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Landslide force model
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Faulting force model

The elastic stress release in an earthquake is described 
by a double couple of forces 
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(Aki and Richards,  2002)

The nine dipoles of the seismic moment tensor
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But,  Mxy=Myx,  Myz=Mzy,  Mxz=Mzx
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for example,
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Seismogram Synthesis for
a Landslide (Single-Force) Source

For a moment-tensor source, we had:

u(x, t) =
∑

k

[1− exp [−αk(t− ts)] cosωk(t− ts)]M : e(k)(xs)sk(x) .

For a single-force source, the moment tensor is replaced
by the force vector, and the mode strain by the mode
displacement:

u(x, t) =
∑

k

[1− exp [−αk(t− ts)] cosωk(t− ts)]f ·w(k)(xs)sk(x)

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

The vibrations caused by a force acting on or in the Earth
can be modeled by summation of Earth’s normal modes



(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,

Mxx, Myy, Mzz, Mxy, Mxz, and Myz

Minimize the difference [Observed waveform - Model waveform]2

with respect to the moment tensor elements.

Moment-tensor analysis by waveform fitting
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GLOBAL SEISMOGRAPHIC NETWORK

Nascent digital seismic coverage of Earth prior to the first GSN deployments in 1986.

Current GSN station coverage of Earth is shown as of August 2005. Sites added in the past five years are noted in purple (stations) and orange (arrays). Sites planned 

to be completed are noted with white stars. Cooperative sites are indicated by symbols on the upper right “shoulder” of the stars.

Detection and analysis of large earthquakes:



STS-1 Seismometer
at Harvard, Mass.



Global network record section for an 
earthquake off the coast of Jalisco, Mexico



(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,

Mxx, Myy, Mzz, Mxy, Mxz, and Myz

Minimize the difference [Observed waveform - Model waveform]2

with respect to the moment tensor elements.

Moment-tensor analysis by waveform fitting



Seismogram Modeling

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

uk(r, t) =
N∑

i=1
ψik(r0, r, t)fi

where ψik are the excitation kernels and fi are indepen-
dent parameters of the source model.

f  = Mzz,  f  =Myy, etc.; N=61 2



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):

u(x, t) =
∑

k

[1− exp [−αk(t− ts)] cosωk(t− ts)]M : e(k)(xs)sk(x)

where αk is the decay constant of and ek is the strain
tensor in the k-th mode; sk is the eigenfunction of the
k-th mode; and M is the seismic moment tensor.



Excitation kernels for deep earthquake (580 km)
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Fit to seismograms: 
Body waves at Eskdalemuir, Scotland

blue - data ; red - model



Fit to seismograms: 
Surface waves at Hockley,  Texas

blue - data ; red - model



Estimation of the Source Parameters

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

Aij =
∑

k

∫ tk2

tk1

ψikψjkdt ; bj =
∑

k

∫ tk2

tk1

ukψjkdt.

This procedure requires that the position of the source
(r0, t0) 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):

uk = u(0)
k + {ψ(0)

ki,j · δxj − ψ(0)
ki,t · δt0} · f(0)

i + ψ(0)
ki · δfi ;

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



One week of quick CMTs



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 (now) 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



(approximately 3000)

Shallow earthquakes, 1976-2006



Growth of the CMT catalog, 1976-2004

M>6.5

5.3<M<6.5

M<5.3
Current rate

(since 2004-01-01)
1500 earthquakes per year





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 
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The Global Digital Network in 1976

High-Gain Long-Period (HGLP) network
(Ekström and Nettles, PEPI, 1997)
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(Ekström and Nettles, PEPI, 1997)



ALQ-Z

ANMO-Z

F
ig

u
re

 9

Comparison of waveforms after normalizing 
responses for two stations in the same location

(Ekström and Nettles, PEPI, 1997)
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(Ekström and Nettles, PEPI, 1997)
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(Ekström and Nettles, PEPI, 1997)



Waveform comparisons
(observed and synthetic)
after correcting seismograms
using new responses:
The 1976 Friuli earthquake 

Friuli Events

Main Shock
6 May 1976

Aftershock
15 Sept. 1976

CMT C80

CMT C80 A&J

Figure 11

(Ekström and Nettles, PEPI, 1997)



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:

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

9/1/2002 9/2/2002 9/3/2002 9/4/2002 9/5/2002

KIP-IU LHZ-00, 100 sec period

100 s

400 s



One week of noise at 23 seconds period



One week of noise at 100 seconds period



One week of noise at 228 seconds period



KIP-IU,  LHZ

July-December, 2002

4150 hourly measurements

10% low-noise level

100 sec period - distribution of PSD



Noise spectra from the Global Seismic Network



Stability of low-noise spectra

KIP-IU, LHZ

10% low-noise spectra

1988/08 - 2001/12  (138 curves)



10% low-noise level at KIP since 1988

100 sec period, LHZ

147 measurements







5. Data quality control using signals

6. Finding interesting things in the noise 



Blue - observed seismograms
Red - synthetic seismograms

residual misfit

correlation
scaling
factor

the the residual normalized variance (misfit) and the correlation. The misfit F is calculated as

F =
∑N

i=1(oi − si)2∑N
i=1 o2

i

, (1)

where oi is the observed time series, N is the number of selected time points, and si is the synthetic time

series. The correlation C is

C =
∑N

i=1 oisi

[(
∑N

i=1 o2
i )(

∑N
i=1 s2

i )]1/2
. (2)

A third parameter considered is the scaling factor S, which is the factor by which the synthetic seismogram

should be multiplied in order to achieve the smallest misfit,

S =
∑N

i=1 oisi∑N
i=1 s2

i

. (3)

A value of S smaller than 1.0 would thus be consistent with the true gain of the seismometer being smaller

than the reported gain, and a value larger than 1.0 with the true gain being larger than the reported gain.

Values of F , C, and S are given for each seismogram shown in Figure 1. The scaling factor S is the variable

used here to examine systematic variations in observed and reported gain at different stations.

3 Results

A total of 626 earthquakes were analyzed for this study. We discarded 28 of the events owing to poor data

quality or poor convergence in the inversion. The discarded events were mostly earthquakes that overlapped

in time with other large earthquakes. The total number of stations was 330, though a small number of these

were duplicates, as some stations contribute to more than one network and some stations have changed

network affiliation during the 15 years covered by this study. Synthetic seismograms corresponding to

934,367 observed seismograms were calculated, leading to an equal number of derived scaling factors.

Scaling factors for each station and channel were displayed and interpreted for stability and potentially

anomalous behavior. Figure 2 shows an example of the data available for the Ñaña, Peru station (NNA-II)

for the period 1990–2004. The diagram shows the scaling factors for each of the three components for

mantle-wave data, which have peak sensitivity between 200 and 250 s. The vertical scale is logarithmic and

the small symbols show values for individual event–seismogram pairs.

The scatter in the raw data for NNA-II is small, with the vast majority of the scaling values falling within

the range 0.80–1.25 for all three components. We believe this scatter is not caused by the station, but rather

by unmodeled effects of lateral heterogeneity and possibly by inadequacies in the normal-mode calculation

of the synthetic seismograms. Effects of surface-wave refraction, lateral variations in attenuation, and mode

5



Blue - observed seismograms
Red - synthetic seismograms
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Scaling factors at NNA-II, 1990-2004

individual
seismogramsannual median
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(Ekström, Dalton, and Nettles, SRL, 2006)



Scaling factors at ANMO-IU, 1990-2004
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body
waves

mantle
waves

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



Scaling factors at PAB-IU, 1992-2004
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S < 0.5

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



Scaling factors at LVZ-II, 1993-2004
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(Ekström, Dalton, and Nettles, SRL, 2006)



Scaling factors at CMB-BK, 1990-2004
sc

al
in

g 
fa

ct
or

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



Scaling factors at PEL-G, 1996-2002
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no good data

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



Scaling factors at SSE-IC, 1996-2004
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time-dependent deviation
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offset

(Ekström, Dalton, and Nettles, SRL, 2006)
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Station Network Component Starta Endb Comment

ABKT II LHZ 1995 1997

BJT IC LHZ 1999 2004

BRVK II LHZ 2001 2004

CMB BK LHE 1996 2000 Seismometer replaced in 2000

HRV IU LHE 1996 2004

HRV IU 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 IU LHZ 2004 2004 Only one year with anomalous scaling

LVZ II LHZ 1995 2004

MA2 IU LHE 1998 2004

PAB IU 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 IU LHN 2002 2004

SAO BK LHZ 2001 2004

SSE IC LHN 2000 2004

SSB G LHZ 2002 2004

aYear in which the change in response is first clearly observed

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

Table 1: Stations and channels for which a gradual and frequency-dependent change in the long-period

response has been identified.

11

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

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



Summary

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

• Most stations show no, or small, deviations from the reported response

• A few stations (e.g., GTSN) show constant offsets in gain of 10-20%

• 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?

➡ 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 1 Hz).

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



Raw data

150-200 sec

80-120 sec

30-60 sec

Kermadec to Pasadena, ! = 85
o



Surface-wave dispersion

Seismic surface waves are dispersive, c = c(ω), where ω = 2π
T and

T is the period of the waves.

Travel time τ is therefore dependent on frequency, τ(ω).

Propagation phase Φ(ω) = ω · τ(ω) = τ(ω)·2π
T .

For the propagation phase from point (θA,ϕA) to point (θB,ϕB) we
write,

Φ(ω) =
∫ B

A

ω

c(θ, ϕ;ω)
ds

with velocity depending on position, c(θ, ϕ).

Göran Ekström
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shelves (4) respond quickly to changes in
basal heat fluxes and melting, as well as to
the effects of surface meltwater trapping in
crevasses. Although the transfer of surface
meltwater to the base of a grounded ice sheet
can provide a rapid mechanism for transfer-
ring heat and lubricating fluid to the bottom,
this mechanism has not been given much
consideration in studies of ice-sheet dynam-
ics. In particular, the Greenland Ice Sheet is
grounded above sea level and is generally
believed to respond gradually to climate
warming (5, 6), mainly by melting at the
surface.

Increases in ice velocity occur in alpine
glaciers during periods of surface melt in
summer (7–9) and have also been observed in
Greenland outlet glaciers (10–12). For exam-
ple, Bindschadler et al. (8) measured a veloc-
ity increase from 10 cm/day in winter to 12
cm/day in summer in the Variegated Glacier,
a surge-type glacier in Alaska. However,
short-term velocity variations have not been
observed in the flow of ice sheets away from
ice streams and outlet glaciers. Even inland of
the fast-flowing Jakobshavn Isbrae in west-
central Greenland, seasonal variations were
not found (13).

Velocity and Melt Observations
To examine the possibility of seasonal or
interannual changes in ice-sheet flow, we
initiated year-round global positioning sys-
tem (GPS) measurements at the Swiss Camp
(14, 15) at 1175 m (69.57°N, 49.31°W) near
the equilibrium line (16) in west-central
Greenland in June 1996 (Fig. 1). The camp is
about 35 km from the ice edge and about 510
km downstream from the ice divide. Charac-
teristic glaciological features of the region are
illustrated in Fig. 2. The ice thickness at the
camp is 1220 m (17), and a numerical ther-
modynamic-dynamic ice model suggests that
the basal temperature is at the pressure-melt-
ing point (PMP) of –1.0°C (18). The horizon-
tal ice velocity is nearly constant from the
surface to the lower boundary layer, where
ice shearing occurs. For basal ice at the PMP,
part of the surface velocity is typically from
ice sliding at the base, but the magnitude of
sliding is difficult to estimate without bore-
hole measurements (19).

Our ice velocities are derived from GPS-
measured positions of a 4-m pole embedded
2 m in the ice beginning in June 1996 (20).
The receiver recorded automatically for 12-
hour periods at intervals of 10 or 15 days
(21). GPS data were analyzed using GAMIT
and GLOBK software (22). To examine
changes in ice velocity with respect to the
direction of ice flow, a smoothed line of
motion was derived as a function of time. The
time series of north and east positions [N(t),
E(t)] were each fitted to parabolas as a func-
tion of time (t). The direction of motion was

computed from the derivatives (dN/dE ! dN/
dt /dE/dt) and is approximately a linear func-
tion of time. The derived direction of motion
is toward the southwest at an azimuth of
234.963°E on 1 January 1997 and curving
toward the west at the rate of 0.106°/year.
Although most of the motion is along-track,
systematic cross-track displacements up to
about "20 cm occur annually, as discussed
below.

Figure 3 shows the horizontal along-track

velocity from June 1996 through mid-Novem-
ber 1999. Data from periods during the winter
months with little or no change in velocity were
used to compute a constant base velocity of
31.33 " 0.02 cm/day (23). In 1996, the velocity
increased slightly from the winter value to a
maximum of 32.8 cm/day on August 9, and
then returned to the winter value. A small tem-
porary increase to 32.8 cm/day also occurred in
March of 1997. In subsequent summers, the
velocity increased markedly to a maximum of

Fig. 1. Elevation contours (50 m) on a Landsat Thematic Mapper image (channel 3) taken on 22
June 1990, which is typically about one-third of the way through the melt season. Locations of the
Swiss Camp and the Automated Weather Station at JAR-1 and JAR-2 are marked. The indicated
flowline direction of 235°E at the camp curves westward toward the grounded ice edge. The grayer
areas at lower elevations in the image are bare ice, with some whiter patches of remaining winter
snow near the ice-snow line. By the end of the melt season in late August to early September, the
firn-ice boundary usually retreats to around the average location of the equilibrium line (15) near
the Swiss Camp. The dark patches are melt lakes, some of which show dark lines of inflow channels.
Later in the season, melt lakes also form above the equilibrium line. Jacobshavn Isbrae is in the
lower part.

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.
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Mechanism of melt water lubrication
of glacial base
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2000 and 2003 data reveal a !2.5 km/yr increase in speed
extending over 20 km up-glacier of the front. Between June/
July and July/August 2003, speed increased up to 500 m/yr
within 10 km of the front, which retreated over 0.8 km
during that time. June/July 2004 speeds where similar to
July/August 2003 within 10 km of the front, but increased
by !500 m/yr up-glacier. Speed changed little between the
two 2004 observations, except for a large variation close to
the front as it retreated by over 1 km. The 3-km front retreat
between the summers of 2004 and 2005 was accompanied
by another large speed increase, reaching over 2 km/yr near
the front and extending over 10 km inland. The front
retreated over 1.5 km between June/July and July/August
2005 and speed increased between 500 and 1000 m/yr.
[9] Change in Helheim’s surface elevation were mea-

sured with NASA’s Airborne Topographic Mapper (ATM)
laser altimeter along two flight lines, one in 1997 and 2001
and another in 1998 and 2003 (Figure 4) [Krabill et al.,

2004]. These measurements are accurate to within 10cm.
The flight lines are displaced relative to each other by a few
hundred meters on the relatively flat glacier trunk, so the
small differences between the 1997, 1998 and 2001 eleva-
tions can be accounted for by flight line positioning and a
thinning of a few m/yr [Abdalati et al., 2001]. The 2003
data, however, show a thinning of over 40m on the lower
glacier from 1998. Given the consistency of the 1997 to
2001 data, we infer that most of this change occurred
between 2001 and 2003. Other nearby ATM data suggest
that most of this thinning occurred from 2002 to 2003
[Krabill et al., 2004].
[10] Bed elevation and ice thickness were surveyed in

2001 by the University of Kansas Coherent Radar Depth
Sounder (CoRDS) [Gogineni et al., 2001]. Assuming
hydrostatic equilibrium, these data reveal that glacier ele-
vation was greater than the flotation level in 2003, except
for very near the front where the glacier may be floating.

4. Analysis

[11] Figures 1–3 indicate that, from 2001 to 2003, the
glacier’s calving front retreated by nearly 3 km while the
glacier’s main trunk sped up !2.5 km/yr and thinned by
!40 m. Speedup during the summer of 2003 was accom-
panied by another 1 km of retreat, while both speed at the
front and front position remained stable from 2003 to 2004.
From 2004 to 2005, the calving front retreated another 3 km
and the glacier sped up by another !2 km/yr. Another large
speedup and rapid retreat was observed during the summer
of 2005. The timing of these events suggests a relation
between speedups and the calving front’s retreat.
[12] The temporal resolution of our observations prevents

a conclusive assessment of the possible contribution of
increased seasonal melt-water to the bed in causing speed-
up. However, observations between 1992 and 1998 show
modest variations in Helheim’s speed that correlate with ice-
front position, suggesting little melt-related variability [de
Lange et al., 2005]. Seasonal variations velocity observed at
other locations in Greenland are much smaller than the
changes we observe at Helheim [Zwally et al., 2002;

Figure 1. (A) Speckle tracking-derived velocity map from
October 2000 overlain on the SAR amplitude image. Solid
and hatched black lines denote the profiles used in Figures 3
and 4, respectively. (B) Surface feature tracking-derived
velocity for the 7/18–8/03, 2004 image pair overlain the
ASTER VNIR-principle component image. Axes in km
North and East from 66.3!N, "38.5!E.

Figure 2. Helheim calving front positions overlain on an
ASTER VNIR-band false color image acquired July 19,
2005. Margin positions were mapped from geo-registered
ASTER images acquired on the dates shown in black.
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