from the
moment tensor eigenvalues and scalar seismic moment reported
in the catalog (e.g., Vavrycuk, 2015). Zaccagnino and Doglioni
(2022) showed that it varies as a function of rake in the Global
CMT catalog and the ISC Bulletin, and interpreted this depend-
ence in physical terms. Alternatively, it has been commonly
proposed that non-double-couple components are artifacts of
moment tensor inversion (e.g., Wimpenny and Watson, 2021;
Rosler et al., 2024).
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Figure 5. Histograms of the rake angles in two broad periods (years 1976-2003 and 2004-2023),
separated by a major change in methods for centroid determination. Spikes in the first period are
due to earthquakes for which vertical dip-slip components of the moment tensor could not be
resolved and were set as zero. The focal sphere projections plotted on top illustrate, for reference,
pure mechanisms at their respective rake angles. The color version of this figure is available only in

unveiled when the catalog is
split into two broad periods
(1976-2003 and 2004-2023).
In the most recent one, Cpc
depends more markedly on
the rake angle. For example,
thrust (rake about
+90°) or normal ones (rake
about —90°) have a significantly
higher mean Cp in 2004-2023
than in 1976-2003. And a lower
Cpc is observed for transten-
sional earthquakes (rake inter-
mediate between -90° and
—180° or —90° and 0°). These
variations cannot be explained
by the magnitudes
recorded in the second period,
because larger earthquakes tend

events

lower

the electronic edition.

to have higher Cpc (Rosler
et al, 2021), at least those

Trying to shed light on this controversy, here I explore
whether there are temporal heterogeneities of Cpc in the
Global CMT catalog as a function of the reported rake.
Figure 6 shows the results for all earthquakes, regardless of
depth or magnitude, and considering both rakes reported
for each earthquake. Qualitatively similar results are obtained
if only shallow earthquakes are considered (<50 km as
Zaccagnino and Doglioni, 2022). Indeed, differences are
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Figure 6. Variation of the double-couple component as a function
of rake angle, for two broad periods of the catalog (years
labeled). Dots are the mean value, calculated using bins of 6° for
the rake angle. Error bars are twice the standard deviation of the
mean (bias-corrected sample standard deviation divided by the
square root of the number of values in each bin). The color
version of this figure is available only in the electronic edition.
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with thrust or transpressional

mechanisms (Zaccagnino and
Doglioni, 2022), whereas the larger Cp is observed for such
mechanisms in the second period, which has many more
earthquakes of relatively low magnitudes. So, again, these
temporal differences in the Cpc are most likely due to the
systematic differences in focal mechanism determinations
between these two broad periods in the catalog.

The systematic variation of Cpc with the rake angle seems
inconsistent with an exclusive origin as an artifact of the
moment tensor inversion and points toward a partial physical
origin (compare with Zaccagnino and Doglioni, 2022).
Indeed, such variations are more evident in the recent period
of the catalog, when the mechanisms were calculated with an
improved methodology and are expected to be the most reli-
able. But the differences observed between the two periods
analyzed, during which different inversion methods were
used, points out that indeed part of the variation is an artifact
due to the inversion (compare with Rosler et al., 2024).

Conclusions

Albeit it is usually claimed that the Global CMT catalog is “uni-
form in its methodology” (Ekstréom and Nettles, 2015), the lat-
ter has experienced a number of improvements, resulting in
catalog heterogeneities that so far had not been characterized
in detail or had been directly unnoticed.

As with other catalog analyses, this work started by con-
sidering eras in the catalog development, and their imprint
on the catalog (for example, in the rate of earthquakes
included per year, the minimum depth used, and the way
some depths were fixed). I correlate the magnitude hetero-
geneities first noticed by Agnew (2015) for 2004, 2005,
November 2024
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and early 2006 with the procedures then used for calculating
centroid depths.

The magnitude of completeness (M) of the catalog is deter-
mined here with an objective method, in unprecedented detail. It
shows a general improvement toward lower values over time,
correlated with the methodological improvements. And it has
significant heterogeneities in space, which can be explained
by the proximity to seismological stations, by unintentional
selection biases due to regional differences between body-wave
magnitudes and moment magnitudes, and, exceptionally, by
possible, deliberate selection biases. The goal of M. = 5.0
(Ekstrom and Nettles, 2015) has been reached only in some
regions of the northern hemisphere since 2004, but not globally.

Regional differences in the quality of the depth determina-
tions are found, due to the preferential fixing of the depths of
shallow earthquakes, which are more frequent in some regions
than in others.

Both the frequency distribution of rakes and the distribution
of the double-couple component as a function of the on the rake
angle indicate that moment tensor determinations in 1976-2003
cannot be considered equivalent to those in 2004-2023. In the
last period, when such determinations are more reliable, the var-
iations in such distributions are clearer.

The heterogeneities shown here should be considered when
analyzing the catalog or using it as a source for other databases.
These results could be particularly valuable when developing
and testing earthquake forecast models, procedures that
require a complete catalog. Assuming a too low M. may bias
the results, whereas the opposite reduces unnecessarily the
available number of earthquakes for analysis (e.g., Mizrahi
et al., 2021). For example, Kagan and Jackson (2011) consid-
ered only earthquakes with M, > 5.8, as they deemed the cata-
log incomplete for smaller ones. But since 2004, it is shown
here that M_<5.5, even considering temporal and spatial
heterogeneities. Lowering the magnitude threshold of analysis
allows building more detailed and robust models, and testing
them with more events in a shorter time span, instead of wait-
ing for years or decades until enough target earthquakes, not
used for the model development, take place (e.g., Eberhard
et al., 2012; Taroni et al., 2014).

Finally, models in which focal mechanisms of a given period
are used to forecast those of a different period (e.g., Kagan and
Jackson, 2014; Taroni and Selva, 2021) will be affected by the
temporal heterogeneity of the focal mechanism determinations
identified in this work, so further insights on the impact of
these heterogeneities would be required.

Data and Resources

The data were obtained from the Global Centroid Moment Tensor
(Global CMT) project, from the files available at www.globalemt
.org/CMTfiles.html. Maps were plotted using Generic Mapping
Tools (GMT) (Wessel et al., 2019; Wessel, 2024), using perceptually
uniform color palettes: lajolla (Fig. 4; Crameri, 2018 and Crameri
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et al., 2020); inferno (Fig. 3 and Videos S3-S5) and viridis (Fig. S1)
by Stefan van der Walt and Nathaniel Smith (https://bids.github.io/
colormap). All websites were last accessed in April 2024. The supple-
mental material includes: Figure S1: maps of M. Video S1: A rotating
blank Earth (for reference); Video S2: Rotating map of epicentroids of
the Global CMT catalog (1976-2023) plotted in order of increasing
magnitude; Videos S3-S5: rotating M. maps for the three periods con-
sidered, as labeled. Data S1: values of M and M, per year (as in Fig. 2).
Data S2: values of M, shown in Figure 2 and Videos S3-S5, and of 6M_
shown in Figure S1.
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