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The availability of digital seismic waveform data enabled compilation of seismic
moment tensor catalogs that provide information about earthquake source processes
beyondwhat could be derived from earlier methods that assume double-couple sources
representing slip on planar faults. This additional versatility involves additional com-
plexity. Moment tensors are determined by inversions minimizing the misfit between
observed and synthetic waveforms, and depend on the specifics of the data inverted,
the inversion algorithm, and the Earth structure assumed. Hence, substantial uncertain-
ties arise in moment tensors and quantities derived from them, which can be assessed
by comparing moment tensors from multiple global and regional catalogs using differ-
ent data and inversion procedures. While the double-couple (DC) components of
moment tensors are generally determined with greater certainty, non-double-couple
(NDC) components for the same earthquake sometimes differ significantly between cat-
alogs. This observation raises questions about the reliability of their determination and
hence their geological significance. Using the correlation between NDC components in
different catalogs, we quantify the reliability of NDC components in moment tensor
catalogs through the determination of the effects of unmodeled and inaccurately mod-
eled effects contained in them. We determine that the NDC components in the Global
Centroid Moment Tensor catalog are, on average, more precise than in other catalogs,
and thus studies on NDC components should be based on this catalog. Furthermore,
their uncertainties are largely unrelated to uncertainties in the DC components.
Therefore, the reliability of fault angles derived from a moment tensor is largely inde-
pendent from the reliability of its NDC components.

Introduction
Inferring the properties of an earthquake source from the seis-
mic waves it generated is one of seismology’s classic inverse
problems. The process involves selecting a set of data, assum-
ing a model of the processes by which the source and medium
gave rise to the observed data, choosing model parameters, and
then solving for a set of source parameters that best matches
the model’s predictions to the data. The resulting source
parameters are often viewed as the best description of the
source, and the misfits between the model predictions and data
are used to assess how accurately the inferred source param-
eters describe the actual source.

However, the true uncertainty in describing the source is
often substantially greater than the misfit implies. On the
one hand, different inversion algorithms may yield different
best-fitting solutions. As Minson et al. (2013) explain, “there
is no unique solution to the inverse problem of determining the
rupture history at depth as a function of time and space when

our data are limited to observations at the Earth’s surface.”
Therefore, a slight change in inversion procedure can lead
to different solutions, and thus, “we expect the space of all pos-
sible and realistic models to be large” (Minson et al., 2014). On
the other hand, inverting different data types often yields
different solutions, so moment tensor solutions may differ
for different types of seismic waves used in the inversion.
Furthermore, because the model of the processes by which
source and medium give rise to the observed data are not fully
known, a perfect match between the model predictions and the
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data may not correctly describe the actual source process. The
accuracy of moment tensor inversions is limited by noise from
natural and anthropogenic noise in the seismic waveforms
(Jechumtálová and Šílený, 2001; Šílený et al., 1996) and sam-
pling limitations due to seismic station coverage (Cesca et al.,
2006; Ford et al., 2010; Vera Rodriguez et al., 2011; Domingues
et al., 2013). Furthermore, its result depends on the model for
elastic and anelastic Earth structure assumed along the path of
seismic waves (Cesca et al., 2006; Rößler et al., 2007; Šílený,
2004). Therefore, inversions based on different Earth models
may yield different results, and uncertainties remain due to the
limitations of the model. Even if the data have no errors and
the fault geometry exactly fits them, uncertainties remain due
to the limitations of the model because deviations of the struc-
ture of the Earth from the model used in the inversion will
adjust the moment tensor components to Green’s functions
generated for an Earth model that does not represent the actual
Earth structure along the seismic wave path.

Therefore, determining the geologic meaning of non-dou-
ble-couple (NDC) components is often difficult. NDC compo-
nents can arise in three ways. Some appear to be intrinsic,
indicating complex source processes differing from slip on a
fault for earthquakes in specific geologic environments, nota-
bly volcanic areas (e.g., Kanamori and Given, 1982; Ross et al.,
1996; Nettles and Ekström, 1998; Shuler, Nettles, and Ekström,
2013; Shuler, Ekström, and Nettles, 2013; Gudmundsson et al.,
2016; Rodríguez-Cardozo et al., 2021; Sandanbata et al., 2021).
Others are additive, reflecting the combined effect of near-
simultaneous rupture on multiple faults with different geom-
etries (e.g., Kawakatsu, 1991; Hayes et al., 2010; Hamling et al.,
2017; Scognamiglio et al., 2018; Ruhl et al., 2021; Yang et al.,
2021) or a rupture with changes in geometry (Cohee and
Beroza, 1994; Wald and Heaton, 1994; Pang et al., 2020).
Alternatively, they may be artifactual results of the inversion
without geologic meaning. The better determined NDC com-
ponents are, the more likely they are to represent geological
processes. Hence, we explore this issue by assessing the noise
in NDC components.

Given these difficulties in determining the source process of
an earthquake, we exploit the recent increase in availability of
waveform data and improved computer performance and inver-
sion techniques that have enabled the compilation of multiple
global and regional moment tensor catalogs with increasingly
lower magnitude of catalog completeness. The comparison of
multiple catalogs that use different data and inversion proce-
dures offer a way to assess the precision of moment tensors and
hence the NDC components contained in them (Rösler et al.,
2021, 2023; Rösler and Stein, 2022). This approach finds uncer-
tainties in moment tensors that are much larger than calculated
from the misfit between observed and synthetic waveforms and
criteria for the reliability of NDC components. Here we use
multiple catalogs to quantify the noise contained in the NDC
components in each catalog.

Data
The Global Centroid Moment Tensor (Global CMT) Project
(Ekström et al., 2012), the U.S. Geological Survey (USGS,
Hayes et al., 2009), and the German Research Centre for
Geosciences (GFZ) report deviatoric moment tensors for a
global distribution of earthquakes derived through inversion
procedures that differ in the seismic waveforms used for the
inversion in the frequency of the seismic waves inverted
and in the inversion algorithm. Their datasets span different
times and magnitudes, with the Global CMT catalog being
the largest and the longest catalog.

All three catalogs restrict their inversions to have no iso-
tropic components and thus yield deviatoric moment tensors.
Their inversion is based on Green’s functions generated for
preliminary reference Earth model (PREM; Dziewonski and
Anderson, 1981)—a 1D Earth model (Hayes et al., 2009;
Ekström et al., 2012; Joachim Saul, personal comm., 2022).
In an attempt to reduce the uncertainties introduced by lateral
heterogeneity in the Earth (Hjörleifsdóttir and Ekström, 2010;
Phạm and Tkalčić, 2021; Vasyura-Bathke et al., 2021), several
attempts have been made to obtain moment tensor solutions
based on Green’s functions generated for 3D Earth models for
regional earthquakes (Hingee et al., 2011; Hejrani et al., 2017),
which, in some cases, were improved using rotational motions
(Donner et al., 2020). Sawade et al. (2022) compiled the
CMT3D moment tensor catalog for global earthquakes with
Mw > 5:5 using a global 3D Earth model for the inversion.

To compare catalogs, we identify moment tensors describ-
ing the same event in different catalogs by similar source times
(±60 s), locations (difference less than 1°), and magnitudes
(Mw � 0:5). We obtain an earthquake’s moment magnitude
from the scalar moment calculated as the Euclidian norm of
the moment tensor (Silver and Jordan, 1982),

M0 �
��������������������������
1
2

X3
i�1

X3
j�i

M2
ij

vuut , �1�

where Mij represent the six independent moment tensor com-

ponents, and the factor of 1/2 corrects for double counting the
moment associated with the tensors’ elements. This yields a
dataset of 8222 earthquakes common to the three 1D catalogs
with a mean magnitude of Mw 5.6, with 44.7% of earthquakes
below magnitude Mw 5.5 (Fig. 1).

Methodology
For each earthquake, the NDC component (the compensated
linear vector dipole [CLVD] component in deviatoric moment
tensors) is obtained as the ratio of the absolutely smallest and
the absolutely largest eigenvalues of the deviatoric moment
tensor (Giardini, 1984),

ϵ � λ′3
max�jλ′1j,jλ′2j�

, �2�
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where λ′1 > λ′3 > λ′2. For a pure double-couple source corre-
sponding to slip on a planar fault, λ′3 � 0 and λ′1 � −λ′2.
Deviatoric moment tensors found by inversions typically have
three nonzero eigenvalues, with λ′1 ≈ −λ′2 and jλ′1j≫ jλ′3j. A
negative value of λ′3 represents a compressional force along
the N-axis, whereas a positive λ′3 represents a dilatational com-
ponent on the N-axis.

Rösler et al. (2021) found that the NDC components for
earthquakes common to the Global CMT and USGS catalogs
are only weakly correlated—an observation confirmed for
earthquakes common to the Global CMT, USGS, and GFZ cat-
alogs by Rösler et al. (2023). Apart from the general conclusion
that inversions for smaller earthquakes are less reliable and
thus more likely to generate spurious NDC components, the
correlation of NDC components for earthquakes common
to different catalogs can be used to quantify the precision of
NDC components in catalogs.

The correlations between pairs of catalogs vary (Fig. 2) for
earthquakes common to all three catalogs. NDC components
reported by the Global CMT (catalog 1) and USGS (catalog 2)
catalogs for the same earthquakes have a correlation coefficient
of 0.52, and the correlation between the NDC components in
the Global CMT and GFZ (catalog 3) catalogs is 0.47. However,
the correlation between the NDC components reported by the
USGS and GFZ catalogs is only 0.40. As we show, this differ-
ence in correlations suggests varying precision of NDC com-
ponents between catalogs.

Let ϵ i denote the true NDC component for earthquake
i = 1, 2, …, 8222. These true NDC components have a dis-
tribution S with standard deviation σs. The reported NDC
components dik in each catalog k contain random noise that
we denote nik, in which k = 1, 2, 3, corresponding to the
Global CMT, USGS, and GFZ catalogs, respectively. In the
absence of evidence to the contrary and to get insight into
the random noise, we assume that the nik are independent
of the true NDC components ϵ i, and that the reported
NDC components dik in each catalog are the sum of the true
NDC components ϵ i and random noise nik that represents the
combination of all unmodeled and inaccurately modeled
effects (e.g., Earth structure),

Figure 1. Magnitude distribution of the earthquakes common to
the Global Centroid Moment Tensor (Global CMT), U.S. Geological
Survey (USGS), German Research Centre for Geosciences (GFZ),
and CMT3D catalogs. 20.0% have magnitude belowMw 5.5, and
more than half of all earthquakes havemagnitude 5:5 ≤ Mw ≤ 6:0.
The mean and median areMw 5.8 and 5.7, respectively. The color
version of this figure is available only in the electronic edition.

Figure 2. (a–c) Correlation of non-double-couple (NDC) compo-
nents for the same earthquakes between pairs of catalogs.
Correlations that include the NDC components in the Global

CMT catalog are stronger than the correlation between the NDC
components in the USGS and GFZ catalogs. The color version of
this figure is available only in the electronic edition.
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dik � ϵ i � nik: �3�

The independence condition implies that the variance of the
reported NDC components in each catalog is

σ2dk � σ2s � σ2nk , �4�

where σ2nk is the variance of the noise in each catalog’s NDC

components. The standard deviations of the reported measure-
ments for the Global CMT, USGS, and GFZ catalogs are 24.6%,
25.6%, and 27.2%, respectively. It follows from equation (4)
that the difference in noise variances for a pair of catalogs
A and B is equal to the difference in the variances of their
reported measurements,

σ2nA − σ2nB � σ2dA − σ2dB : �5�

The noise variances for the USGS and GFZ catalogs are both
larger than for the Global CMT catalog, and the Global CMT
catalog is thus the most precise. Precision does not take into
account systematic error, but the three catalogs have similar
means (μ1 � −0:61%, μ2 � −0:81%, and μ3 � −0:76%), and
we do not see evidence that they have appreciably different
biases, if any.

The standard deviation of the noise is smaller than the stan-
dard deviation of the reported measurements, because

σnk �
�����������������
σ2dk − σ2s

q
: �6�

We observe σdk , but need to infer σs. To do so, we consider two

catalogs, catalog A and catalog B. The correlation rAB between
the reported NDC components is defined as

rAB � Cov�dA,dB�
σdAσdB

: �7�

Using that

Cov�dA,dB� � Cov�ϵ � nA, ϵ � nB� � Cov� ϵ , ϵ � � Cov�nA,nB�
� σ2s � Cov�nA,nB�,

the correlation coefficient rAB can be expressed as

rAB � σ2s � Cov�nA,nB�
σdAσdB

, �8�

and thus the variance of the true NDC components, σ2s ,
satisfies the relationship

σ2s � rABσdAσdB − Cov�nA,nB�: �9�

Correlation between the noise in NDC components of dif-
ferent catalogs could arise from similarities between inversion

procedures or from similarities in the uncertainty of the Earth
structure and are thus expected to be zero or positive, in which
case Cov�nA,nB� ≥ 0. However, quantifying the similarity of
inversion procedures is difficult due to a lack of documentation
of the methods (Rösler et al., 2022) and a lack of error estima-
tion (Duputel et al., 2012), so a precise estimate of the covari-
ance cannot be obtained. We use

σ̂2s � rABσdAσdB �10�

to estimate σ2s based on the empirical evaluation of the corre-
lation coefficient and the data variances from a given set of two
catalogs. Using equation (6) we estimate σnk by

σ̂nk �
�����������������
σ2dk − σ̂2s

q
: �11�

The expected value of σ̂2s or E�σ̂2s � is approximately
rABσdAσdB . The bias in σ̂2nk is defined as E�σ̂2s � − σ2s and is
approximately equal to Cov�nA,nB�. Because Cov�nA,nB� ≥ 0,
the bias is nonnegative, and hence σ̂2s is estimating an upper
bound for σ2s , and σ̂2nk is estimating a lower bound for σ2nk .
The estimate σ̂2s =σ̂2nk of the signal-to-noise ratio (SNR) will
therefore be optimistic.

Results
The estimated correlation between catalogs 2 and 3 (0.40) is
significantly smaller than between 1 and 2 and between
1 and 3 (0.52 and 0.47, respectively). We use the bootstrap
method (Efron, 1979) to determine a confidence interval for
the correlation coefficients between NDC components in differ-
ent catalogs and for the standard deviation of the true NDC
components. We randomly draw 8222 earthquakes from our
dataset with duplicates allowed. We then calculate the correla-
tion coefficients between the NDC components in each catalog
for these earthquakes and repeat the process 10,000 times. This
distribution provides the 95% confidence interval for the corre-
lation coefficients as r12 � 0:52� 0:02, r13 � 0:47� 0:02,
and r23 � 0:40� 0:03.

The standard deviation of the true NDC components, σs,
can be estimated from each of the correlation coefficients
and the standard deviations of the reported NDC components
in the respective catalogs through equation (10). From the cor-
relation between the NDC components in the Global CMT and
USGS catalogs and in the Global CMT and GFZ catalogs, σs is
obtained as 18.1% ± 0.4% and 17.7% ± 0.4%, respectively.
However, the correlation between the NDC components in
the USGS and GFZ catalogs gives an estimate for σs of
16.6% ± 0.5%, which does not overlap with the confidence
interval derived from the other two correlations (Fig. 3a).
We therefore conclude that the inversion procedures of the
USGS and GFZ catalogs are more similar to each other than
to Global CMT, and that

Volume 95 • Number 4 • July 2024 • www.srl-online.org Seismological Research Letters 2447

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/95/4/2444/6524729/srl-2023372.1.pdf
by Northwestern University user
on 09 July 2024



Cov�n2,n3�>Cov�n1,n2�≥ 0,
Cov�n2,n3�>Cov�n1,n3�≥ 0: �12�

Thus, the biases in the estimates for the standard deviation
of the true NDC components σ̂s12 and σ̂s13 are higher than for
the estimate based on catalogs 2 and 3, σ̂s23 . The smallest value
σ̂s obtained from our dataset through equation (10) yields the
best estimate for σs and constitutes an upper bound for the
standard deviation of the reported NDC components σs.
We thus discard the distributions for σ̂s12 and σ̂s13 , and calculate
the standard deviation of the noise in each catalog’s NDC
components σnk following equation (6) from the distribution
for σ̂s23 . For the Global CMT catalog, σn1 � 18:1%� 0:4%, for
the USGS catalog, σn2 � 19:4%� 0:4%, and for the GFZ cata-
log, σn3 � 21:5%� 0:4% (Fig. 3b). Therefore, the NDC com-
ponents are more precisely determined in the Global CMT

catalog than in any of the other 1D catalogs, likely because
of partially correcting seismic waveforms for laterally varying
Earth structure along the great-circle path of surface waves
using a phase shift (Dziewonski et al., 1984) and correcting
for location in the inversion. The Global CMT catalog’s stan-
dard deviation of the noise contained in its NDC components
is 6.4% lower than that in the USGS catalog and 15.5% lower
than that in the GFZ catalog. As a consequence of using an
upper bound for the standard deviation of the true NDC com-
ponents, σs, the estimates for the noise in each catalog’s NDC
components, σnk , are a lower bound.

Discussion
Quantifying the noise in the NDC components through the
correlation between catalogs is accurate when the inversion
procedures are independent, and thus the noise in the NDC
components nik is independent from the NDC components
ϵ i. As shown by the values for the standard deviation of the
true NDC components, σs (Fig. 3a), the inversion procedures
of the USGS and GFZ catalogs are not independent.

For earthquakes common to all four catalogs, the NDC
components in the CMT3D catalog are very strongly corre-
lated with those in the Global CMT catalog (Fig. 4a), reflecting
the similar inversion procedure between these catalogs. The
Global CMT catalog partially approximates the effects of 3D
structure by shifting the seismic waveforms and adjusting
the location, but uses Green’s function generated for a 1D earth
model in the inversion. The CMT3D moment tensor catalog,
on the other hand, uses Green’s functions generated for a
3D Earth model (Sawade et al., 2022) for their inversion.
Furthermore, the value of the correlation coefficient between
the NDC components in the CMT3D and the USGS catalogs
(Fig. 4b) is larger than the correlation between the CMT3D and
the GFZ catalogs (Fig. 4c), similar in pattern to the correlation
coefficients between the Global CMT catalog and the other 1D
catalogs (Fig. 2a,b). This striking similarity of NDC compo-
nents between the CMT3D and Global CMT catalogs is due
to similar frequency bands used in the inversion, and a similar
assignation of weights to the waveforms (Hallo and Gallovič,
2016; Sawade et al., 2022). Therefore, the two catalogs invert
nearly identical data for each earthquake using a nearly iden-
tical inversion procedure, leading to very similar NDC com-
ponents.

The CMT3D catalog (k = 4) is thus not suited for the analy-
sis of noise levels in NDC components via the correlation with
other moment tensor catalogs, because it would appreciably
bias the calculation of the variance of the true NDC compo-
nents. However, due to the similarity of its NDC components
to the Global CMT catalog and similar standard deviations
(σd1 � 23:7%, σd4 � 23:8%) of their NDC components for
earthquakes common to all four catalogs, it is reasonable to
infer that the noise level in both catalogs is low and similar.
The low noise level likely reflects CMT3D’s use of Green’s

Figure 3. (a) Bootstrap estimates of the mean and 95% confi-
dence intervals for the standard deviation of the true NDC
components, σs, derived from the different correlations between
catalogs between the 2.5th and 97.5th percentile of the distri-
bution of correlation coefficients. The correlation of NDC com-
ponents in the Global CMT and USGS catalogs (r12) and in the
Global CMT and GFZ catalogs (r13) yield consistent estimates for
σs. However, the confidence interval for σs derived from the
correlation of NDC components in the USGS and GFZ catalogs
(r23) does not overlap with the confidence interval obtained from
the other two correlations. (b) Standard deviations of the noise in
the NDC components in each moment tensor catalog with their
95% confidence intervals as derived from σ̂s23 . The Global CMT
catalog (σ̂n1 � 17:5%� 0:5%) has the smallest amount of noise
with larger values for the USGS (σ̂n2 � 18:5%� 0:5%) and GFZ
(σ̂n3 � 20:9%� 0:4%) catalogs. Therefore, the NDC compo-
nents in the Global CMT catalog are determined most precisely.
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functions generated for a 3D Earth model, which reduces
spurious NDC components.

When quantifying the noise in NDC components, it is
useful to assess the relationship between the uncertainties in
double-couple (DC) and NDC components. The similarity
between the DC components of the source mechanisms in
two catalogs can be quantified by the angle Φ needed to rotate
the principal axes of one moment tensor into the others
(Kagan, 1991). This rotation in space has values between 0°
and 120°, and is 90° between pure thrust- and normal-faulting
events, or for strike-slip-faulting events with opposite polar-
ities. We correlate the rotation angles with the absolute differ-
ence between the NDC components of each moment tensor
(Fig. 5).

For all pairs of catalogs, the correlation between uncertain-
ties in DC and NDC components is weak, with coefficients of
determination r2 between 5.9% and 10.1%. This observation
suggests that the mechanisms leading to uncertainties in the
DC components are mostly different from those for uncertain-
ties in NDC components.

Conclusions
NDC components contain noise stemming from the moment
tensor inversion. By expressing the NDC components in
moment tensor catalogs as the sum of true NDC components
and random noise, we use the relationship between the corre-
lation coefficient of NDC components in different catalogs and
the standard deviation of their distribution to quantify the
noise in the NDC components. The Global CMT catalog has
lower noise levels than the USGS catalog, which has lower
noise levels than the GFZ catalog. Due to different inversion
procedures, the correlations between noise in NDC compo-
nents in the Global CMT catalog with noise in the USGS
and GFZ catalogs are lower than the correlations between
the noise in the USGS and GFZ catalogs. Due to similarities
in the inversion procedure of the CMT3D catalog and the
Global CMT catalog, we cannot reliably quantify the noise

in the CMT3D catalog using the correlation between NDC
components in different catalogs. However, due to nearly iden-
tical standard deviation of the NDC components in the
CMT3D catalog, we assume that the noise level is similar to
the one of the Global CMT catalog.

The best estimate for the standard deviation of the true
NDC components is obtained as σ̂s � 16:6%� 0:5%, calcu-
lated from the correlation between the NDC components in
the USGS and GFZ catalogs. Because all estimates for the noise
in the NDC components, σ̂nk, have larger values, the estimated
SNR in all catalogs, σ̂2s =σ̂2nk , is smaller than 1.

Uncertainties in DC and NDC components are only weakly
correlated, suggesting that uncertainties in NDC components
have different origins than uncertainties in DC components.
Therefore, the reliability of fault angles derived from a moment
tensor is largely independent from the reliability of NDC com-
ponents.

Data and Resources
The moment tensors used in this study were compiled from publicly
available data sets. Global Centroid Moment Tensor (Global CMT) sol-
utions are from https://www.globalcmt.org (last accessed March 2023).
The U.S. Geological Survey (USGS) and German Research Centre for
Geosciences (GFZ) catalogs were downloaded using the Python pack-
age ObsPy (Beyreuther et al., 2010) and its International Federation of
Digital Seismograph Networks webservice client (March 2023). A list of
the earthquakes used in this study including their moment tensors in
different catalogs is available at doi: 10.5281/zenodo.10543948.

Figure 4. (a–c) Correlation between NDC components in the
CMT3D catalog and the Global CMT, USGS, and GFZ catalogs.
The very strong correlation with the Global CMT catalog reflects
the similar inversion procedures, so the noise in both catalogs is
not independent, which excludes this catalog from the quanti-
fication of its noise through the correlation with other catalogs.
The color version of this figure is available only in the electronic
edition.
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