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Abstract

Catalogs of moment tensors form the foundation for a wide variety of seismological
studies. However, assessing uncertainties in the moment tensors and the quantities
derived from them is difficult. To gain insight, we compare 5000 moment tensors in the
U.S. Geological Survey (USGS) and the Global Centroid Moment Tensor (Global CMT)
Project catalogs for November 2015-December 2020 and use the differences to illustrate
the uncertainties. The differences are typically an order of magnitude larger than the
reported errors, suggesting that the errors substantially underestimate the uncertainty.
The catalogs are generally consistent, with intriguing differences. Global CMT generally
reports larger scalar moments than USGS, with the difference decreasing with magni-
tude. This difference is larger than and of the opposite sign from what is expected due
to the different definitions of the scalar moment. Instead, the differences are intrinsic to
the tensors, presumably in part due to different phases used in the inversions. The
differences in double-couple components of source mechanisms and the fault angles
derived from them decrease with magnitude. Non-double-couple (NDC) components
decrease somewhat with magnitude. These components are moderately correlated
between catalogs, with correlations stronger for larger earthquakes. Hence, small
earthquakes often show large NDC components, but many have large uncertainties
and are likely to be artifacts of the inversion. Conversely, larger earthquakes are less
likely to have large NDC components, but these components are typically robust
between catalogs. If so, these can indicate either true deviation from a double couple
or source complexity. The differences between catalogs in scalar moment, source geom-
etry, or NDC fraction of individual earthquakes are essentially uncorrelated, suggesting
that the differences reflect the inversion rather than the source process. Despite the
differences in moment tensors, the location and depth of the centroids are consistent
between catalogs. Our results apply to earthquakes after 2012, before which many
moment tensors were common to both catalogs.
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Introduction and quality of the data used. Not surprisingly, differences arise

The availability of large volumes of digital seismic data enabled
the compilation of catalogs of seismic moment tensors, which
have become a powerful tool for a wide variety of studies in
seismology and tectonics. However, assessing the uncertainties
in the moment tensors and the quantities derived from them,
which is important for characterizing the uncertainties in stud-
ies that make use of them, is difficult.

The difficulty in assessing uncertainties reflects the com-
plexity of the process of determining moment tensors by
inverting the waveforms or spectra of seismic waves. The
results depend on the type and frequency of the waves used in
the inversion, the specifics of the inversion algorithm, Earth
structure parameters used in the inversion, and the quantity
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between moment tensors and the quantities derived from them
found by different studies. We use the differences between the
results of different studies as a proxy for their uncertainty. This
approach is useful when uncertainties are difficult to assess for-
mally owing to the complexity of the analysis process (e.g.,
Neely et al., 2020).
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Figure 1. Location and focal mechanisms of 5000 earthquakes with moment tensors in both
catalogs. The earthquakes have magnitudes between M,, 4.5 and 8.2 and occurred between
November 2015 and December 2020. The color version of this figure is available only in the

electronic edition.

for 5000 earthquakes from
November 2015 to December
2020 that appear in both the
Global CMT Project and the
USGS catalogs (Fig. 1). We

An analogous approach has been used by studies that
addressed uncertainties in origin time, location, or magnitude
by comparing results between earthquake catalogs (Smith and
Ekstrom, 1997; Harte and Vere-Jones, 1999; Rohm et al., 1999;
Storchak et al., 2000). With the advent of moment tensor cat-
alogs, results derived from moment tensors were compared
with ones from other methods. Dziewonski and Woodhouse
(1983) compared locations in the then-new Global Centroid
Moment tensor (Global CMT) catalog with those derived from
travel times in the U.S. Geological Survey’s (USGS) Preliminary
Determination of Epicenters (PDEs) catalog. Engdahl et al.
(1998) considered global and regional hypocenter differences
in the International Seismological Centre and PDE catalogs
and relocated nearly 100,000 hypocenters. They also analyzed
differences in location and depth between the relocated solu-
tions and moment tensors in the Global CMT catalog.

Once multiple moment tensor solutions for the same earth-
quakes became available, the differences between them have
been used to explore their uncertainties. Helffrich (1997) used
radiation-pattern correlation coefficients to compare moment
tensors in the USGS, Global CMT, and Earthquake Research
Institute catalogs and found that slip vectors of typical shallow
earthquakes had an uncertainty of 14°. Frohlich and Davis
(1999) studied focal mechanisms in different catalogs and
found similar uncertainty. Moreover, they found very low
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use this recent period because
prior to 2012 the USGS catalog
included many solutions from the Global CMT catalog,
whereas the moment tensors in our study were independently
determined. We identify corresponding events in both catalogs
by their source time (360 s), location (difference of less than
1°), and magnitude (M,, &£ 0.5). The difference in magnitude
lets us examine differences in scalar moment between catalogs.
The earthquakes have a range of tectonic settings and magni-
tudes above M, 4.5.

Moment Tensors
Seismic waves generated by an earthquake are linearly related
to the earthquake’s moment tensor, so can be inverted to infer
the moment tensor (Gilbert, 1971; Gilbert and Dziewonski,
1975; McCowan, 1976; Mendiguren, 1977). The moment ten-
sor, which describes the seismic source in terms of nine force
couples that generate the seismic waves, is more general than
assuming a DC source representing slip on a fault plane
described by its strike, dip, and slip angles.

Moment tensors can be expressed as the product of the
scalar moment M, and a normalized tensor

Mr?’
Mg, Mgy Mg, |. (1)

M or M<P9 »9

M = M,
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The scalar moment, which measures the earthquake’s size, cor-
responds to the traditional product of area, slip distance, and
rigidity for slip on a fault, but it can include contributions from
NDC components of the source. The normalized tensor con-
tains information on the geometry of the source, again includ-
ing both DC and NDC components.

Moment tensors can be decomposed into components
representing different physical processes. Diagonalization yields
a moment tensor with eigenvalues A, A, and A5 on its diagonal,
inwhich A}, > A; > A,. Subtracting a diagonal matrix with com-
ponents equal to the isotropic moment M*° = (A; + A,+
A3)/3, representing the source’s volumetric change, yields the
deviatoric moment tensor with eigenvalues 1, A,, and A; that
is typically reported in catalogs. This has no net volume change
because its trace, the sum of its eigenvalues, \; + A, + A; = 0.
The deviatoric tensor is typically decomposed into a DC com-
ponent describing slip on a fault and an NDC component that
represents either other source processes or artifacts of the inver-
sion process. However, this decomposition is not unique.

One decomposition is in terms of major and minor DCs
(e.g., Kanamori and Given, 1981), each with two equal and
opposite eigenvalues:

A, 00 Ay 0 0 0 0 0
0L o =(o0o A of+]0 -2 0] (2
0 0 A 0 0 0 0 0 A

Typically, |A,| is much larger than |1;|, so the major DC is
treated as the earthquake’s DC source mechanism and the
minor DC is considered the NDC component.

Another common decomposition (Knopoff and Randall,
1970) is

A 00 100 200
04 0]=A1+22)(0-10]+A0 0 10]. (3
0 0 A 000 001

In this decomposition, the NDC component is a compensated
linear vector dipole (CLVD). A CLVD is a set of three force
dipoles that are compensated, with one dipole twice the mag-
nitude of the others and no change in volume. The polarity of
A, indicates whether there are two axes of compression and one
of dilatation or the opposite.

Moment tensors found by inversions typically have three
nonzero eigenvalues. Most are dominated by their DC compo-
nents and have a smaller NDC component, so A; = —A, and
|A}| > ;. For a pure DC, A; = 0 and A} = -A,. The ratio of
the smallest and largest eigenvalues € = A5/ max(|A;], |A;|) is
often used to quantify the deviation of the source mechanism
from a DC source (Dziewonski et al., 1981).

The different formulations for the DC and NDC compo-
nents reflect the fact that the moment tensor represents a force
system, so different decompositions can reflect the same net
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force system and thus generate the same seismic waves. Hence,
the seismic waves alone cannot distinguish between alternative
decompositions.

Differences in Moment Tensors

The differences between moment tensors can be characterized
by differences between their components. The errors reported
for the components can be useful when assessing relative
uncertainty between components. However, these reported
errors reflect only the misfit of the source model to the data
but do not include the uncertainty due to the inversion pro-
cedure (Dziewonski et al., 1981; Duputel, Rivera, Fukahata,
et al., 2012). Seismograms are a linear combination of Green’s
functions weighted by the components of the moment tensor.
Hence, moment tensor components are determined via an
inverse problem by finding the best fit to the data given the
assumed Green’s functions. Thus, the results depend on spe-
cific aspects of the inversion process including the portions of
the wavefield inverted, the Earth model for elastic and anelastic
structure assumed (Sileny, 2004; Cesca et al., 2006; Rofiler et al.,
2007), noise in the data (Sileny et al., 1996; Jechumtalova and
Sileny, 2001), and the number of seismic stations and their
azimuthal coverage (Cesca et al, 2006; Ford et al, 2010;
Vera Rodriguez et al., 2011; Domingues et al., 2013).

USGS does not routinely report errors, whereas Global
CMT reports errors derived from misfits to the data
(Dziewonski et al, 1981; G. Ekstrom, personal comm.,
2021). To compare these errors with the differences in moment
tensors between catalogs, we use the root mean square ratio of
the differences in components between catalogs to the errors
reported by Global CMT,

1
P= |52

i=1 j

(4)

3 3 USGS _ aGlobal CMT
MYSGS — MS 2
A MGlobal CMT
=1 j=i ij

For the 5000 earthquakes in our study, the difference between
catalogs is much larger than the reported errors (Fig. 2a),
implying that the reported error underestimates the uncertain-
ties in the moment tensor by more than an order of magnitude.
The reported errors underestimate the uncertainties in source
mechanism for large earthquakes more than for small earth-
quakes (Fig. 2b). Hence, the reported errors inferred from
the misfit probably substantially underestimate the full uncer-
tainty in determining moment tensors and hence aspects of the
source.

We next explore the resulting differences between quantities
derived from the moment tensors, which have physical signifi-
cance and thus are often used.

Differences in Scalar Moments

Differences in the moment tensor and derived quantities for a
given earthquake between catalogs can arise either from differ-
ent definitions of quantities or from the inversion process.
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Ratio of differences between moment tensors to reported errors
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Scalar moments, as the best indicator of earthquake size, are
among the most widely used source parameters. The scalar
moment can be calculated from a moment tensor in different ways
(Vavrycuk, 2015). The USGS defines the scalar moment as the
Euclidian norm of the moment tensor (Silver and Jordan, 1982),

3 3
YN ME= A2+ A2+ (5)
i=1 j=i

which includes the contribution of the NDC component. In con-
trast, Global CMT defines the scalar moment as the average of the
two eigenvalues with largest absolute value, which yields the scalar
moment of the best DC,

USGS _
My>>» =

1 , ’
MGlobal VT _ 5 (il + 122D, ©

and does not include the NDC component. Hence, as shown in
Figure 3, small differences in the scalar moment between catalogs
are expected when a source deviates from a DC source (A; # 0).
The normalized scalar moment difference due to the definitions
increases with the deviation of the source from a DC and amounts
to about 0.2% for a deviation of 30%.

We thus first consider differences in the scalar moment
reported in the two catalogs for the 5000 events (Fig. 1). The
distribution of normalized scalar moment differences

USGS Global CMT
M 0 -M 0

AM,y/M, E%(MHSGS - MGiobal CNIT)?

)

has a negative mean (Fig. 4a), indicating that the scalar
moment reported by Global CMT is generally larger than that
in the USGS catalog. An omnibus test based on skew and
kurtosis (d’Agostino, 1971) yields a vanishing two-sided
chi-square probability that the distribution is Gaussian.
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Figure 2. (a) Root mean square ratio of differences between
moment tensors and errors reported by the Global Centroid
Moment Tensor (Global CMT) Project, showing that the differences
are approximately an order of magnitude greater. The star repre-
sents the 2016 Kaikdura earthquake. (b) The ratio, given for one
magnitude unit bins, for example, 4.5-5.5, increases with magni-
tude, indicating that the reported errors underestimate the uncer-
tainties for large earthquakes more than for small earthquakes. The
color version of this figure is available only in the electronic edition.

The differences generally decrease with the scalar moment
(or moment magnitude) of an earthquake (Fig. 4b). The scalar
moment reported by Global CMT is, on average, larger for
small earthquakes. It appears that the scalar moments of small
(M,, < 6.5) earthquakes from a global catalog should be
viewed as known to about 10%. There is essentially no overall
difference in moment between the catalogs for earthquakes
of magnitude M, > 6.5. The standard deviation of the
differences also decreases with magnitude, presumably reflect-
ing more consistent determination of source mechanisms for
larger earthquakes, which is discussed later.

Are these differences due to the different definitions of the
scalar moment? We compute the differences in scalar moment
using the different definitions (AMY/M,) for both the
moment tensors reported by the USGS and those reported
by Global CMT (Fig. 5b). Both catalogs yield positive mean
values, indicating that the USGS definition yields larger
moments, as expected (Fig. 3). However, these differences in
moment stemming from the definition are smaller than and
have the opposite sign of the overall difference between the
scalar moments (Fig. 4).

Thus, the differences between the scalar moments result
from the tensors in the two catalogs, with Global CMT tensors

Seismological Research Letters 3701



Scalar moment differences due to
deviation from a double-couple source
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Figure 3. Effect of different definitions of the scalar moment. The
U.S. Geological Survey (USGS) calculates the scalar moment as
the norm of the moment tensor, whereas the Global CMT scalar
moment is the best double-couple moment, neglecting the non-
double-couple (NDC) component. Thus, the difference between
definitions increases with the deviation from a double-couple
source. The curve is identical for A < 0 and A5 > 0. However, |¢|
depends on the sign of the smallest eigenvalue.

having, on average, larger scalar moments. Figure 5d shows the
scalar moment differences between the tensors in the two cat-
alogs (AM§ /M), computed using either the USGS or Global
CMT definitions for the scalar moment. Both have negative
means, confirming that the Global CMT tensors generally have

larger scalar moments, regardless of the definition used to cal-
culate the scalar moment.

For large earthquakes, the mean and standard deviation of
the difference decreases (Fig. 5f), showing better agreement
between moment tensors for larger earthquakes. The slight
increase for the largest earthquakes presumably reflects the
small number of earthquakes in the bin. This behavior is
similar to the combined effect of differences resulting from the
definition and those from the tensors themselves (Fig. 4b).

Differences in DC Components

For a DC source, the moment tensor’s eigenvectors correspond
to the principal stress axes. The T (least compressive), P (most
compressive), and N (null) axes have eigenvalues 1}, 1, = —A;,
and A; = 0, respectively. We characterize the similarity between
the DC components of the source mechanisms in the two cata-
logs using the angle ® needed to rotate one set of axes into the
other (Kagan, 1991). The mean rotation angle and its standard
deviation decrease with magnitude (Fig. 6), showing that the
inversions can yield relatively large differences for small earth-
quakes and are more consistent for larger earthquakes. Rotation
angles of 10° are common for earthquakes of all magnitudes. The
dataset includes the 2016 M,, 7.8 Kaikoura earthquake that
ruptured different faults on the South Island of New Zealand.
Interestingly, despite its complicated source process, the
Kaikoura earthquake’s rotation angle (10°) is not unusually large,
indicating that its DC component is consistent between
catalogs.

Normalized scalar moment differences between catalogs
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Figure 4. Differences in normalized scalar moment between
catalogs for the same earthquakes. (a) The differences (USGS—
Global CMT) have a negative mean, showing that the scalar
moment in the Global CMT catalog is generally larger than that
in the USGS catalog. The star marks the 2016 Kaikoura

3702 Seismological Research Letters

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/92/6/3698/5452539/srl-2021066.1.pdf
bv Northwestern lIniversitv user

www.srl-online.org

(b) M
5 6 7 8
50% 1 1 1 1
N = 3058 N = 1756 N =164 N =22
25% A
B
. 0% — —
31 02%  -0.5%
-7.5%
-15.5%
—25% -
_50% T T T T
101 N-m 108 N-m 102° N-m 1022 N-m
Mo

earthqguake. (b) The differences, given for one magnitude unit
bins, for example, 4.5-5.5, decrease with increasing mean
moment or magnitude. The color version of this figure is available
only in the electronic edition.

Volume 92 « Number 6 « November 2021



Causes of normalized scal

ar moment differences

Differences due to the definition

(b)

:
40007 pu (GCMT moment tensors]|
3000
o
g N = 5000
© 2000 A u=08%, 0=16%
o
1000 A

6% 8% 10% 12%

AMB /M

0% 2% 4%

Differences due to the moment tensors

1
40007 4 (USGS moment tensors)
3000 1
)
g N = 5000
o 2000 A M=08%, 0=1.4%
o
1000 A
0% 2% 4% 6% 8% 10% 12%
AM2 /M,
(c)
finition
1500 USGS de o
1250 A
N = 5000
+ 1000 A u=-12.9%, o=268%
2
O 7504
500 A
250 A
0 A
-100% -50% 0% 50% 100%
AMS/M
(e) M
5 6 7 8
50% 1 1 1 1
N=3058 N=1756 N=164 N=22
25% A
. 0% —
H| -0.4% -1.1%
-8.2%
25% ]  -16.4%
-50% T T T T
101° N'-m 108 N'm 102° N'm 1022 N'm
Mo

Figure 5. (a,b) Differences in scalar moment resulting from the
definition of the scalar moment (AMY), calculated for (a) USGS
and (b) Global CMT moment tensors. Both distributions have

positive means, confirming that the USGS definition yields larger
values. (c,d) Differences (USGS-Global CMT) in scalar moment
between tensors (AMS). For both (c) USGS and (d) Global CMT
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definitions, Global CMT tensors have generally larger scalar
moments. (e,f) Variation in the differences between catalogs (c,
d) for different magnitude bins. The mean and standard devia-
tions decrease with mean moment or magnitude. Values given
are for one magnitude unit bins (e.g., 4.5-5.5). The color version
of this figure is available only in the electronic edition.
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Differences in double-couple components
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Differences in NDC Components

There has been considerable interest in whether the deviations
from a DC source (non-double-couple components) are arti-
facts of the inversion or real source processes. Moreover, if they
are real, what do they mean?

Real NDC components can result from various processes
(Sipkin, 1986; Julian et al., 1998; Miller et al., 1998). In volcanic
areas, a CLVD can describe an inflating magma dike, which can
be modeled as a crack opening under tension (Nettles and
Ekstrom, 1998). Alternatively, an NDC component can be due
to the combined effects of near-simultaneous earthquakes on
nearby faults of different geometries (e.g., Kawakatsu, 1991).
These alternatives have been debated for earthquakes with NDC
components in the Long Valley caldera region of California
(Julian and Sipkin, 1985; Wallace, 1985; Sipkin, 1986). In non-
volcanic areas, fault complexity seems the likely cause.

For this purpose, assessing the uncertainty in the NDC
components is important. Figure 7 shows the deviation from
a DC source, reported as 2|¢| in the USGS catalog, for earth-
quakes in both catalogs. In both catalogs, the mean deviation
from a DC source is 15%-25%, decreasing slightly with
magnitude, as noted by Giardini (1984).

The mean difference in NDC components between the
catalogs is small and varies little with magnitude (Fig. 8b), sug-
gesting that there is no consistent bias between the catalogs in
determining NDC components. However, because the eigen-
value with the smallest absolute value can be either negative
or positive, the standard deviation of the difference between
catalogs is fairly large and decreases with magnitude. The
NDC components are moderately correlated between catalogs,
indicating that the polarity of the NDC components is reliably
determined by the inversion, although their size may vary
between catalogs (Fig. 8d). The correlation increases drastically
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Figure 6. (a) Rotation angles between principal axes of the
double-couple component of moment tensors in the two cata-
logs for the same earthquakes. Because of the symmetry of
double-couple sources, the largest possible angle is 120°. (b) The
mean rotation angle decreases with magnitude. Values given are
for one magnitude unit bins (e.g., 4.5-5.5). The color version of
this figure is available only in the electronic edition.

with magnitude, indicating that NDC components are more
reliably determined for large earthquakes.

The decrease in NDC components with magnitude (Fig. 7)
could reflect either smaller earthquakes being less dominated
by slip on planar faults than large earthquakes or simply that
the inversion results are less stable for small earthquakes.
Larger earthquakes are expected to have complicated source
geometries (e.g., Kawakatsu, 1991; Hayes et al., 2010; Cirella et al.,
2012; Hamling et al., 2017) that give rise to NDC components.
The complex source process of the Kaikoura earthquake resulted
in some of the largest NDC components in our dataset: 43% in
the USGS catalog and 32% in the Global CMT catalog.
Therefore, the decrease in difference between NDC components
and their increase in correlation between catalogs (Fig. 8) suggest
that inversion results for smaller earthquakes are less reliable and
thus more likely to generate spurious NDC components.

Correlation of Differences in Source
Parameters

The differences between catalogs in the reported scalar
moments (Fig. 4), source geometry (rotation angle ®)
(Fig. 6), and NDC component (deviations from a DC source)
(Fig. 8) all decrease with moment or magnitude. Hence, these
quantities seem better resolved for large earthquakes, as
November 2021
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Non-double-couple components
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expected. However, the differences between these three
quantities in the two catalogs are uncorrelated (Fig. 9).
Thus, the fact that one of these quantities is very similar
between the two catalogs is unrelated to whether the other
two are, implying that differences are artifacts of the inver-
sions. For example, events for which one catalog contains a
large NDC source are no more or less likely to have a scalar
moment discrepancy.

Differences in Depth and Location

The location and depth of the centroids are obtained during a
moment tensor inversion by minimizing the variance between
observed and calculated waveforms or complex spectra. Despite
the differences in moment tensors, the reported location and
depth of the centroids are consistent between catalogs (Fig. 10).
The overall differences in both location and depth are small.
The difference in location is essentially constant, whereas the
November 2021
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Figure 7. (a,b) Fractions of NDC components versus moment or
magnitude for both catalogs. The star marks the 2016 Kaikdura
earthquake. (c,d) Means and standard deviations of fractions of
NDC components in different magnitude bins for USGS (c) and
Global CMT (d) moment tensors. Values given are for one
magnitude unit bins (e.g., 4.5-5.5). The color version of this
figure is available only in the electronic edition.

difference in depth decreases slightly with magnitude. For the
Kaikoura earthquake, the differences in location (0.26°) and
in depth (-3.3 km) are slightly larger than for earthquakes of
similar size, reflecting the difficulties of assigning a single depth
and location to earthquakes with complex rupture processes.
Considering the different tectonic environments, which provide
an unfavorable station coverage in azimuth and distance for
some earthquakes, the coincidence in location and depth
between catalogs is gratifying. However, a difference in location
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of 20 km may be important for regional earthquake studies,
typically involving events with M,, < 6.5.

Moment tensor inversions are generally based on long-
period waves (e.g., Mendiguren, 1977; Kanamori and Given,
1981; Dziewonski and Woodhouse, 1983) because the ampli-
tudes of body waves saturate for smaller earthquakes and due
to a better signal-to-noise ratio, but constraints on the location
and depth can be obtained from the first-arriving P wave (P.
Earle, personal comm., 2021), increasing the stability of the
inversion. When data are too poor to compute a reliable depth
for an earthquake, the reported depth may be fixed. The USGS
catalog contains 864 earthquakes at a depth of 11.5 km, and
1004 earthquakes have a depth of 12 km in the Global CMT
catalog, which we assume to have been fixed. However, both
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Figure 8. (a,b) Differences between NDC components between the
USGS and Global CMT catalogs. Both have a small mean. The scatter
of the differences between signed deviations is larger for small
earthquakes than for large ones. Values given are for one magnitude
unit bins (e.g., 4.5-5.5). (c,d) Correlation of NDC components
between catalogs for all earthquakes and earthquakes in different
magnitude bins. The star marks the 2016 Kaikdura earthquake. The
color version of this figure is available only in the electronic edition.

the mean and standard deviation of the differences in depth
change by less than 1 km if we discard earthquakes with a fixed
depth in either catalog, showing that either depth is a reason-
able choice for earthquakes with depths that cannot be deter-
mined during the inversion.
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Correlation between differences in source parameters
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Differences in location and depth between catalogs
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Figure 10. Differences in location and depth between catalogs.
(a,b) The mean differences in location are small and independent
of magnitude. (c,d) The mean differences in depth are small and
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Normalized scalar moment differences between catalogs

Influence of depth
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Moment tensor solutions of shallow earthquakes are highly
dependent on the frequency content of the waves used in the
inversion (e.g., Hejrani and Tkalc¢i¢, 2020). Therefore, different
inversions might yield larger differences for shallow earthquakes.
We classify the earthquakes in our dataset as shallow if their
centroid depth is less than 30 km and deep if their centroid
depth is more than 300 km. Figure 11 shows that the standard
deviation of the scalar moment differences decreases with depth
(Fig. 11a—c), as does the standard deviation of the rotation angles
(Fig. 11d-f). The decrease in standard deviation of the differences
in deviation from a DC source (Fig. 12¢) and the increased cor-
relation between the NDC components (Fig. 12f) suggest better
determination of source mechanisms for deep earthquakes.

Discussion and Conclusions

Comparison of moment tensors between catalogs gives insights
into the uncertainties in the moment tensors and the quantities
derived from them. The differences between catalogs are typ-
ically an order of magnitude larger than the reported errors.
Hence, the reported errors, which reflect only the misfit of
the source model to the data, substantially underestimate the
uncertainty in estimates of aspects of the source due to the
inversion procedure.
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Figure 11. (a—c) Normalized scalar moment differences and
(d—f) differences in double-couple components for shallow

(z < 30 km), intermediate (30 km < z < 300 km), and deep
earthguakes (300 km < z). The standard deviation of both the
normalized scalar moment differences and the differences
between principal axes of the double-couple component (rota-
tion angles) decrease with centroid depth. The color version of
this figure is available only in the electronic edition.

Moment tensors and the quantities derived from them are
generally consistent between catalogs, with some intriguing
differences. Some differences would be expected due to differ-
ent data used in the inversions, different inversion procedures,
and different Earth models. Global CMT uses body waves, sur-
face waves, and mantle waves (very long period surface waves,
T > 135 s) during inversion, thus combining waveforms from
different frequency bands (Duputel, Rivera, Kanamori, et al,
2012; Ekstrom et al., 2012). For larger earthquakes, Global
CMT uses only mantle waves. Since 2010, the USGS uses the
W phase for most inversions (Kanamori, 1993; Kanamori and
Rivera, 2008; Hayes et al., 2009). Of the 5000 earthquakes in
our study, the USGS moment tensors were derived from the W
phase for 4436 earthquakes (waves with periods of 50-2000 s),
November 2021
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43 were determined from long-period surface waves
(100-2000 s), 122 from long-period body waves (20-200 s),
and those of 379 earthquakes were derived from an inversion
of the surface-wave seismograms at regional distances
(10-100 s). The moment tensors of 20 earthquakes were taken
from catalogs other than the Global CMT catalog.

The inversions yield similar scalar moments, with Global
CMT moments being generally larger. Because the W phase
has significantly longer periods than used in many surface-wave
studies (Kanamori, 1993), the differences in scalar moment may
reflect the use of different phases during the inversion. Hayes
et al. (2009) found that moment tensor inversions based on the
W phase reproduce the magnitude obtained by Global CMT to
within £0.2 units for earthquakes with M,, > 5.8, equivalent to
a difference in scalar moment of a factor of 2. This is consistent
with the results for the 5000 earthquakes in our study (Fig. 13b).
We also find an effect not noted by Hayes et al. (2009), namely
generally higher magnitudes in the Global CMT catalog, espe-
cially for smaller earthquakes (Fig. 13a).

The small rotation angle between the DC components of
source mechanisms in different catalogs suggests that fault
angles are well determined. The correlation between NDC com-
ponents in the two catalogs suggests that NDC components of
small earthquakes are less certain and often spurious. However,
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Figure 12. (a—) Differences in NDC components and (d—f) corre-
lation of NDC components for shallow (z < 30 km), intermediate
(30 km < z < 300 km), and deep earthquakes (300 km < z).
The standard deviation of the differences in NDC components
decreases, whereas the correlation between NDC components
increases with centroid depth. The color version of this figure is
available only in the electronic edition.

when NDC components are consistent, they likely represent real
source processes, either a deviation from a DC or source com-
plexity producing an apparent NDC component.

The source mechanisms for large earthquakes agree better
between catalogs than for small earthquakes, as shown by the
decrease in scalar moment differences and rotation angles.
This increased repeatability and thus presumable accuracy
may result from several factors. For larger earthquakes, both
the quantity and the quality of data available allow use of seis-
mic waves recorded at many seismic stations worldwide with a
high signal-to-noise ratio. Moreover, Earth models tend to
agree better for the mantle than for the crust, for which 1D
models show large deviations from 3D models. For larger
earthquakes, we expect a decreased difference in moment ten-
sors found using different Earth models for both elastic and
anelastic structures. Thus, the source mechanisms reported
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in different catalogs should agree better for large earthquakes,
despite different inversion procedures.

Data and Resources

The catalogs of centroid moment tensors used in this study are publicly
accessible. The catalog of the Global Centroid Moment Tensor (Global
CMT) Project (available at https://www.globalcmt.org, last accessed
February 2021) formed the base of the dataset used in this study.
For each event in the Global CMT catalog, we identified corresponding
events with similar source time (£60 s), location (difference of less than
1°), and magnitude (M,, £ 0.5) in the U.S. Geological Survey (USGS)
catalog using the Python package ObsPy and its International
Federation of Digital Seismograph Networks (FDSN) webservice client.
The earthquakes in our dataset reach from the start of our search on 31
December 2020 until 3 November 2015. A list of the earthquakes
including their source date and time and the corresponding moment
tensors in both catalogs can be obtained upon request from the authors.
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