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Faulting force model

The elastic stress release in an earthquake is described
by a double couple of forces




The nine dipoles of the seismic moment tensor
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(Aki and Richards, 2002)




But, Mxy=Myx, Myz=Mzy, Mxz=Mzx

Mxy = :LJHZ: =@
\

for example,

10% dyne-cm = 10%* dyne x 10000 cm




Calculated force seismograms (6000 km distance)
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The vibrations caused by a force acting on or in the Earth
can be modeled by summation of Earth’s normal modes

\/

w(z,t) =3 [1 —exp [—ap(t — ts)] coswy(t — ts)] F-w'h (xs)sy ()
k

where f is the force vector and w” is the displacement
of the k-th mode.




Moment-tensor analysis by waveform fitting

(Observed seismogram)/(Instrument response) x Filter = Observed waveform

(Synthetic displacement seismogram) x Filter = Model waveform

Model waveform depends on: 1. Earthquake parameters
2. Earth structure

If the Earth structure and the earthquake location are known, the

Model waveform depends only on the six elements of the moment tensor,

M., M. M_ M., M andMyZ

xx? "lyyr Wizzr Wixys Wixzo

Minimize the difference  [Observed waveform - Model waveform]2

with respect to the moment tensor elements.




Detection and analysis of large earthquakes:
GLOBAL SEISMOGRAPHIC NETWORK
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STS-1 Seismometer
at Harvard, Mass.




Global network record section for an
earthquake off the coast of Jalisco, Mexico
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Moment-tensor analysis by waveform fitting

(Observed seismogram)/(Instrument response) x Filter = Observed waveform

(Synthetic displacement seismogram) x Filter = Model waveform

Model waveform depends on: 1. Earthquake parameters
2. Earth structure

If the Earth structure and the earthquake location are known, the

Model waveform depends only on the six elements of the moment tensor,

M., M M__ M, ., M andl\/lyZ

xx? yyr Wizzr Wixyr Wixzo

Minimize the difference  [Observed waveform - Model waveform]2

with respect to the moment tensor elements.




Seismogram Modeling

The k-th seismogram in a data set for a given earth-
quake can be represented by:

N
’U/k(’r,t) — Z wik<r07,r7t)fi

1=1

where ,;;. are the excitation kernels and f; are indepen-
dent parameters of the source model.

f| = Mzz, f, =Myy, etc.; N=6




Seismogram Synthesis for
a Moment-Tensor Source

The seismic displacement field can be calculated by su-
perposition of the normal modes of the Earth (Gilbert,
1971):

w(z,t) =3 [1 — exp [—ag(t — ts)] coswy(t — ts)] M : e (@) s, ()
k

where ;. is the decay constant of and ek is the strain
tensor in the k-th mode; s; is the eigenfunction of the
k-th mode; and M is the seismic moment tensor.
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Fit to seismograms:
Body waves at Eskdalemuir, Scotland
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Fit to seismograms:
Surface waves at Hockley, Texas
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Estimation of the Source Parameters

For a point source, the elements f; can be estimated
by solving A -f = b, where:

by . by
A= Z/ Yipipdt ; b = Z/ ugppdt.
K Utky K Utky

This procedure requires that the position of the source
(ro,tp) be known.




Solution for the Source Centroid

The earthquake centroid can be determined simultane-
ously with the source model parameters by expansion
of the equations of condition to allow for a perturba-
tion in the location of the source (Dziewonski, Chou
and Woodhouse, 1981):

up = ul® + {6 —90) - sto} - £ + D 6,

where the superscript (0) indicates parameters deter-
mined for the starting location. The problem can then
be solved iteratively.




Iterative procedure for moment-tensor source
converges nicely
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2.The Harvard (= Global) CMT catalog

3. Using calibration information in waveform analysis
4. Data quality control using noise

5. Data quality control using signals

6. Finding interesting things in the noise




The Harvard / Global CMT Project
Project started in 1981 (A.M. Dziewonski et al.)

Goal is (how) to determine source parameters for
all earthquakes with M>5 worldwide

CMT catalog contains ~25,000 moment tensors
for the period 1976-2006

In 2006 the project moved from Harvard University
to Lamont/Columbia University




Shallow earthquakes, 1976-2006
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Cumulative moment release since 1976
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1.4e304

Sumatra - Andaman Islands Earthquake
12/26/2004, M,,=9.0

i Great Earthquakes (M=8.0)




The CMT catalog can be accessed now at
www.seismology.harvard.edu

and soon at
www.globalcmt.org




3. Using calibration information in waveform analysis
4. Data quality control using noise
5. Data quality control using signals

6. Finding interesting things in the noise




The Global Digital Network in 1976
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HLGP seismometer and recording system
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CTA 1976/34

nominal response
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Comparison of waveforms after normalizing
responses for two stations in the same location
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Check of new responses -- sine-wave calibrations
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ALQ 1976/28
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Waveform comparisons
(observed and synthetic)

after correcting seismograms

using new responses:
The 1976 Friuli earthquake

Friuli Events
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4. Data quality control using noise
5. Data quality control using signals

6. Finding interesting things in the noise




Calculation of signal power of
long-period GSN data

continuous filtered time series:

100 s

400 s

U

1. calculate rms
2. convert to power spectral density
3. store as hourly samples of signal level

KIP-1U LHZ-00, 100 sec ieriod
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One week of noise at 23 seconds period

Low hoise reference:

Period: 23 sec —-178.3 db
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One week of noise at 100 seconds period

Period: 1OO sec Low noise reference: —1851
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One week of noise at 228 seconds period

Period 228 sec Low noise reference —-186.3 db
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Power spectral density (dB)
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Noise spectra from the Global Seismic Network
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Stability of low-noise spectra
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Power spectral density (dB)
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5. Data quality control using signals

6. Finding interesting things in the noise




Blue - observed seismograms
Red - synthetic seismograms
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scaling factor

Scaling factors at ANMO-1U, 1990-2004

FNOTIL: Blue = Bedy Red —benle T || v
rirRiiaenteesgy
1.25-{¥iiiii;ii?;!i;vaH1s
oiso-{;Egg§£§§§¥§§§%vvmzs

I I I I I I- I I I I I I I I I
1990 1992 1994 1996 1998 2000 2002 2004
(Ekstrom, Dalton, and Nettles, SRL, 2006)




scaling factor

2.001

1.251

0.801

0.501
2.001

1.251

0.801

0.501
2.001

1.251

0.801

0.501

T T T T T T T T T T T T T
1992 1994 1996 1998 2000 2002 2004

Scaling factors at PAB-1U, 1992-2004
PAB—IU: Blue — Body; [Red]_ — Mantle

B NLHZ-P

!EI!E!'EEiETF

B B LHN-P

iiifgzgigiifl

B NLHE-P

B S<0.5

BARRERILIS S

b —

(Ekstrom, Dalton, and Nettles, SRL, 2006)




scaling factor

Scaling factors at LVZ-Il, 1993-2004
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Scaling factors at SSE-IC, 1996-2004
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(200 - 250 s)
Scaling Factor, Mantle Waves

Most stations are well behaved
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(Ekstrom, Dalton, and Nettles, SRL, 2006)




Stations for which a time- and frequency-dependent change in response is observed

Station Network Component Start® End’ Comment

ABKT I LHZ 1995 1997

BIT IC LHZ 1999 2004

BRVK I LHZ 2001 2004

CMB BK LHE 1996 2000 Seismometer replaced in 2000
HRV U LHE 1996 2004

HRV U LHN 1990 2004

KCC BK LHZ 1999 2004

KCC BK LHN 2000 2004

KCC BK LHE 2002 2004

KEG MN LHZ 1995 1998 No scaling data after 1998
KIP U LHZ 2004 2004 Only one year with anomalous scaling
LvZ I LHZ 1995 2004

MA2 U LHE 1998 2004

PAB U LHE 1999 2004

PEL G LHZ 1999 2001 No scaling data after 2001
PEL G LHN 1999 2003 No scaling data after 2003
PEL G LHE 1998 2001 No scaling data after 2001
PET U LHN 2002 2004

SAO BK LHZ 2001 2004

SSE IC LHN 2000 2004

SSB G LHZ 2002 2004

“Year in which the change in response is first clearly observed

Year in which the change is last observed (2004 is the most recent year analyzed)

(Ekstrom, Dalton, and Nettles, SRL, 2006)




Summary

e All results are available at: www.seismology.harvard.edu/
~ekstrom/Projects/WQC/SCALING

e Most stations show no, or small, deviations from the reported response
e Afew stations (e.g., GTSN) show constant offsets in gain of 10-20%

e Approximately 15% of stations equipped with STS-1 seismometers
show a time- and frequency-dependent deterioration of the true gain

=) Cause of problem?
» How to fix instruments?
» How to fix response information retroactively?

m» Recommend regular instrument calibration




6. Finding interesting things in the noise




Seismographs record signals with frequencies
between ~10 Hz to 1000 seconds.

Earthquakes are detected and located using
high-frequency signals (around | Hz).

Are there short-lived geophysical phenomena
that generate seismic waves at long periods
but that are not detected at short periods?




Kermadec to Pasadena, A = 85°
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Surface-wave dispersion

Seismic surface waves are dispersive, ¢ = ¢(w), where w = 2% and
T is the period of the waves.

Travel time 7 is therefore dependent on frequency, 7(w).

T(w)-27r.

Propagation phase ®(w) = w - 7(w) = =

For the propagation phase from point (64, ¢ 4) to point (6, v5) we
write,

)= /A c(0, w;w)ds

with velocity depending on position, ¢(4, ¢).







GLOBAL SEISMOGRAPHIC NETWORK
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1. Collect seismograms from the GSN
2. Low-pass filter, 35-250 s period

2000-08-10

HHHHHHHH

TAO-IU 172
A—"A’—’_’\/—_N“M'\"\AAN WRAB-II 186
WM'WMMMMMWW\KVWNW\SUR%\ 253
MWN\WWMWMWWWLBTB*GT 260

MI—IC 264




3. Select a target location

Rayleigh wave
phase velocity
45 sec period

4.0%
2.0%
0.0%
-2.0%
-4.0%
-6.0%
-8.0%
-10.0%

4. Calculate dispersion curves to
all stations




5. Deconvolve propagation effects
from all seismograms

6. Calculate envelope function

_
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~
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24.412 detected seismic events ® best detection
@ very good detection

1993-2003 o good detection
90N

435S

4.6<M<8.0
90E 135E 180E 135W 90W 45W 0 45E

(Ekstrom, BSSA, 2006)
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New earthquakes - not in other catalogs

@ best detection
@ very good detection

90N

1860 new seismic events

1993-2003 o good detection

45N

ON

435S

4.6<M<6.0

90E 135E  180E  135W  90W 45W 0 45E
(Ekstrom, BSSA, 2006)
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1999 Alaska Range earthquake detection
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Comparison of seismograms

Mystery a=214km 61.1 s
BB
1.6 um/s
LP
Normal a=220km 61.1 umis
BB '
1.6 um/s
LP
-2I0 (I) 2I0 4I0 6I0 8IO 10I0

time from predicted P arrival, sec
(Ekstrom, Nettles, and Abers, Science, 2003)







Faulting force model

Landslide force model
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New earthquakes - not in other catalogs

. . @ best detection
1860 new seismic events o very good detection

1993-2003 o _good detection

45N

ON

435S

4.6<M<6.0
90E 135E 180E 135W 90w 45W 0 45E
(Ekstrom, BSSA, 2006)
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| 36 glacial earthquakes

80N

70N

e 60N

60W S0wW 40W OW 20W
(Ekstrom, Nettles, and Tsai, Science, 2006)

Balance velocities of the ice

Bamber et al. (2002)




Seasonality of glacial earthquakes (1993-2004)

H# events

25 /500
green - glacial earthquakes

gray - control group
20/400-

15/300-
10,/200-

5/100-

J F M A M J J A S O N D
(Ekstrom, Nettles, and Tsai, Science, 2006) Mo nth




Mechanism of melt water lubrication
of glacial base

Fig. 2. Schematic of
glaciological features
in the equilibrium and
ablation zones, includ-
ing surface lakes, in-
flow channels, cre-
vasses, and moulins.
Ice flow for basal ice
at the pressure melt-
ing point is partly
from basal sliding and
partly from shear de-
formation, which is
mostly in a near-basal
boundary layer.

from Zwally et al., Science, 2002




Increasing frequency of Greenland glacial earthquakes

# events

30,/600+
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25/500+ gray - control group
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(Ekstrom, Nettles, and Tsai, Science, 2006)




Helheim Glacier, Eastern Greenland

Higher Speed

Howat et al., 2005; Hamilton & Stearns, 2005




