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• Using data from O(103) sites in Japan for inter-/co-/
post-seismic deformation associated with the 2011 
Mw 9 Tohoku-oki, Japan earthquake 

• Using Earthscope/PBO to image aseismic transients 
and their relationship to tremor 

• Using dense networks to measure the response to 
ocean tidal loads and thus constrain depth 
variations in elastic and density parameters in the 
upper mantle.

From the earthquake cycle to mantle structure – 
current and future uses of dense GPS

JPL-Caltech



• Do major seismogenic “asperities” only slip seismically? 

• Do creeping segments only creep? 

• Role of conditional stability (e.g., near trench)? 

• What are the relationships between post-seismic creep, transients, tremor 
and seismicity (rate, repeat intervals, location…)?

Seismogenic Behavior of Subduction Megathrusts
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A sampling of important intertwined questions



1 sample/sec GPS observations - sidereally filtered
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Co-seismic slip:!
• 1sec GPS, DART, seafloor 

geodesy 
• 80 m peak slip over a small 

region 
• M7.8 aftershock

Minson et al., 2014
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Post-seismic afterslip: !
• Total time = 1.5 years 

• Negligible overlap of co-/post-
seismic 

• Post-seismic pattern ~constant

F. Ortega, Ph.D. thesis

2011 Tohoku-Oki, Japan
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Slip transients and Tremor: Cascadia

than the minimum detectable tremor amplitude.
Because of the emergent nature of the tremors,
they are difficult to locate as precisely as nearby
earthquakes using standard earthquake location
procedures. Arrival times of coherent bursts
detected across the network suggest source
depths of 20 to 40 km, with uncertainties of
several kilometers. Deeper solutions are to the
northeast, and all solutions are near or just
above the subduction interface. The fact that
surface displacement patterns have been satis-
factorily modeled using simple dislocations of 2
to 4 cm on the plate interface bounded by the
25- and 45-km depth contours (3) strongly sug-
gests a spatial correlation with the source region
of tremors.

To establish the temporal correlation be-
tween the slip events and the tremor activity
(Fig. 2), we established the timing of six slip
events observed on southern Vancouver Is-
land since 1997 by cross-correlating changes
in the east-west component of the Victoria
GPS site (ALBH) with a symmetric 180-day
sawtooth function, which replicated an aver-
age slip time series (8). This approach al-
lowed the resolution of the midpoint of the

slips to within 2 days. The duration of the
slips, estimated from slope breaks in the
ALBH time series, varied from 6 to 20 days.
Seismic data were then examined at corre-
sponding times to check for tremor activity.
In each case, it was observed that sustained
tremor activity on southern Vancouver Island
coincided with the occurrence of slip (Fig. 2).
For five of the slip events, tremors continued
to migrate north along the axis of Vancouver
Island, moving beyond the region of diagnos-
tic GPS coverage.

To test a one-to-one correspondence, we
examined continuous digital seismic data
from the beginning of 1999 to the end of the
2003 tremor event to look for tremor activity
outside the time windows of the slip events.
No substantial activity was found for south-
ern Vancouver Island, although a few periods
with scattered low-amplitude tremor activity
were observed in most months. Sustained
large-amplitude tremor events have also been
observed in northern and mid-Vancouver Is-
land, as continuations of tremors migrating
from the south and as independent tremor
events. This implies that the ETS process

occurs over the full length of the northern
Cascadia subduction zone, but GPS coverage
at the northern end is sparse, and surface
displacements indicative of slip at depth have
not been identified.

The cause of the tremor is not clear. Obara
(6) has suggested fluids as a source for sim-
ilar tremors in Japan. Because the tremor
observed in Cascadia is mainly composed of
shear waves, and because it correlates with
slip that is relieving stress due to convergence
(3), a shearing source seems most likely.
However, because of the abundance of avail-
able fluids from the subducting plate in the
subduction forearc (9), fluids may play an
important role in the ETS process by regulat-
ing the shear strength of rock.

If the one-to-one correlation between tran-
sient slip and seismic signatures proves to be
robust, then the tremorlike seismic signals
can provide a real-time indicator of the oc-
currence of slip. Because slip events on the
deep slab interface increase the stress across
the locked plate interface located up-dip, it is
conceivable that a slip event could trigger a
large subduction thrust earthquake (10, 11).
Consequently, the onset of ETS activity
could lead to recognized times of higher
probability for the occurrence of megathrust
earthquakes in the Cascadia subduction zone.
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Fig. 1. (A) Map of seismic network sites (numbered circles) and approximate source region (shaded
ellipse) for tremors used for correlation with observed slips. It has been observed that tremors and slip
migrate parallel to the strike of the subduction zone to the north and south, as well as through this
shaded region. (B) Sample seismic records of tremor activity at selected sites. It is the similarity of the
envelope of the seismic signal on many seismographs that identifies ETS activity.

Fig. 2. Comparison of
slip and tremor activity
observed for the Victoria
area. Blue circles show
day-by-day changes in
the east component of
the GPS site ALBH (Vic-
toria)with respect to the
GPS site near Penticton,
which is assumed to be
fixed on the North
America plate. The con-
tinuous green line shows
the long-term (inter-
seismic) eastward mo-
tion of the site. Red line
segments show the
mean elevated east-
ward trends between the slip events, which are marked by the reversals of motion every 13 to 16
months. The bottom graph shows the total number of hours of tremor activity observed for southern
Vancouver Island within a sliding 10-day period (continuous seismic data were examined from 1999
onward). Ten days corresponds to the nominal duration of a slip event. The graph ends 10 March 2003,
with the slip and tremor activity that was predicted for the spring of 2003.
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Finding Transients
• With no a priori information on the physical mechanisms responsible for 

transients, we cannot only assume time functions corresponding to specific 
physical descriptions, i.e. exponential or logarithmic decay 

• Use a flexible time parameterization using functions that resemble our 
expectation of transients (over-complete dictionary of “behaviors”) 

• Secular and periodic components + integrated 3rd-order B-splines of different 
scales and center times (not orthogonal)
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�
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2 + ��m�0Penalize the # of non-zero coefficients in m:



Sparsity-Promoting Regularization

• Penalize the number of non-zero coefficients in m: 
 
 
 
where          = L0-pseudo-norm, or the “counting norm” 

• Sparse-compression: represent time series by a small set of Bi-splines 

• But using the L0-pseudo-norm is a hard combinatorial problem 

• Use L1-norm relaxation (iterative reweighting) to make problem convex (Candes 
et al., 2007):
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Slip transients and Tremor: Cascadia

than the minimum detectable tremor amplitude.
Because of the emergent nature of the tremors,
they are difficult to locate as precisely as nearby
earthquakes using standard earthquake location
procedures. Arrival times of coherent bursts
detected across the network suggest source
depths of 20 to 40 km, with uncertainties of
several kilometers. Deeper solutions are to the
northeast, and all solutions are near or just
above the subduction interface. The fact that
surface displacement patterns have been satis-
factorily modeled using simple dislocations of 2
to 4 cm on the plate interface bounded by the
25- and 45-km depth contours (3) strongly sug-
gests a spatial correlation with the source region
of tremors.

To establish the temporal correlation be-
tween the slip events and the tremor activity
(Fig. 2), we established the timing of six slip
events observed on southern Vancouver Is-
land since 1997 by cross-correlating changes
in the east-west component of the Victoria
GPS site (ALBH) with a symmetric 180-day
sawtooth function, which replicated an aver-
age slip time series (8). This approach al-
lowed the resolution of the midpoint of the

slips to within 2 days. The duration of the
slips, estimated from slope breaks in the
ALBH time series, varied from 6 to 20 days.
Seismic data were then examined at corre-
sponding times to check for tremor activity.
In each case, it was observed that sustained
tremor activity on southern Vancouver Island
coincided with the occurrence of slip (Fig. 2).
For five of the slip events, tremors continued
to migrate north along the axis of Vancouver
Island, moving beyond the region of diagnos-
tic GPS coverage.

To test a one-to-one correspondence, we
examined continuous digital seismic data
from the beginning of 1999 to the end of the
2003 tremor event to look for tremor activity
outside the time windows of the slip events.
No substantial activity was found for south-
ern Vancouver Island, although a few periods
with scattered low-amplitude tremor activity
were observed in most months. Sustained
large-amplitude tremor events have also been
observed in northern and mid-Vancouver Is-
land, as continuations of tremors migrating
from the south and as independent tremor
events. This implies that the ETS process

occurs over the full length of the northern
Cascadia subduction zone, but GPS coverage
at the northern end is sparse, and surface
displacements indicative of slip at depth have
not been identified.

The cause of the tremor is not clear. Obara
(6) has suggested fluids as a source for sim-
ilar tremors in Japan. Because the tremor
observed in Cascadia is mainly composed of
shear waves, and because it correlates with
slip that is relieving stress due to convergence
(3), a shearing source seems most likely.
However, because of the abundance of avail-
able fluids from the subducting plate in the
subduction forearc (9), fluids may play an
important role in the ETS process by regulat-
ing the shear strength of rock.

If the one-to-one correlation between tran-
sient slip and seismic signatures proves to be
robust, then the tremorlike seismic signals
can provide a real-time indicator of the oc-
currence of slip. Because slip events on the
deep slab interface increase the stress across
the locked plate interface located up-dip, it is
conceivable that a slip event could trigger a
large subduction thrust earthquake (10, 11).
Consequently, the onset of ETS activity
could lead to recognized times of higher
probability for the occurrence of megathrust
earthquakes in the Cascadia subduction zone.
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Fig. 1. (A) Map of seismic network sites (numbered circles) and approximate source region (shaded
ellipse) for tremors used for correlation with observed slips. It has been observed that tremors and slip
migrate parallel to the strike of the subduction zone to the north and south, as well as through this
shaded region. (B) Sample seismic records of tremor activity at selected sites. It is the similarity of the
envelope of the seismic signal on many seismographs that identifies ETS activity.

Fig. 2. Comparison of
slip and tremor activity
observed for the Victoria
area. Blue circles show
day-by-day changes in
the east component of
the GPS site ALBH (Vic-
toria)with respect to the
GPS site near Penticton,
which is assumed to be
fixed on the North
America plate. The con-
tinuous green line shows
the long-term (inter-
seismic) eastward mo-
tion of the site. Red line
segments show the
mean elevated east-
ward trends between the slip events, which are marked by the reversals of motion every 13 to 16
months. The bottom graph shows the total number of hours of tremor activity observed for southern
Vancouver Island within a sliding 10-day period (continuous seismic data were examined from 1999
onward). Ten days corresponds to the nominal duration of a slip event. The graph ends 10 March 2003,
with the slip and tremor activity that was predicted for the spring of 2003.
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Spatial Sparsity Weighting for Cascadia



ALBH GPS Time Series
• Use sparsity-promoting regularization to fit time series and determine elements 

of m with the largest amplitudes (effectively we are compressing the data) 

• Form reduced G and estimate reduced m using standard least squares:

m̃ =
�

G̃�C�1
d G̃

��1
G̃�C�1

d d

← Episodic SSE reconstruction  
with only 6 Bi-splines

← Bi-spline scalogram: Localized, 
high amplitudes for short duration 
Bi-splines



Posterior Uncertainties
• Standard least squares formulation allows for estimation of posterior 

covariances for Bi-spline coefficients: 

!

• Extend to posterior covariances for data fit:

C̃m =
�

G̃�C�1
d G̃

��1

C̃d = G̃C̃mG̃�

← Posterior data covariance matrix  
for modeled transient displacement



Cascadia 2010 SSE: Slip rate + tremor

Issues (not addressed today)!

• Controls on location and temporal evolution? 
Role of fluids?  Ubiquitous, yes/no/why? 

• Relationship to regions of big EQ and 
eventual post-seismic deformation? 

• Relationship to forearc/slab structure? 

Approach!

• Detect/reconstruct/model transient ground 
deformation in GPS time series due to SSE 
using sparsity-based approaches 

• Time-dependent slip using Network Inversion 
Filter: Segall and Matthews (1997) 

• Slab interface: McCrory et al. (2004) 

• Tremor epicenter locations: Pacific Northwest 
Seismic Network (http://www.pnsn.org/tremor)

Analysis and models: Bryan Riel
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Measuring OTL response 
with dense GPS networks

Particle motion ellipses (PMEs)

235˚

235˚

240˚

240˚

245˚

245˚

32˚

36˚

40˚

44˚

48˚

0

25
mm

Observed
32˚

36˚

40˚

44˚

48˚M2



300

200

100

0

De
pt

h[
km

]

100

PBO-1D/M
PREM
STW105

μ  [GPa] κ  [GPa]

300

200

100

0

De
pt

h[
km

]

2500 3000 3500

PBO-1D/M
PREM
STW105

ρ [kg/m3]

5 6 7 8 9

PBO-1D/M
PREM
STW105
T7

Vp [km/s]

300

200

100

0

De
pt

h[
km

]

3 4

PBO-1D/M
PREM
STW105
TNA
PAC06

Vs [km/s]

20020 50

PBO-1D

PBO-1D

PBO-1D PBO-1D

Ito & Simons, 2011

Next!
!

• Confirm with much longer time series 
• Improve estimates of positions 
• Explore sensitivity to: 

- Newer OTL models  
- Approach to removing solid earth tides 

• Improve geodynamical interpretation 
• Explore other regions (1D) 
• Go to 3D 
—————————————————-
For each cGPS site, we should establish 
empirical tidal corrections and use to 
improve transient detection 
!

OTL response as an opportunity:!
Constraining properties of the upper mantle







Goal: Elastic and density structure of a craton
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• Tohoku-oki 
- Relatively constant pattern of post-seismic after slip (with notable exceptions) 
- Lack of overlap between co-seismic/post-seismic distribution of fault slip 
- Consistency of co-seismic and inter-seismic  
- Consistency of co-seismic and post-seismic 
- Importance of high-rate GPS (and in near real time) 

• Cascadia aseismic transients  
- New rigorous methods for automatic transient detection based on sparsity and 

overcomplete dictionaries. 
- Slip transients and tremor co-located in space and time 

• OTL load response to probe upper mantle structure 
- Ability to separate depth variation of density and elastic moduli. 
- Needs careful analysis of sensitivity to processing approach

JPL-Caltech

From the earthquake cycle to mantle structure – 
current and future uses of dense GPS


