
Physics of the Earth and Planetary Interiors 200-201 (2012) 1–9
Contents lists available at SciVerse ScienceDirect

Physics of the Earth and Planetary Interiors

journal homepage: www.elsevier .com/locate /pepi
The global CMT project 2004–2010: Centroid-moment tensors
for 13,017 earthquakes

G. Ekström a,⇑, M. Nettles a, A.M. Dziewoński b
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Earthquake moment tensors reflecting seven years of global seismic activity (2004–2010) are presented.
The results are the product of the global centroid-moment-tensor (GCMT) project, which maintains and
extends a catalog of global seismic moment tensors beginning with earthquakes in 1976. Starting with
earthquakes in 2004, the GCMT analysis takes advantage of advances in the mapping of propagation char-
acteristics of intermediate-period surface waves, and includes these waves in the moment-tensor inver-
sions. This modification of the CMT algorithm makes possible the globally uniform determination of
moment tensors for earthquakes as small as MW = 5.0. For the period 2004–2010, 13,017 new cen-
troid-moment tensors are reported.
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1. Introduction vatory of Columbia University. The effort is now moving forward
In this paper, we report on the global seismicity of 2004–2010
based on the systematic application of the centroid-moment-ten-
sor (CMT) algorithm to long-period seismograms recorded on glob-
ally distributed seismographic stations. This is the latest
contribution in a series of articles published in Physics of the Earth
and Planetary Interiors since 1983, describing the results of the
ongoing effort to analyze and document global earthquake activity
using the CMT algorithm.

The current paper is the first following a long hiatus. The most
recent contribution (Ekström et al., 2005) reported on global seis-
micity of 2003. Significant enhancements were introduced in the
CMT processing starting in 2004. These changes allow us to incor-
porate intermediate-period surface waves in the analysis, which
improves the source-parameter estimates for shallow sources,
and makes possible the systematic investigation of global seismic-
ity at smaller magnitudes. One purpose of the current contribution
is to describe the changes in the CMT algorithm and how the re-
search project has evolved during the period 2004–2010.

The CMT project started at Harvard University 30 years ago, and
was led there for the first 20 years by Dziewoński and subse-
quently by Ekström. During this time, the project and its main re-
search product, the catalog of earthquake mechanisms, were
known as ‘the Harvard CMT Project’ and ‘the Harvard CMT Catalog’.
In 2006, the research activities associated with the CMT project
moved with Ekström and Nettles to Lamont–Doherty Earth Obser-
ll rights reserved.

: +1 845 365 8150.
ström).
under the name ‘the Global CMT Project’, with the primary re-
search goal of curating, improving, and extending the CMT catalog
of earthquake focal mechanisms. The main dissemination point for
results from the global CMT project is the internet web site
www.globalcmt.org.

The seven-year period treated in this paper was one of remark-
able earthquake activity. The great December 26, 2004, Sumatra
earthquake was the largest since the great 1964 Alaska earthquake,
and it generated an intense aftershock series, making 2005 the
most prolific year we have encountered so far in the CMT analysis.
Ten other MW P 8.0 earthquakes occurred during this seven-year
period, as compared with a total of 15 MW P 8.0 earthquakes in
the preceding 28 years (1976–2003) covered by the CMT catalog.

In the following sections, we review the principal methods of
the CMT approach, describe enhancements that were implemented
in 2004 and 2006, and summarize the moment-tensor results ob-
tained for the period 2004–2010. We also discuss the completeness
of the GCMT catalog.
2. Summary of the CMT method and algorithm

The CMT method is based on the linear relationship that exists
between the six independent elements of a zeroth-order moment-
tensor representation of an earthquake, and the ground motion
that the earthquake generates (e.g., Gilbert, 1971). This relation-
ship holds as long as the dimension of the earthquake (the fault
that slips) is small relative to the wavelengths of the seismic waves
considered, and the duration is small relative to the period of the
seismic waves. The ‘centroid’ of the centroid-moment-tensor
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method refers to the center of the earthquake moment distribution
in time and space, defined by four additional parameters. Ten
parameters (six moment-tensor elements and the centroid lati-
tude, longitude, depth, and centroid time) thus provide the
point-source CMT representation of an earthquake.

In the original CMT paper, Dziewonski et al. (1981) developed
the theory of the CMT method in the context of Earth’s normal
modes, and demonstrated how CMTs could be calculated by least-
squares inversion of long-period (T > 45 s) body-wave seismograms
recorded on a sparse global network of stations, using synthetic
seismograms calculated by summation of normal modes for the
spherically symmetric Preliminary Reference Earth Model (PREM)
(Dziewonski and Anderson, 1981). In the first systematic applica-
tion of the method to the global seismicity of 1981, Dziewonski
and Woodhouse (1983) extended the analysis to include very-
long-period (T > 135 s) surface waves, referred to as mantle waves.
Following the development of the tomographic upper-mantle
model M84C (Woodhouse and Dziewonski, 1984), corrections for
Earth’s heterogeneous structure were incorporated in the calcula-
tion of synthetic seismograms employed in routine CMT analysis
(Dziewonski et al., 1984). Since July 1991, the corrections for lateral
heterogeneity have been based on the whole-mantle shear-velocity
model SH8/U4L8 of Dziewonski and Woodward (1992).

2.1. Incorporation of intermediate-period surface waves

While new generations of tomographic models of the Earth’s
mantle have led to a better ability to match the long-period body
waves and very-long-period surface waves used in the CMT algo-
rithm, these models have not been adequate for matching the large
propagation delays observed for fundamental-mode Rayleigh and
Love waves at periods shorter than �100 s. A requirement for suc-
cessful waveform matching is that the phases of the observed and
synthetic seismograms agree to within a fraction of a cycle. As long
as this could not be achieved routinely for intermediate-period sur-
face waves, these phases could not be included in the CMT analysis.

Following the development in the late 1990s of global disper-
sion models for Love and Rayleigh waves in the period range
35–150 s (e.g., Ekström et al., 1997), the possibility arose of incor-
porating propagation delays from such dispersion maps in the cal-
culation of the fundamental-mode contribution to the synthetic
seismograms. The feasibility of this approach was investigated by
Arvidsson and Ekström (1998) and Ekström et al. (1998), who
demonstrated agreement between CMT solutions calculated with
and without intermediate-period surface-wave data, as well as
the reliability of the method for smaller earthquakes.

Since intermediate-period surface waves are the largest phase in
long-period teleseismic seismograms for shallow earthquakes, their
use in the moment-tensor inversion allows the analysis of smaller
earthquakes than would otherwise be possible. Inclusion of the sur-
face waves also improves constraints on larger earthquakes by
increasing the number of waveforms available for earthquakes of a
given size. Starting in 2004, intermediate-period surface waves have
been included in the standard CMT analysis of shallow and interme-
diate-depth earthquakes. The fundamental-mode contribution to
the synthetic seismogram is calculated following the approach of
Ekström et al. (1998), using a surface-wave ray-based method that
incorporates the phase delays predicted by the dispersion maps of
Ekström et al. (1997). This seismogram is combined with the stan-
dard mode summation for the overtone branches. Excitation and re-
ceiver amplitudes are calculated using the PREM model.

3. GCMT work flow and analysis procedures, 2004–2010

In this section, we describe the procedures that were used in the
CMT analysis during the period 2004–2010. The work flow is
divided into calendar months, and our monthly results have accu-
mulated steadily during the seven-year period. The regular CMT
analysis for a given month is normally initiated 2–3 months after
real time, and we aim to have the analysis completed before the
end of 4 months. For example, the analysis of earthquakes occur-
ring in February 2010 began in May 2010 and the results for the
full month were added to the GCMT catalog in June 2010.

3.1. Event selection

We select for initial analysis earthquakes that have the poten-
tial to yield robust CMT results, typically those earthquakes with
MW P 5.0. In practice, this means that we analyze earthquakes
with smaller reported magnitudes mb or MS, in the expectation
that some of these events will yield larger magnitudes MW. We
normally select all earthquakes with any reported magnitude
P4.8 for analysis. Approximately 50% of the earthquakes that we
select are discarded after an initial analysis, once it is established
that a robust solution cannot be achieved, either because the
earthquake moment magnitude is smaller than 5.0, or for some
other reason, typically because of interference with signals from
another earthquake.

We rely mainly on hypocenters reported by the National Earth-
quake Information Center (NEIC) of the United States Geological
Survey (USGS) for compiling the lists of earthquakes to be ana-
lyzed. Since 2006, we have complemented the NEIC hypocenter list
with epicenters and magnitudes determined from our routine
analysis of intermediate-period surface waves using the method
of Ekström (2006). This surface-wave detection and location algo-
rithm detects most shallow earthquakes of M > 4.8 that are re-
ported in the NEIC catalog. The magnitude estimates from the
surface-wave-detection list are typically closer to the final moment
magnitude MW determined for the event. By merging the NEIC and
surface-wave-detection catalogs, we can identify for analysis
earthquakes that have a small mb or MS but, based on their sur-
face-wave amplitudes, are likely candidates for successful analysis
using the GCMT method.

For a small number of earthquakes, the surface-wave detection
and location is the only hypocentral information available at the
time of our analysis. These events are typically very close to, or
smaller than, M = 5.0 and they are often located in the southern
oceans, where traditional detection and location algorithms per-
form less well. For the period 2004–2010, 222 events in the GCMT
catalog were defined at the time of our analysis only by their sur-
face-wave detections and locations. Some of these events have
subsequently been located using standard methods by the NEIC
or the International Seismological Centre (ISC).

3.2. Seismogram collection and filtering

We use data from the IRIS-USGS Global Seismographic Network
(seismic network codes II and IU) with additional data from sta-
tions of the China Digital Seismograph Network (IC), the Geoscope
(G), Mednet (MN), Geofon (GE), and Caribbean (CU) Networks. The
data are requested and retrieved from the IRIS Data Management
Center (DMC). During the time period 2004–2010, we had data
from �150 stations available for analysis. This number can be con-
trasted with the 10–15 stations typically available for earthquakes
in 1976, the first year in the GCMT catalog (Ekström and Nettles,
1997).

Three-component data from all available stations are extracted
for each event. The responses are equalized by deconvolution of
the instrument response, and convolution with standard phase-
free band-pass filters that depend on the data type. Starting in
2004, we consider three data types: (1) Body waves, which are
defined as the signals that arrive in the time window before the



Fig. 1. Map showing the locations of 178 stations of the Global Seismographic Network that contributed seismograms to GCMT analyses in 2010. Stations that contributed
data for more than 200 earthquakes are shown with hexagons; other stations are shown with squares.
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arrival of the minor-arc surface waves; (2) Mantle waves, which
consist of up to 4.5 h of data, typically including four long-period
Love and Rayleigh wave arrivals, G1–G4 and R1–R4; and (3) Inter-
mediate-period surface waves, which consist of a time window
centered on the minor-arc arrival times for intermediate-period
surface waves.

Filtering strategies depend on the data type and event magni-
tude. Body-wave data for earthquakes 5.5 6MW 6 6.5 are filtered
to displacement between 150 s and 40 s, with a flat response be-
tween 100 s and 50 s. For earthquakes MW 6 5.5, these waves are
filtered to velocity with the same corner periods. For earthquakes
MW P 6.5, the body waves are filtered to displacement between
150 s and 50 s with a flat response between 100 and 60 s. Man-
tle-wave data for earthquakes MW 6 7.0 are filtered to displace-
ment between 350 s and 125 s, with a flat response between
300 s and 150 s. Mantle waves are only considered for earthquakes
of MW > 5.5. For earthquakes MW > 7.0, the filter is gradually shifted
in period with earthquake size so that for earthquakes with
MW > 8.0, the range is 450 s to 200 s. Intermediate-period surface
waves for earthquakes MW P 5.5 are filtered to displacement be-
tween 150 s and 50 s, with a flat response between 100 s and
60 s. For earthquakes of MW < 5.5, the response is modified to
velocity, to enhance the signals at shorter periods, which are less
affected by noise. Intermediate-period surface waves are not con-
sidered for earthquakes deeper than 300 km.

The three data types provide complementary constraints on the
seismic source. Body waves sample the focal sphere of the earth-
quake in a relatively uniform fashion. Intermediate-period surface
waves, by virtue of their large amplitudes, are less affected by
noise, and therefore provide a useful data set for smaller earth-
quakes. The mantle waves have the advantage that they sample
the earthquake in two opposite directions and, because of their
long-period character, are less sensitive to the spatial extent and
temporal history of the seismic source. Seismograms of the three
wave types are weighted in the CMT inversion in such a way that
the mantle waves do not contribute for M < 5.5 earthquakes, have a
relative weight that increases linearly with magnitude for 5.5 6M
6 6.5, and are weighted fully for M > 6.5 earthquakes. Body and
surface waves are weighted fully for M < 6.5, have a decreasing
relative weight for 6.5 P M P 7.5, and do not contribute for earth-
quakes with M > 7.5 since, for earthquakes of this size, the source
spectrum at shorter periods is dominated by spatial and temporal
complexities that are not accounted for in the CMT inversion.

Fig. 1 shows the geographical distribution of the 178 stations
that contributed at least one seismogram to the analysis in 2010.
A total of 524,211 waveforms was used in the 2010 inversions.
The most frequently included station was ANMO (Albuquerque,
New Mexico), which provided waveforms for 1730 of the 1852
earthquakes analyzed in 2010.

3.3. Waveform editing and inversion

The selection of waveforms for inclusion in the moment-tensor
inversion is complicated, and can be a time-consuming task. The
main challenge is to determine when earthquake-related signal
dominates in a particular seismogram, and when instead the seis-
mogram is dominated by noise or interfering signals. Starting with
earthquakes in 2004, we use an automated waveform editor to aid
in the selection of signal windows to be included in the waveform
inversion. The software for automatic waveform selection uses a
number of rules to select or deselect entire seismic traces, and to
select specific windows of individual seismograms for inclusion.

In the initial data selection, the signal levels and signal-to-noise
ratios are estimated within each individual trace based on where in
the seismogram the strongest signals are expected, given the dis-
tance from the earthquake. Comparisons of signal levels are then
made among all of the available stations to eliminate stations that
have no signal (dead traces) as well as those whose seismograms
are dominated by noise, or have amplitudes that are inconsistent
with the majority of the available seismograms. After the selection,
an initial moment-tensor inversion is performed, in which the cen-
troid location is fixed in space at the reported hypocenter. Because
the centroid time is allowed to vary, the inverse problem is not
completely linear, and the solution is obtained by iteration.

Following the initial inversion, the automatic-editor software is
used to refine the selections. The automatic editor compares all of
the observed waveforms with the synthetic seismograms calcu-
lated for the moment-tensor source resulting from the first step,
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including those waveforms that were not initially used in the
inversion. Based on waveform fit and correlation, the editor makes
new selection choices, and a new iterative inversion is performed.
In this second inversion, the centroid latitude, longitude, and depth
are also allowed to vary. The iterative automatic editing and inver-
sion of the waveforms is then performed repeatedly. For analyses
that ultimately yield a successful result, the data selection and
the moment tensor typically stabilize in three or four steps.

Fig. 2 shows the graphical output generated to summarize the
results of the iterative inversion and automated waveform editing
for a MW = 5.0 earthquake near Hokkaido, Japan. In the initial inver-
sion step (top left panel), 269 seismograms were used. These wave-
forms were, as a group, fit very poorly (residual variance of 99.8%),
although the moment-tensor result appears stable and reasonable.
In the second step, 132 seismograms were included in the inver-
sion, and the fit improved dramatically (residual variance of
61.5%). The automatic editing of the waveforms was performed
Fig. 2. Event page showing the results from four successive steps in the CMT analysis of a
inversion step. The circles at the top of the panel illustrate the azimuthal station covera
seismograms, with the left circle showing the coverage for vertical-component seismogra
seismogram is represented by the color of the ‘spoke’ in these diagrams. Green indicates
long-period mantle waves (none for this event), and the right two circles represent inter
the event parameters in each iteration. The color coding reflects the value and the sta
questionable. The bottom row in each panel shows the depth and focal mechanism i
waveforms and time windows between inversion steps. The total number of stations (
references to colour in this figure legend, the reader is referred to the web version of th
twice more following the second and third steps in the inversion,
leading to the eventual inclusion of 146 seismograms. In this
example, the fit to the waveforms does not improve after the sec-
ond step, as the event is quite small (M = 5.0) and noise is expected
to be comparable in amplitude to the signal at many stations. The
objective of the automatic editor is not exclusively to minimize the
residual variance, but also to ensure the inclusion of data where
signal is definitely present.

Normally, the automatic processing of an individual earthquake
occurs in six steps, before a human analyst reviews the results. At
this point, the inversion results are assessed for convergence and
quality. Specifically, the stability of the moment tensor and the
centroid parameters is considered together with the number of
stations and traces included in the final inversion and the overall
reduction in variance achieved for the total data set. For a large
fraction of events, the waveform selection is modified following a
visual review of the data and the fits, and one or more inversion
n M = 5.0 earthquake near Hokkaido, Japan. Each panel presents the results from one
ge. The two circles on the left show the coverage for the body-wave portion of the
ms and the right circle showing the horizontal components. The resulting fit to each
very good fit, yellow is good fit, and red is poor fit. The middle two circles represent
mediate-period surface waves. The middle portion of each panel shows graphically
bility of each estimated quantity. Green is good, yellow is acceptable, and red is
n each iteration of the inversion. The automatic editor modifies the selection of
NSTA) and seismograms (NCOM) is given for each step. (For interpretation of the
is article.)



Fig. 3. Histogram displaying the number of CMT solutions calculated for each year
since 1976. The yellow portion of each bar represents the number of earthquakes
with MW P 6.5. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 4. Median MW of GCMT earthquakes in each year since 1976.

G. Ekström et al. / Physics of the Earth and Planetary Interiors 200-201 (2012) 1–9 5
steps are performed. In complicated situations, such as when
waveforms from two or more earthquakes overlap, careful human
editing of the waveforms is essential for the generation of a stable
and credible result.

In the CMT inversions, we constrain the diagonal elements of
the moment tensor to equal zero, Mrr + Mhh + Muu = 0, which corre-
sponds to the assumption that the moment tensor has no volumet-
ric component. For some earthquakes, we also fix the spatial
centroid of the source, in particular, the focal depth. This is neces-
sary either when the inversion attempts to place the source above
a minimum allowed depth of 12 km, in which case the source is
fixed at 12 km, or when the depth exhibits some persistent insta-
bility in the inversions. In the latter case, we fix the depth at the
reported hypocentral depth, or at a depth deemed appropriate
for the source region.

The source half duration is a parameter assumed in the inver-
sion based on the scalar moment of the event. We use an empirical
relationship derived from the modeling of broadband moment-rate
functions (e.g., Ekström and Engdahl, 1989; Ekström et al., 1992),

thdur ¼ 1:05� 10�8 M1=3
0 ; ð1Þ

to estimate source half duration, where thdur is the half duration
measured in seconds and M0 is the scalar moment measured in
dyne-cm. Before 2004, the moment-rate function used in the CMT
inversions was modeled as a boxcar. Starting in 2004, the mo-
ment-rate function is modeled as an isosceles triangle with half
duration thdur.

3.4. Evaluation of results and distribution of the GCMT catalog

The results of the GCMT analysis are moment tensors and cen-
troids, and their associated estimated uncertainties. Results for all
earthquakes for a given month are reviewed by one of the principal
investigators of the GCMT project. Those moment-tensor solutions
judged acceptable are added to the on-line GCMT catalog, and the
monthly results are simultaneously forwarded to the NEIC and to
the IRIS DMC for redistribution and incorporation in integrated
earthquake catalogs.

The primary distribution point for the GCMT results is our web
site, www.globalcmt.org. The web site provides an interactive
search tool for the entire catalog, as well as downloadable ma-
chine-readable files with the results in our so-called ndk format.
Fig. 5. Frequency–magnitude diagram for earthquakes in the GCMT catalog for two
time periods: (black line) 1976–2003, (red line) 2004–2010. The number of
earthquakes is counted in bins of 0.1-magnitude-unit width. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
4. Results

In contrast with previous CMT reports, we do not include here a
listing of all moment-tensor results, but instead refer the reader to
our web site for a comprehensive catalog of all source parameters.
Here, we present complete CMT results for the largest events of the
seven-year period, and discuss the impact of the methodological
changes instituted in 2004 on the completeness of the GCMT
catalog.

For the period 2004–2010, we successfully analyzed 13,017
earthquakes, which have been added to the global CMT catalog.
Fig. 3 shows the number of CMT solutions calculated for each year
since 1976, and illustrates the near doubling of the number of
earthquakes analyzed each year starting in 2004 as a result of
the inclusion of intermediate-period surface waves in the CMT
inversion.

The ability to analyze smaller earthquakes is also illustrated in
Fig. 4, which shows the median MW for earthquakes analyzed in
each year. For 1976, only earthquakes with reported mb P 6.0 or
MS P 6.0 were analyzed. From 1977 to 2003, a gradual decrease
in the median MW from 5.7 to 5.4 is observed, in part the result
of a better global network of seismic stations. In 2004–2010 the

http://www.globalcmt.org


Table 1
Centroid-moment-tensor solutions for the largest (MW P 7.5) 38 earthquakes of 2004–2010. Centroid origin time and location are given with the estimated standard deviation; when no standard deviation is given, the parameter was
held fixed in the inversion. dt0, d/0, dk0, and dh0 are the retrieved perturbations with respect to the reported origin time and hypocenter. Half duration assumed in the inversion, scale factor, scalar seismic moment, and moment-tensor
elements in the standard spherical coordinate system with their estimated standard deviations. Seismic moment and moment-tensor elements are given in dyne-cm. In Cartesian coordinates, Mrr = Mzz, Mhh = Mxx, M// = Myy, Mrh = Mxz,
Mr/ = �Myz, and Mh/ = �Mxy.

No. Centroid parameters Half
Drtn

Scale
factor
10ex

M0 Elements of moment tensor

Date Time Latitude Longitude Depth

Y M D h m sec dt0 k dk0 / d/0 h d h0 Mrr Mhh M// Mrh Mr/ Mh/

1 2004 11 11 21 26 58.0 ± 0.1 16.8 �7.87 ± .01 0.28 125.12 ± .01 0.25 17.0 13.5 27 2.1 1.60 ± 0.01 �1.59 ± 0.00 0.00 ± 0.01 �1.34 ± 0.06 0.06 ± 0.07 �0.38 ± 0.00
2 2004 12 23 14 59 30.9 ± 0.2 26.5 �49.91 ± .01 �0.60 161.25 ± .02 �0.10 27.5 ± 1.1 17.5 26.7 28 1.6 0.11 ± 0.01 0.87 ± 0.01 �0.98 ± 0.01 0.49 ± 0.09 �0.32 ± 0.09 �1.21 ± 0.01
3 2004 12 26 1 1 9.0 ± 0.3 139.0 3.09 ± .04 �0.21 94.26 ± .03 �1.52 28.6 ± 1.3 18.6 95.0 29 4.0 1.04 ± 0.01 �0.43 ± 0.01 �0.61 ± 0.01 2.98 ± 0.16 �2.40 ± 0.16 0.43 ± 0.00
4 2005 3 28 16 10 31.5 ± 0.1 55.0 1.67 ± .01 �0.42 97.07 ± .01 �0.04 25.8 ± 0.4 �4.2 49.4 29 1.0 0.27 ± 0.00 �0.11 ± 0.00 �0.15 ± 0.00 0.84 ± 0.02 �0.57 ± 0.02 0.15 ± 0.00
5 2005 6 13 22 44 40.2 ± 0.1 6.3 �20.02 ± .01 �0.03 �69.23 ± .01 �0.03 94.5 ± 0.4 �21.1 18.3 27 5.3 �3.70 ± 0.02 �0.27 ± 0.01 3.97 ± 0.02 0.62 ± 0.02 �3.63 ± 0.02 �0.24 ± 0.01
6 2005 9 9 7 27 12.8 ± 0.1 29.1 �5.20 ± .01 �0.66 153.95 ± .01 0.48 83.6 ± 0.3 �6.4 16.2 27 3.7 3.13 ± 0.02 �1.32 ± 0.01 �1.82 ± 0.01 �1.25 ± 0.02 1.38 ± 0.02 1.60 ± 0.01
7 2005 9 26 1 55 44.0 ± 0.1 6.3 �5.60 ± .01 0.08 �76.20 ± .01 0.20 108.1 ± 0.4 �6.9 13.6 27 2.2 �2.02 ± 0.01 �0.12 ± 0.01 2.15 ± 0.01 �0.05 ± 0.01 0.45 ± 0.01 �0.50 ± 0.01
8 2005 10 8 3 50 51.5 ± 0.1 10.7 34.38 ± .01 �0.16 73.47 ± .01 �0.12 12.0 15.0 27 2.9 2.61 ± 0.01 �1.27 ± 0.01 �1.33 ± 0.01 1.43 ± 0.08 0.36 ± 0.08 1.26 ± 0.01
9 2006 1 27 16 59 4.8 ± 0.1 11.1 �5.61 ± .01 �0.14 128.20 ± .01 0.07 397.4 ± 1.5 0.4 16.0 27 3.5 �2.42 ± 0.01 �0.62 ± 0.02 3.04 ± 0.02 �1.17 ± 0.01 1.49 ± 0.01 1.12 ± 0.02

10 2006 4 20 23 25 17.6 ± 0.1 15.4 60.89 ± .01 �0.06 167.05 ± .01 �0.04 12.0 15.1 27 3.0 2.80 ± 0.01 �0.87 ± 0.01 �1.93 ± 0.01 0.66 ± 0.08 0.20 ± 0.08 �1.52 ± 0.01

11 2006 5 3 15 27 3.7 ± 0.1 23.4 �20.39 ± .01 �0.20 �173.47 ± .01 0.65 67.8 ± 0.3 12.8 23.5 28 1.1 0.66 ± 0.00 �0.12 ± 0.00 �0.54 ± 0.00 0.09 ± 0.00 0.88 ± 0.00 �0.33 ± 0.00
12 2006 7 17 8 20 38.4 ± 0.1 69.6 �10.28 ± .01 �1.03 107.78 ± .01 0.37 20.0 13.9 27 4.6 1.63 ± 0.01 �1.32 ± 0.01 �0.31 ± 0.01 4.31 ± 0.06 �0.58 ± 0.06 0.31 ± 0.00
13 2006 11 15 11 15 8.0 ± 0.1 50.2 46.71 ± .01 0.14 154.33 ± .01 1.04 13.5 ± 0.5 �25.4 34.4 28 3.5 1.74 ± 0.01 �0.56 ± 0.01 �1.18 ± 0.01 1.64 ± 0.10 2.58 ± 0.14 �0.77 ± 0.00
14 2007 1 13 4 23 48.1 ± 0.1 26.9 46.17 ± .01 �0.07 154.80 ± .02 0.28 12.0 27.4 28 1.8 �1.38 ± 0.01 1.33 ± 0.00 0.05 ± 0.00 �0.27 ± 0.06 �0.78 ± 0.07 0.80 ± 0.00
15 2007 1 21 11 28 1.0 ± 0.1 16.0 1.10 ± .01 0.03 126.21 ± .01 �0.07 22.2 ± 0.3 0.2 13.2 27 2.0 1.75 ± 0.01 �0.21 ± 0.00 �1.54 ± 0.01 0.04 ± 0.04 �0.80 ± 0.04 �0.72 ± 0.00
16 2007 4 1 20 40 38.9 ± 0.1 42.5 �7.79 ± .01 0.67 156.34 ± .01 �0.70 14.1 ± 0.5 4.1 26.3 28 1.6 1.34 ± 0.01 �0.66 ± 0.00 �0.69 ± 0.01 0.76 ± 0.05 0.01 ± 0.04 0.74 ± 0.00
17 2007 8 8 17 5 11.3 ± 0.1 13.5 �6.03 ± .01 �0.10 107.58 ± .01 �0.10 304.8 ± 1.4 13.6 14.4 27 2.6 0.96 ± 0.01 �1.15 ± 0.01 0.19 ± 0.01 2.00 ± 0.01 0.65 ± 0.01 1.00 ± 0.01
18 2007 8 15 23 41 57.9 ± 0.1 60.0 �13.73 ± .01 �0.34 �77.04 ± .01 �0.44 33.8 ± 0.4 �5.2 23.5 28 1.1 0.85 ± 0.00 �0.13 ± 0.00 �0.72 ± 0.00 �0.02 ± 0.02 �0.72 ± 0.02 0.34 ± 0.00
19 2007 9 12 11 11 15.6 ± 0.1 48.8 �3.78 ± .01 0.66 100.99 ± .01 �0.38 24.4 ± 0.3 �9.6 42.7 28 6.7 1.80 ± 0.01 �0.89 ± 0.00 �0.92 ± 0.00 5.45 ± 0.10 �3.46 ± 0.09 0.97 ± 0.00
20 2007 9 12 23 49 35.3 ± 0.1 31.6 �2.46 ± .01 0.16 100.13 ± .01 �0.71 43.1 ± 0.5 8.1 21.1 27 8.1 4.93 ± 0.03 �2.80 ± 0.02 �2.12 ± 0.02 5.41 ± 0.10 �3.53 ± 0.10 2.47 ± 0.01

21 2007 9 28 13 39 3.9 ± 0.1 4.4 21.94 ± .01 �0.06 143.07 ± .01 0.42 275.8 ± 1.0 �0.3 13.2 27 2.0 1.53 ± 0.01 �1.88 ± 0.01 0.35 ± 0.01 �0.05 ± 0.01 0.92 ± 0.01 0.36 ± 0.01
22 2007 11 14 15 41 11.2 ± 0.1 20.7 �22.64 ± .01 �0.39 �70.62 ± .01 �0.73 37.6 ± 0.3 �2.4 17.7 27 4.8 2.96 ± 0.01 0.04 ± 0.01 �3.00 ± 0.01 0.74 ± 0.04 �3.63 ± 0.05 0.34 ± 0.00
23 2007 12 9 7 28 37.9 ± 0.1 17.1 �25.75 ± .01 0.25 �177.22 ± .01 0.29 149.9 ± 0.9 �2.6 20.2 27 7.1 2.52 ± 0.03 �4.34 ± 0.02 1.83 ± 0.02 �5.69 ± 0.03 �0.53 ± 0.02 �2.71 ± 0.02
24 2008 5 12 6 28 40.4 ± 0.1 38.8 31.44 ± .01 0.44 104.10 ± .01 0.78 12.8 ± 0.4 �6.2 21.8 28 0.9 0.57 ± 0.00 0.01 ± 0.00 �0.58 ± 0.00 �0.20 ± 0.03 0.56 ± 0.03 �0.35 ± 0.00
25 2008 7 5 2 12 14.2 ± 0.1 9.7 54.12 ± .01 0.24 153.37 ± .02 0.48 610.8 ± 1.4 �22.0 17.3 27 4.5 �3.26 ± 0.02 �0.77 ± 0.02 4.03 ± 0.02 �2.18 ± 0.01 �1.00 ± 0.02 �0.85 ± 0.02
26 2009 1 3 19 44 9.0 ± 0.1 18.3 �0.38 ± .01 0.03 132.83 ± .01 �0.05 15.2 ± 0.4 �1.8 16.6 27 3.9 2.20 ± 0.01 �1.81 ± 0.01 �0.39 ± 0.01 �1.52 ± 0.11 2.79 ± 0.14 1.17 ± 0.01
27 2009 3 19 18 17 53.2 ± 0.1 12.3 �23.08 ± .01 �0.03 �174.23 ± .01 0.43 49.1 ± 0.3 15.1 15.8 27 3.4 3.28 ± 0.01 �0.20 ± 0.01 �3.09 ± 0.01 �0.25 ± 0.03 0.19 ± 0.03 �1.15 ± 0.01
28 2009 7 15 9 22 49.6 ± 0.1 20.6 �45.85 ± .01 �0.09 166.26 ± .01 �0.30 23.5 ± 0.4 11.5 18.9 27 5.8 3.14 ± 0.02 0.76 ± 0.01 �3.90 ± 0.01 2.59 ± 0.10 �3.75 ± 0.10 �0.03 ± 0.01
29 2009 8 10 19 56 5.0 ± 0.1 29.4 14.16 ± .01 0.06 92.94 ± .01 0.05 22.0 ± 0.4 17.3 13.1 27 1.9 �1.51 ± 0.01 0.49 ± 0.01 1.03 ± 0.01 0.38 ± 0.04 0.43 ± 0.04 1.43 ± 0.00
30 2009 9 29 17 48 26.8 ± 0.2 15.8 �15.13 ± .01 0.36 �171.97 ± .01 0.13 12.0 26.8 28 1.7 �1.30 ± 0.01 0.52 ± 0.01 0.77 ± 0.01 �0.30 ± 0.10 �0.97 ± 0.09 �0.73 ± 0.01

31 2009 9 30 10 16 17.4 ± 0.1 8.2 �0.79 ± .01 �0.07 99.67 ± .01 �0.20 77.8 ± 0.4 �3.2 14.7 27 2.7 1.76 ± 0.02 �0.76 ± 0.01 �0.99 ± 0.01 0.66 ± 0.02 �0.99 ± 0.02 �1.94 ± 0.01
32 2009 10 7 22 3 28.9 ± 0.2 14.4 �12.59 ± .02 0.42 166.27 ± .01 �0.24 44.2 ± 0.6 �0.8 15.6 27 3.3 3.25 ± 0.03 �0.23 ± 0.02 �3.02 ± 0.02 0.01 ± 0.08 �0.51 ± 0.07 0.76 ± 0.01
33 2009 10 7 22 19 15.3 ± 0.1 24.1 �11.86 ± .01 0.66 166.01 ± .01 �0.37 41.7 ± 0.4 6.7 19.8 27 6.7 6.22 ± 0.04 �0.48 ± 0.02 �5.75 ± 0.03 0.11 ± 0.11 �2.24 ± 0.10 1.85 ± 0.02
34 2010 2 27 6 35 14.5 ± 0.1 58.9 �35.98 ± .01 �0.13 �73.15 ± .01 �0.44 23.2 ± 0.3 �21.6 60.0 29 1.9 1.04 ± 0.00 �0.04 ± 0.00 �1.00 ± 0.00 0.30 ± 0.02 �1.52 ± 0.03 �0.12 ± 0.00
35 2010 4 6 22 15 19.1 ± 0.1 17.5 2.07 ± .01 �0.31 96.74 ± .01 �0.31 17.6 19.5 27 6.6 1.72 ± 0.01 �1.06 ± 0.00 �0.66 ± 0.01 4.97 ± 0.06 �3.98 ± 0.06 0.77 ± 0.00
36 2010 6 12 19 27 0.4 ± 0.1 9.9 7.85 ± .00 �0.03 91.65 ± .01 �0.29 33.1 ± 0.5 �1.9 13.1 27 1.9 0.77 ± 0.01 �1.76 ± 0.01 0.99 ± 0.01 0.23 ± 0.03 �1.00 ± 0.04 �0.63 ± 0.00
37 2010 7 23 22 51 20.7 ± 0.1 8.3 6.62 ± .01 0.13 123.90 ± .01 0.43 576.9 ± 1.6 �8.9 16.2 27 3.6 �1.55 ± 0.02 0.46 ± 0.02 1.09 ± 0.02 0.40 ± 0.01 �3.27 ± 0.02 0.86 ± 0.02
38 2010 10 25 14 42 59.8 ± 0.1 37.3 �3.71 ± .01 �0.22 99.32 ± .01 �0.76 12.0 19.9 27 6.8 1.91 ± 0.01 �1.01 ± 0.01 �0.91 ± 0.01 5.03 ± 0.07 �4.15 ± 0.06 0.80 ± 0.00
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Fig. 6. Centroid locations and moment tensors for the 38 largest (MW P 7.5) earthquakes of 2004–2010. Plate boundaries (Bird, 2003) are shown by gray lines. The full
moment tensor is shown by shading; the nodal lines of the best-double-couple focal mechanism are also shown. The dot indicates the projection of the compression (P) axis
onto the focal sphere. The size of the focal mechanisms is a linear function of magnitude. The label above the focal mechanism gives the sequence number of the earthquake,
as indicated in Table 1.
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median is approximately 5.2, reflecting the many earthquakes in
the range 5.0 6MW 6 5.5 that can now be analyzed routinely and
robustly.

The ability to analyze smaller earthquakes starting in 2004 has
implications for the completeness level of the GCMT catalog. A fre-
quency–magnitude diagram (Fig. 5) provides a means for assessing
the approximate level of completeness of the catalog before and
after the addition of intermediate-period surface-wave data to
the analysis. The data for 2004–2010 suggest linearity of the slope
of the magnitude-frequency relation down to a magnitude of 5.0,
while the earlier data are more consistent with a break in the slope
near MW 5.3 or 5.4.

Of the earthquakes analyzed in 2004–2010, 38 have moment
magnitude greater than or equal to 7.5, and we list the full CMT re-
sults for these events in Table 1. The geographical distribution of
the events, including a graphical representation of the moment
tensors, is shown in Fig. 6.
Fig. 7. Cumulative moment of all earthquakes in the GCMT catalog through the end
of 2010. Red stars indicate the times of earthquakes of MW P 8.0. The field shaded
green reflects the moment of earthquakes with MW 6 6.5. The contribution of the
December 2004 Sumatra earthquake to the total cumulative moment is the largest
step in the curve. We have adopted the moment value of Tsai et al. (2005) for that
event in this figure. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
5. Discussion

The main goal of the GCMT effort is to provide a systematic
analysis of global seismicity, the results of which can then be
mined for use in seismotectonic, tomographic, and other studies.
We do not attempt here any in-depth discussion of the many inter-
esting earthquakes that occurred during 2004–2010. However, a
few earthquakes merit particular mention.

The cumulative moment of earthquakes occurring globally since
1976 is shown in Fig. 7. The largest individual contribution to the
total moment results from the 2004 Sumatra earthquake, which
accounts for 40% of the total moment of the GCMT catalog in
1976–2010. We have chosen here to use the moment for the Suma-
tra earthquake obtained by Tsai et al. (2005) in a multiple-source
CMT inversion (M0 = 1.17 � 1030 dyne-cm) rather than the moment
obtained in the standard CMT analysis (M0 = 4.01 � 1029 dyne-cm)
and included in Table 1. For this earthquake, the standard CMT
point-source approximation leads to an underestimate of its size.
In this, the Sumatra earthquake is an exception, since the GCMT
analysis by design adapts to the longer duration and rupture area
of large earthquakes by considering periods significantly longer
than the corner period of the event. However, the greater-than-
500-s duration and longer-than-1000-km rupture zone makes the
2004 Sumatra earthquake a point source only for the gravest nor-
mal modes of the Earth (e.g., Stein and Okal, 2005). The multiple-
source CMT inversion of Tsai et al. (2005) represents the extended
source well, and satisfies the very-long-period mode constraints
on the total moment. For completeness, we include the multiple-
source results of Tsai et al. (2005) in the standard CMT format in
Table 2.

The second-largest individual contribution to the total moment
comes from the 2010 Maule, Chile earthquake, which had a
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moment magnitude MW = 8.8. This is also the second-largest
earthquake in the GCMT catalog in the time period 1976–2010.
In contrast with the Sumatra event, the source-time function of
the Maule earthquake is compact, with a centroid time shift of only
58.9 s. The CMT inversion for this event relies on waves with
periods longer than 200 s, and the moment-rate function is
modeled with a half duration of 60 s, ensuring that the point-
source approximation remains appropriate for this earthquake.
The contribution of all other events occurring in 2004–2010 to
the cumulative moment, including the nine remaining events of
MW P 8.0, is small in comparison with the combined moments of
the Sumatra and Maule earthquakes.

While smaller earthquakes contribute little to the global mo-
ment budget, they are significant for hazard analysis and for an
understanding of tectonic deformation. These considerations pro-
vide part of the motivation for our effort to improve constraints
on smaller earthquakes. The MW = 7.0 Haiti earthquake of January,
2010, for example, generated only 6 aftershocks of MW P 5.4, the
previous level of completeness of the GCMT catalog, but 10 after-
shocks of M P 5.0. Using the GCMT techniques in a focused study,
Nettles and Hjörleifsdóttir (2010) were able to obtain a total of 50
CMT solutions for the Haiti sequence. The solutions for the smaller
events are not included here as part of the standard catalog, but are
available separately in standard format on our web site. Such stud-
ies are, however, only possible where seismic network coverage is
relatively good.
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