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SUMATRA EARTHQUAKE

- sumatra movie



SOME ROUTINE PROCEDURES IN 
OBSERVATIONAL SEISMOLOGY

•Detecting and locating earthquakes

• Evaluating moment tensor of earthquake

• Surface-wave phase measurements



SEISMOGRAM

Sumatra 2004, vertical displ, Palmer Station Antarctica

Short period 
body waves

Long period 
surface waves

Lots of other 
stuff!!

Arrival times 
and polarity



BODY-WAVE DETECTION 
AND LOCATION

• Timing of first arrival 
body waves

• Velocity model

• Slower model leads to 
larger estimated depth



MOMENT TENSOR ESTIMATE

• From polarity of first arriving 
waves

•More commonly from shapes of 
waveforms



Observational seismology usually makes some assumption 
about wave propagation.

New observational techniques need to incorporate state of 
the art tools in wave-propagation



OUTLINE

• Routine observations rely on assumptions about wave 
propagation

•When are simplified assumptions valid (on a global scale)?

•Moment tensor inversions of intermediate earthquakes

• Surface-wave detection of seismic events



FOR WAVE PROPAGATION WE USE 
SPECFEM3D_GLOBE

• Mantle model: S362ANI                  
(3D radially anisotropic mantle 
model)

• Crustal model: Crust2.0                 
(2x2 degree crustal model)

• Radially symmetric (1D) attenuation

• Topography/Bathymetry/Ellipticity

• Gravity and Rotation

Komatitsch and Tromp (1999,2002)



QUESTION

For many purposes 1D Earth models are good 
approximations to the real Earth.  In what period range do we 
need to worry about 3D effects?

Calculate synthetic seismograms for different models and 
compare with observed data at different periods using 
multitaper measurements of phase and amplitude. 

EXPERIMENT
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Figure 2.1: The 2001 Bhuj, India, earthquake ruptured a relatively small fault patch given
its large magnitude. The compactness of the source, both in space and time, makes it ideal
for studying the e�ects of 3D heterogeneity on seismic waveforms. The high variability in
crustal structure near the source provides a di⇥cult test for current 3D models. In this
study we simulate the event based upon the moment tensor from the Harvard CMT catalog
(Ekström et al., 2003) and a Gaussian source-time function.

Hjörleifsdóttir 2007

Multitaper measurements of time shift and 
amplitude ratios, between observed and 
synthetic seismograms, as a function of 
frequency

Source model: Bhuj, India, Mw 7.6, point 
source model (globalcmt.org)

Earth models: Combinations of Crust 2.0 
(Bassin et al), S20RTS (Ritsema et al 1999) 
and PREM
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Figure 2.1: The 2001 Bhuj, India, earthquake ruptured a relatively small fault patch given
its large magnitude. The compactness of the source, both in space and time, makes it ideal
for studying the e�ects of 3D heterogeneity on seismic waveforms. The high variability in
crustal structure near the source provides a di⇥cult test for current 3D models. In this
study we simulate the event based upon the moment tensor from the Harvard CMT catalog
(Ekström et al., 2003) and a Gaussian source-time function.
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Multitaper measurements of time shift and 
amplitude ratios, between observed and 
synthetic seismograms, as a function of 
frequency

Source model: Bhuj, India, Mw 7.6, point 
source model (globalcmt.org)

Earth models: Combinations of Crust 2.0 
(Bassin et al), S20RTS (Ritsema et al 1999) 
and PREM



TIME SHIFTS
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Figure 2.15: (a) Number of records that can be adequately reproduced when applying the
multi-taper transfer function to the synthetic as a function of frequency for three di�erent
Earth models. (b) Average amplitude anomalies as a function of frequency for three di�erent
Earth models. (c) Average time-shifts as a function of frequency for three di�erent Earth
models. (e) Variation of amplitude anomalies around the mean as a function of frequency.
(f) Variation of time shifts around the mean as a function of frequency.
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Figure 2.15: (a) Number of records that can be adequately reproduced when applying the
multi-taper transfer function to the synthetic as a function of frequency for three di�erent
Earth models. (b) Average amplitude anomalies as a function of frequency for three di�erent
Earth models. (c) Average time-shifts as a function of frequency for three di�erent Earth
models. (e) Variation of amplitude anomalies around the mean as a function of frequency.
(f) Variation of time shifts around the mean as a function of frequency.
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Figure 2.14: Multitaper measurements of time shift �⇤ , and amplitude � lnA, for all stations
between distances of 40�and 140�, for a period of 207 seconds. The nodal regions are masked
out.

than observed, the one with 3D crust more so then the PREM model. The average time

shift for the 1D model is very close to zero at all the frequencies probed. The variability in

the amplitude, ⇥ln A(f) is similar for all the models, with the 3D model performing some-

what better at all frequencies. The variability in time shifts, ⇥� (f), is the smallest for the

3D model at all periods, except at 270 seconds, ranging from around 7 seconds at periods of

270 seconds to 16 seconds at periods of 50 seconds. The model with 3D crust and 1D mantle

has the largest time shifts, with similar values as the 3D model at long periods, and up to

26 seconds at periods between 50 and 100 seconds. The final misfit values when integrated

over the frequency range from 0 to 0.02 Hz are shown in table 2.1, and in table 2.2 for the

frequency range from 0 to 0.01 Hz.

Table 2.1: Average amplitude anomalies and time shifts for the three models, averaged over
all stations and frequencies from 0 to 0.02 Hz

Model � lnA �⇤ ⇥ln A ⇥�

1D mantle + 1D crust 0.01 �11.21 0.43 20.61
1D mantle + 3D crust �0.02 �16.03 0.42 22.52
3D mantle + 3D crust 0.04 �1.00 0.38 11.30

Time shift at each station 
(207 seconds)

Time shifts averaged 
over all stations

Hjörleifsdóttir 2007



AMPLITUDES
21

!"#$%&'()*+,-++./

!
(0
1
(!

!(01(!
#
(23456(.+7

5 85 9:5 465 ;<5
!9

!5=>

5

5=>

!"#$%&'()*+,-++./

!
(&
()
.
+
7
/

!(&
#
(23456(.+7

5 85 9:5 465 ;<5
!45

!9>

!95

!>

5

>

95

9>

45
9*
?#@+A
;*

Figure 2.14: Multitaper measurements of time shift �⇤ , and amplitude � lnA, for all stations
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than observed, the one with 3D crust more so then the PREM model. The average time

shift for the 1D model is very close to zero at all the frequencies probed. The variability in

the amplitude, ⇥ln A(f) is similar for all the models, with the 3D model performing some-

what better at all frequencies. The variability in time shifts, ⇥� (f), is the smallest for the

3D model at all periods, except at 270 seconds, ranging from around 7 seconds at periods of

270 seconds to 16 seconds at periods of 50 seconds. The model with 3D crust and 1D mantle

has the largest time shifts, with similar values as the 3D model at long periods, and up to

26 seconds at periods between 50 and 100 seconds. The final misfit values when integrated

over the frequency range from 0 to 0.02 Hz are shown in table 2.1, and in table 2.2 for the

frequency range from 0 to 0.01 Hz.

Table 2.1: Average amplitude anomalies and time shifts for the three models, averaged over
all stations and frequencies from 0 to 0.02 Hz

Model � lnA �⇤ ⇥ln A ⇥�

1D mantle + 1D crust 0.01 �11.21 0.43 20.61
1D mantle + 3D crust �0.02 �16.03 0.42 22.52
3D mantle + 3D crust 0.04 �1.00 0.38 11.30
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than observed, the one with 3D crust more so then the PREM model. The average time

shift for the 1D model is very close to zero at all the frequencies probed. The variability in

the amplitude, ⇥ln A(f) is similar for all the models, with the 3D model performing some-

what better at all frequencies. The variability in time shifts, ⇥� (f), is the smallest for the

3D model at all periods, except at 270 seconds, ranging from around 7 seconds at periods of

270 seconds to 16 seconds at periods of 50 seconds. The model with 3D crust and 1D mantle

has the largest time shifts, with similar values as the 3D model at long periods, and up to

26 seconds at periods between 50 and 100 seconds. The final misfit values when integrated

over the frequency range from 0 to 0.02 Hz are shown in table 2.1, and in table 2.2 for the

frequency range from 0 to 0.01 Hz.

Table 2.1: Average amplitude anomalies and time shifts for the three models, averaged over
all stations and frequencies from 0 to 0.02 Hz

Model � lnA �⇤ ⇥ln A ⇥�
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Figure 2.15: (a) Number of records that can be adequately reproduced when applying the
multi-taper transfer function to the synthetic as a function of frequency for three di�erent
Earth models. (b) Average amplitude anomalies as a function of frequency for three di�erent
Earth models. (c) Average time-shifts as a function of frequency for three di�erent Earth
models. (e) Variation of amplitude anomalies around the mean as a function of frequency.
(f) Variation of time shifts around the mean as a function of frequency.

Amplitude anomaly at each 
station (207 seconds)

Amplitude anomalies 
averaged over all stations

Hjörleifsdóttir 2007



CURRENT GLOBAL MODELS ARE VALID 
AT PERIODS > 50 SECONDS
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Figure 2.15: (a) Number of records that can be adequately reproduced when applying the
multi-taper transfer function to the synthetic as a function of frequency for three di�erent
Earth models. (b) Average amplitude anomalies as a function of frequency for three di�erent
Earth models. (c) Average time-shifts as a function of frequency for three di�erent Earth
models. (e) Variation of amplitude anomalies around the mean as a function of frequency.
(f) Variation of time shifts around the mean as a function of frequency.

Number of stations where the original seismogram can be 
reconstructed “sufficiently well” by a simple transfer function

Hjörleifsdóttir 2007



• Approximate theories are very successful at a global scale, 
where we look at long period waves which are mainly 
sensitive to the simple structure of the mantle.

• Issues are more difficult for phases/waves that spend the 
majority of their time in the heterogeneous crust.

• As a result, 3D effects are more important for small events, 
that do not excite long period waves.  Due to their amplitude 
these events are observed at regional distances.



MOMENT TENSOR INVERSION 
(GLOBALCMT.ORG)

2 M. Nettles and V. Hjörjleifsdóttir

earthquakes of MW 6.0 or larger occurring in the Dominican Re-
public and included in the GCMT catalogue, shows thrust faulting.

Palaeoseismic investigations and historical reports make it
clear that large earthquakes have occurred in Haiti previously
(e.g. Scherer 1912; Prentice et al. 1993). Recent studies using ge-
ological and geodetic data have also highlighted the potential for
earthquakes of M ! 7–7.5 on the Enriquillo and Septentrional
faults (Calais et al. 2002; Manaker et al. 2008). Little is known,
however, about the character of smaller, recent earthquakes in the
Enriquillo fault region, or about background seismicity rates, be-
cause of the absence of a local seismic network in Haiti. Following
the great 2004 Sumatra–Andaman earthquake and the large tsunami
it generated, the United States Geological Survey (USGS) invested
in a significant improvement to broad-band seismological observ-
ing capabilities in the Caribbean, installing nine broad-band seis-
mometers in the region (network code CU), each with near-realtime
telemetry capabilities. The combined network coverage provided
by the CU and global-network stations, along with improvements
to moment-tensor determination techniques (Arvidsson & Ekström
1998; Ekström et al. 1998) now make analysis of smaller earth-
quakes possible.

Knowledge of seismic strain-release patterns prior to and follow-
ing the 2010 January main shock is important for understanding
how strain is accommodated throughout the region, and for under-
standing possible effects of static stress changes related to the main
shock and larger aftershocks. The minimum magnitude threshold
for global CMT analysis is normally set at M ! 5, which would

lead to GCMT analyses of fewer than a dozen events for the current
Haiti sequence. Here, we present CMT solutions for 50 earthquakes
of the 2010 Haiti main shock–aftershock sequence, including events
with magnitudes as small as MW = 4.0. We also present analyses of
four earthquakes of magnitude 4.3–4.9 occurring prior to the main
shock, during the years 1990–2008.

2 DATA A N D M E T H O D S

We apply the CMT approach (Dziewonski et al. 1981; Dziewonski
& Woodhouse 1983; Ekström et al. 2005) to obtain moment tensors,
centroid locations and centroid times for the 2010 January 12 Haiti
main shock and aftershock sequence. We attempt to analyse all
earthquakes in the map region shown in Fig. 1 reported by the
USGS National Earthquake Information Center (NEIC) as of 2010
May 20 with preliminary magnitudes of 4.0 and larger for the four
months following the main shock (2010 January 12–2010 May
12). In addition, we attempt to analyse all events reported in the
USGS monthly listing with magnitude 4.0 or larger during the period
1977–2009.

For larger events (approximately MW " 5.0), we follow the stan-
dard procedures used for global CMT analysis (Ekström et al.
2005). These analyses incorporate long-period body waves in
the period range 50–150 s; mantle waves in the period range
125–350 s and intermediate-period surface waves in the period
range 50–150 s. The determination of source parameters for smaller

Figure 1. Top panel: focal mechanisms for 50 earthquakes of the 2010 January 12 Haiti main shock–aftershock sequence. Bottom panel: focal mechanisms
for four earthquakes occurring in 1990–2008, prior to the 2010 main shock. All events are plotted at the NEIC epicentral locations. The mechanisms shown in
grey are less well constrained than those shown in red. Solutions could not be obtained for 56 events attempted, owing to high noise levels.

C# 2010 The Authors, GJI
Journal compilation C# 2010 RAS

10 events in GCMT catalog
50 events analyzed

(Nettles & Hjörleifsdóttir 2010)

Haiti earthquake: Using shorter period waves 
(>35 seconds) and regional (<30 degrees) 
data, together with phase velocity maps, we 
were able to analyze a much larger set of data.



DATA - SSN (MEXICO)



AVAILABLE EARTH MODELS

• Crust 2.0 (2x2 degree) + S362ANI ( Kustowski B., Ekström G., and A. M. 
Dziewonski (2008), Anisotropic shear-wave velocity structure of the Earth's mantle: A global 
model)

• Fase velocity maps - now tomographic model             
(Gaite, et. al. (2012) Crustal structure of Mexico and surrounding regions from seismic ambient 
noise tomography)

11 

 
 

 

 

 

 
Figura 3: Arriba isquierda, velocidad de fase para una onda de Love con periodo de 40 segundos 

predicha usando el modelo de corteza Crust 2.0 (Bassin et al 2000) que está usado en los simulaciones 

globales.  Arriba derecha modelos de Nettles (2005) y Gaite et al. (2012). 

 

 

5.3 Desarrollo del método de búsqueda de eventos no impulsivos 

 

Los eventos no-impulsivos se diferencian de los eventos impulsivos en que no generan 

ondas con altas frecuencias.  Debido a esta diferencia, los métodos tradicionales para 

la detección, basados en la búsqueda de una llegada impulsiva de la onda P, no son 



SURFACE WAVES ARE THE DOMINANT 
SIGNAL IN THE SEISMOGRAM

Stein & Wysession



MOMENT TENSOR 
INVERSIONS

• M>5.5 earthquakes excite 
enough energy at long period 
to be well studied using 1D 
seismograms.
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been located.
A motivation for developing an event-detection algo-

rithm for surface waves is the possibility that events with
unusual source spectra may elude detection by traditional
methods, but could be detected using longer-period surface
waves. All routine determinations of global earthquake lo-
cations, such as those published in catalogs and bulletins by
the National Earthquake Information Center (NEIC), the In-
ternational Seismological Centre (ISC), and the International
Data Center (IDC) of the International Monitoring System
(IMS) are based on detecting and determining arrival times
of seismic phases, primarily short-period P waves. It has
been observed that some earthquakes radiate lower-ampli-
tude P waves than would be predicted from their seismic
moment using average global relationships. In some cases,
the reduced P-wave amplitudes can be explained by the ra-
diation pattern of the earthquake and the distribution of re-
cording stations. For example, for strike-slip earthquakes
along the fracture zones in the southern oceans all recording
stations are at teleseismic distances, and the P-wave ampli-
tudes are small owing to the radiation pattern. In so-called
slow earthquakes, the rupture characteristics of the events
are such that the short-period portion of the source spectrum
is depleted. Events with P-wave amplitudes that are small
for either reason may not generate body-wave phases that
are easily detected, and they may therefore be missed in the
compilation of global seismicity catalogs.

The algorithm developed here utilizes the global net-
work of seismic stations in an array-processing mode. A
global grid of target locations is monitored continuously for
detections of coherent surface-wave energy. The tuning of
the array for each target location is accomplished by calcu-
lation of path corrections using global phase-velocity maps
(Ekström et al., 1997). The quality of the detection and the
size of the event are determined by using a matched-filter
technique. Several of the components in the current algo-
rithm build on experience gained in earlier studies. Shearer
(1994) used a stack of long-period seismograms from known
earthquakes recorded on the International Deployment of
Accelerometers (IDA) network to develop a matched filter
for surface-wave detection. He then applied the matched fil-
ter to seismograms from the same network to locate events
on a grid of points separated by approximately 10! on the
Earth’s surface. Ihmlé and Jordan (1996) used a similar grid-
search technique to match long-period (T " 80 sec) Ray-
leigh-wave waveforms or their envelopes in a search for
slow earthquakes. Both of these earlier studies reported suc-
cessful detections of some moderate (MS # 5.0) earthquakes.
In the method developed here, shorter-period surface waves,
with larger signal-to-noise ratios, are used, allowing us to
detect smaller events and to determine the locations and or-
igin times of detected events with greater precision.

In this article, we describe the theoretical background
and technical implementation of the algorithm. We then de-
scribe the results from a systematic application of the method

to 11 years of data from the Global Seismographic Network
(GSN) and various other seismographic networks. A central
result of our study is the detection and location of #1300
seismic events that do not appear in other seismicity cata-
logs. A subset of these events, characterized by their asso-
ciation with glaciers, has been discussed in an earlier pub-
lication (Ekström et al., 2003). The focus here is on the
performance and calibration of the detection and location
algorithm. To illustrate the quality of the detections, we pres-
ent the data for two previously undetected earthquakes as
examples. A comprehensive presentation of the event cata-
log resulting from the application of the method is the topic
of a follow-up article (G. Ekström and M. Nettles, unpub-
lished manuscript).

Theory

Consider the propagation of surface waves from a
source to an array of globally distributed stations. Each
surface-wave seismogram u(x) can be written

u (x) ! A (x) exp[iU (x)], (1)

where A(x) and U(x) are the amplitude and phase, respec-
tively, of the wave as functions of the angular frequency x.
For a given minor-arc source–receiver geometry, the phase
U is the sum of three terms,

U ! U " U " U , (2)S R P

where US is the source phase calculated from the source
mechanism and geometrical ray takeoff azimuth, UR is the
receiver phase, and UP is the propagation phase

x
U (x) ! ds , (3)P ! c (x)

where c is the local phase velocity and the integration fol-
lows the ray path. The amplitude A can be expressed as

A ! A A A A , (4)S R D Q

where AS is the excitation at the source, AR is the receiver
amplitude, AD is the geometrical spreading factor, and AQ is
the decay factor due to attenuation along the ray path. The
operator OP(x) that describes the distortion of the source
pulse due to propagation (UP, AD, and AQ) can be written:

#1/2O (x) ! (sin D )P

ixDR #xDR
exp exp , (5)" # " #c (x) 2Q (x)U (x)

where R is the radius of the Earth, D is the epicentral dis-
tance, Q(x) is the quality factor, and U(x) is the group ve-
locity.
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Propagation effects can be removed from the seismo-
grams by deconvolution of the propagation operator, written
in the frequency domain as

!1u (x) " u (x)O (x) , (6)P P

where uP(x) is the waveform corrected for propagation ef-
fects. The resulting waveform will contain the source pulse
centered at the origin time. The source pulse corresponds to
the convolution of the source time function of the earthquake
with the complex radiation pattern. In general, the source
pulse will therefore be a filtered, variably phase-shifted ver-
sion of the source time function, with a shape that depends
on the takeoff azimuth. The amplitude spectrum of this pulse
will depend on the depth and focal mechanism of the earth-
quake, as well as the Earth structure in the source region.
The normalized amplitude spectrum commonly varies little
with azimuth, and the dominant variation of the source pulse
with azimuth is in the phase.

Although the source phase cannot be directly removed
from the source pulse without additional knowledge of the
source parameters, the pulse shapes in different azimuths can
be equalized by calculation of the envelope uE(t) of the prop-
agation-corrected waveform as

2 2 1/2u (t) " [u (t)] # ũ (t)] ] , (7)E P P

where ũP(t) is the Hilbert transform of uP(t) (Dziewonski and
Hales, 1972). The envelope of the source pulse will be very
similar in all azimuths. This allows for phase-coherent time-
domain processing of the waveform envelopes uE(t) from a
set of globally distributed stations.

Method

The implementation of the theoretical approach outlined
in the preceding section was guided by the objective of
monitoring the entire surface of the Earth continuously with
available computer resources. This goal is reflected in the
adoption of several practical and ad hoc strategies for re-
ducing the number of locations on the Earth that must be
processed and for selecting subsets of seismograms for in-
clusion in the analysis.

We use data from permanent networks equipped with
broadband instrumentation, primarily the GSN, Geoscope,
Mednet, GEOFON, and the Canadian Seismograph Network.
Continuous vertical-component data from the long-period
channel (LHZ) sampled at one sample per second are ex-
tracted in 9-hr-long segments. The data are resampled at
8 sec per sample using a fast Fourier transform (FFT), and
the instrument response is deconvolved. The resampled dis-
placement waveforms are stored in daily files containing six
9-hr-long partially overlapping records with start times off-
set by 4 hr. That is, the records will have start times of 0, 4,
8, 12, 16, and 20 hr UT for each day. Typically, records

from 100–200 stations are available at a given time. The
daily files are indexed for rapid access.

The detection and location occurs in two main process-
ing stages. In the first stage, detection strengths are deter-
mined by sequential analysis of points on a global grid of
potential source locations. Four-hour-long time windows are
processed at a time, using the corresponding data record
from each of the available stations. In the second stage of
the analysis, the space-time array of detection strengths re-
sulting from the first stage is analyzed to determine whether
an event has been detected and, if so, the optimal time and
location for the event. The quality of the event detection and
an event magnitude are also assigned in the second process-
ing stage.

Stage 1: Detection

All available deconvolved seismograms for a 4-hr pe-
riod are read from a computer disk and band-pass filtered
between a 35- and 150-sec period. An important element in
the algorithm is the selection of a subset of stations that will
contribute to the determination of a detection. The selection
is based on a ranking of the probable utility of each seis-
mogram for contributing to a detection at a particular loca-
tion. The ranking is based on three criteria: observed noise
level, probable signal level, and contribution to azimuthal
coverage. The noise level can be determined without refer-
ence to a particular source location. It is estimated by cal-
culating, for each station i, the root-mean-square (rms) signal
amplitude ri not exceeded 20% of the time in the 9-hr-long
record. A lower value indicates a quieter and therefore more
useful station for detecting signals.

The processing then enters a loop over test locations
distributed on the surface of the Earth. Through trial and
error, we determined that the coarsest grid that was suffi-
ciently dense not to miss events due to decorrelation of the
signal was 4! $ 4!, which means that 4050 locations are
analyzed. Before the seismograms are corrected for propa-
gation from a given location, two additional trace parameters
are calculated and used to establish an overall ranking of the
available stations. Surface-wave amplitudes vary geometri-
cally as (sin D)!1/2. At a given period, amplitudes decay
monotonically with distance due to intrinsic attenuation. For
each location we modify the noise estimate by dividing it by
a signal estimate si to which we assign the value

p ! D!1/2s " min (sinD) , 3.333 . (8)i ! "p

The maximum value of 3.333 leads to constant values of si

for distances D " 5!. The noise-to-signal ratio is thenr%i

r% " r /s , (9)i i i

In addition to factors related to the noise level at the
station and the distance from the potential source location,

Global Detection and Location of Seismic Sources by Using Surface Waves 1205

Figure 1. Teleseismic long-period seismograms for an MSW 5.0 event that occurred in Green-
land on 28 December 2001. Top panel shows long-period seismograms u(t) for stations ranging
in distance from 19! (top trace) to 154! (bottom trace) from a test location at 68.75! N, 33.25! W.
In the bottom panel, the propagation effects from the test location to each station have been
deconvolved and the envelope uE(t) of each seismogram has been calculated. The shading of each
seismogram depends on the correlation uC(t) of the envelope uE(t) with the template peak shape,
a measure of the probability that Rayleigh wave energy has been detected. A darker shading
indicates higher correlation. The bottom trace is a stack of the individual station traces. The align-
ment of the individual detections indicates the presence of Rayleigh wave energy emanating from
the test location. The time of the peak correlation in the stack gives the event origin time. Note
that the bottom panel has a narrower timescale than the top panel.

S - Source
R - Receiver
P - Path
D- Geometric
Q- Attenuation
Op - Propagation operator
c - Phase speed
U - Group speed

Grid search: For each test location 
undo the propagation

Ekstrom, 2006
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NON-IMPULSIVE EARTHQUAKES 
LARGE SURFACE WAVES-SMALL BODY WAVES
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Figure 8. Map showing the locations of 1301 previously undetected earthquakes
detected and located by using the surface-wave algorithm. The smallest earthquake has
an estimated magnitude of MSW 4.6 and the largest MSW 5.9. The quality of the detection
is indicated by the shading, as in Figure 3.

signal-to-noise value below which the algorithm cannot find
a coherent signal. The lack of events with smaller magnitude
also suggests that completely spurious detections, generated
by noise, are rare.

New Earthquakes

We associate the events in the surface-wave catalog
with those found in standard catalogs to determine which of
them have not previously been reported. We limit the com-
parison to three standard catalogs: (1) for the period 1993–
2003, we use the Preliminary Determination of Epicenters
(PDE) compiled by the NEIC, (2) for the period 1993–2001
we also use the global catalog of the ISC, and (3) for 2002–
2003, we use the Reviewed Event Bulletin (REB) of the IMS.
For each year, we therefore associate the surface-wave
events with two catalogs: PDE and ISC, or PDE and REB.

Using the event criteria described previously, we find
that, for the period 1993–2003, the surface-wave catalog
contains 1301 “new” earthquakes not previously reported in
the global catalogs. For the period 1993–2001, the surface-
wave catalog contains 1118 events not found in the com-
bined PDE and ISC catalogs; for the period 2002–2003, the
surface-wave catalog contains 183 events not reported in the
combined PDE and REB catalogs. For the complete 11-year
period, 550 of the new earthquakes have MSW ! 5.0. The
geographical distribution of the new earthquakes is shown
in Figure 8. Most of the new earthquakes are located near
plate boundaries or in other known seismogenic areas. This
clear association with known seismogenic areas supports the
notion that few of the events represent spurious detections,
because random detections would be likely to have a random

geographical distribution. A preponderance of the events are
located in the southern oceans along the ridge-transform
plate boundaries. Previous studies have also found earth-
quakes missing from standard catalogs (e.g., Rouland et al.,
1992; Shearer, 1994; Ekström, 2001) in these areas. It is not
clear at this time whether the nondetection of these events
using high-frequency P waves is caused entirely by the re-
moteness of the southern oceans, or whether these events
have source spectra depleted in high-frequency radiation.
Other new events are located in areas where seismic activity
is unexpected (e.g., on Greenland and off the East Coast of
North America), or where the detection of new earthquakes
is surprising (e.g., near California, Japan, or Europe) given
the presence of regional networks that provide monitoring
of small earthquakes. The new earthquakes on Greenland
have been the subject of a focused investigation (Ekström et
al., 2003), and their existence and anomalous character have
been verified. We are currently investigating other groups of
new events and a complete catalog of these events is in prep-
aration for publication.

Event Verification

To illustrate the character of the data that lead to the
detections of new earthquakes and to illustrate one way in
which we verify that a new event has been detected, we
present record sections for two new earthquakes. Figure 9
shows long-period seismograms for one of of the larger pre-
viously undetected events. This earthquake (10 December
2001) occurred on the Pacific-Antarctic ridge; the magnitude
estimate for the event is MSW 5.6. The amplitudes of both
long-period surface waves and body waves are clearly well



SWE1 19.7500 -109.2500 10 4.9 200908182007
SWE2 15.2500 -105.2500 10 4.9 200910121738
PDE1  15.2200 -105.2100 10 5.3 200910122003
SWE3 15.7500 -105.2500 10 5.1 200910122009
SWE4 18.7500 -107.2500 10 5.0 200912011653
SWE5 17.5000   -84.5000 10 4.8 200912171338
SWE6 20.2500 -108.7500 10 5.0 201101151051
SWE7 20.2500 -109.7500 10 4.9 201106051952
SWE8 25.7500 -110.2500 10 5.4 201301131750

NON-TYPICAL 
EARTHQUAKES IN MEXICO

Global CMT project



TIME REVERSAL MIRRORS

Fink 1999



Direct problem

Inverse problem

(Adjoint methods)

SURFACE WAVE DETECTION USING 
ADJOINT METHODS

- Constructive interference
- Large amplitudes give 
localization of source

 (Kim et al 2010; Hjörleifsdóttir, V. 2007,
   Tromp et al 2005, Gajewski & Tessmer 2005)



Time reversed



MÉTODOS ADJUNTOS 



RESULTS, SHALLOW 
POINT SOURCE

Localization in space

Localization in time

θθ θφ

rr

θr

φφ φr
Ι(εφφ)
Ι(εφθ)
Ι(εφr)

Ι(εθθ)

Ι(εθr)
Ι(εrr)

Input

0
1
0
0
0
0



DIFFICULTIES

• It is expensive to propagate continuously all data.

• Have to repeat simulation if we want to remove bad stations and include 
new stations

• Another option is to compute the “Green’s functions” (for 6 independent 
elements of the moment tensor) for all possible test locations and store the 
3 components of displacement at each station.  The number of simulations 
would be on the order (assuming 4 test locations per degree): 
(32N-14N)*4*(120W-90W)*4=8640.  

• If we add a station we would need to repeat all simulations! 



STRATEGY

• Calculate Green’s function for each station for a unit force in each 
direction(N,E,Z) (3*Nstations simulations) and store resulting strain (6 
independent components) at each test location (total of 3*6= 18 traces per 
test location) 

• Correlate each observed seismogram (three components) with the Green’s 
function to obtain the adjoint strain, corresponding to the moment tensor of 
the source.  (Analogous to deconvolving the propagation operator)

• Monitor maximums of the norm of the adjoint strain to detect the location and 
timing of events.



•Magnitude Mw 7.5 earthquake

• 7 aftershocks larger than Mw 5.0

• about 50 stations, one test location

EXAMPLE: 
OMETEPEC 2012 EARTHQUAKE SEQUENCE

0"

1"

2"

3"

4"

5"

6"

7"

8"

0" 50" 100" 150" 200"

Réplicas)del)sismo)del)20)de)marzo)de)2012)(M7.4))

Mw"

M3.3

20th to 27th of March



RESULTS 20-03-2012

(... )



Norm of adjoint strain:
sum of strain due to 

each recording

Mar 21, 2012 00:24:04 4.1
Mar 21, 2012 00:27:47 4.3
Mar 21, 2012 00:46:47 4.3
Mar 21, 2012 02:07:38 4.9
Mar 21, 2012 02:25:30 5.0
Mar 21, 2012 02:54:41 4.5
Mar 21, 2012 03:33:54 4.3
Mar 21, 2012 03:42:15 4.0
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5 DAYS OF DATA



DETECTION

•We calculate 
short time 
average/long 
time average 
(STA/LTA)

• Some tweaking 
involved

Norm of Adjoint strain

STA/LTAOn Off



Gaite 2013



Gaite 2013



CONCLUSIONS

•Observational seismology has a lot of possibility to grow, 
looking at shorter period wave forms

• Good structural models and wave-propagation algorithms are 
critical for source studies using these types of data.



ONGOING WORK

• Incorporate the model Gaite et al 2012 into 
SPECFEM3D_GLOBE (after homogenisation), during 
stay in Grenoble in June 2013.

• Using the new model, 

• build a CMT catalog for Mexico.

• Search for anomalous events




