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21st century started with an increase in the 
rate of earthquake fatalities…

Holzer & Savage, 2013

The Growing Earthquake Threat
2004: 
228,000
Sumatra-Andaman

2005: 
86,000
Kashmir

2008: 
88,000
Wenchuan

2010: 
223,000
Haiti



Earthquake Early Warning

Soon: AlertMap
seconds to tens of seconds 
before shaking

Today: ShakeMap
in 8-10 minutes

Current realtime earthquake information
• location
• magnitude
• ground shaking distribution

• people move to safe zone (under table)
• slow and stop trains (MRT)
• isolate hazards (equipment, chemicals)

Earthquake

Get under desk

Strong Shakingin 5 seconds 



Earthquake Early Warning



Hoshiba et al., 2011

Predicted Magnitude as a 
function of warning time

All magnitude saturated at M8.1! Much larger ground 
motion in Tokyo than predicted! 

EEW intensity

Need to know the finite dimension in real time !

Observed intensity

EEW Performance of the Tohoku Earthquake



Real time finite fault models

Finite Fault Rupture Detector (FinDer) 809

Figure 4. Comparison of observed and estimated rupture length L and strike θ for the Mw 6.3 L’Aquila, Mw 7.6 ChiChi and Mw 7.8 ShakeOut scenario
earthquakes within the first 2 min after origin. The dashed lines show the current rupture length assuming constant rupture velocities of vr = 2.0 km s–1 for
the ChiChi earthquake, and vr = 2.9 km s–1 for the two other events. FinDer keeps track of the current rupture parameters; estimates in L are usually below
or equal to the current rupture dimensions. The plots show the results for three templates with near/far-source classification thresholds at 95 cm s–2 (Rjb ≤
15 km), 70 cm s–2 (Rjb ≤ 20 km) and 55 cm s–2 (Rjb ≤ 25 km).

Figure 5. Results of near/far-source classification and predicted (surface-projected) ruptures for the (a) Mw 6.3 L’Aquila (Italy), (b) Mw 7.6 ChiChi (Taiwan),
and (c) Mw 7.8 ShakeOut scenario (southern California) earthquakes at four time steps after rupture nucleation. Black squares mark near-source, grey triangles
far-source classified stations determined from high-frequency thresholds (here: 70 cm s–2). Circles show the P and S wave fronts; grey lines show evolution of
Lobs. The grey rectangles in (b) show a three-plane fault geometry with shallow dip towards east determined from static inversion (Ji et al. 2001). The estimated
ruptures are robust and not strongly affected by misclassified stations in (b). The final fault rupture extent of the ChiChi earthquake is overestimated by
∼30 per cent, caused by a secondary rupture along the Shihtan fault in the north shortly after the nucleation of the main shock.

C⃝ 2012 The Authors, GJI, 191, 803–812
Geophysical Journal International C⃝ 2012 RAS
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[30] For this earthquake, our real-time magnitude estima-
tion (Figure 3a) is extremely robust and consistent with that
of other simulated real-time analysis [Wright et al., 2012;
Ohta et al., 2012]. Both magnitude estimations (MNFPS and
MFF) show a similar behavior. The first estimation is avail-
able at 39 s after the origin time, when MNFPS is 8.23
and MFF is 8.15. The two magnitudes rapidly increase
reaching a first plateau level around 60 s, when MNFPS
gives 8.5 and MFF gives 8.4. A new increase begins around
80–90 s, and both magnitudes reach their near-final values
(MNFPS =MFF = 8.9) around 120 s.
[31] Stable estimates of both L10 and L90 result from the

slip inversion as well. L10 (intended to represent the total
length of the rupture) ranges from 298 to 476 km, with a
mean value of 360 ± 30 km over the entire time period. L90
(length of peak rupture) varies between 30 and 199 km, with

a mean value of 83 ± 42 km (Figure 3b). Several authors have
derived coseismic slip distributions and finite fault models
for the Mw 9.0, 2011 Tohoku-Oki earthquake using a variety
of data sets (Iinuma et al. [2011], Lee et al. [2011], Romano
et al. [2012], and Suzuki et al. [2011], among many others).
The fault plane is usually modeled as a rectangular area of
approximately 400× 200 km. A common result between all
these models is the presence of extremely large slip asperity
(with slip greater than 50 m) concentrated around the
hypocenter in a relatively small area (about 100 × 40 km). A
qualitative, visual comparison of our real-time results with
postevent analysis shows that L10 provides a good estimation
of the total ruptured area and L90 is consistent in both position
and extension with the largest observed asperity.
[32] The RMS plot of Figure 3c shows the difference

between predicted and observed intensity at each time. We

Figure 2. Snapshots of the GPS-based strategy for theMw 9.0, 2011 Tohoku-Oki earthquake at three dif-
ferent times comparing the intensity prediction using the point source and the finite fault. (a) The true JMA
intensity distribution. (b and c) The ground shaking predictions (background color scale) assuming a point
source (at the hypocenter) at 39s (Figure 2b) and at 200 s (Figure 2c), respectively. (d, e, and f) The results
of the finite source strategy obtained at 39s (Figure 2d), 100 s (Figure 2e), and 200s (Figure 2f). The back-
ground color here represents the predicted intensity distribution using the current magnitude value and the
distance from the finite fault (L10). The purple color scale shows the slip distribution on the seven-patch slip
model. The length estimates L10 and L90 are also plotted as vectors on the fault plane with a narrow gray
vector, and a thick, shortest black vector, respectively. The current value of L10 is displayed in the gray
box. The small circles at the center of the L90 segment correspond to the midpoint that we use as the centroid
of the maximum slip area. In each panel from Figures 2b to 2f, black vectors represent the observed hori-
zontal offset while white vectors show the static displacement resulting from the inversion algorithm. The
gray and red foreground lines represent the JMA= 4 and JMA= 5 contour lines, respectively. The current
time and magnitude value are also displayed in the gray box.

COLOMBELLI ET AL.: REAL-TIME GPS FOR EARLY WARNING
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Colombelli et al., 2013

Grapenthin et al., 2014

FinDer: Bose et al., 2012

M9 Tohoku-Oki Earthquake
M7.2 El-Mayor Cucapah Earthquake

M 7.8 ShakeOut Scenario 



Real-time Capability

Real-time back-projection system developed by Dun Wang at ERI



Rupture front

Fault plane

Small Scale Array

Rupture 
length

Local Arrays for Earthquake Early Warning



A Network of Small-scale Array 
Along Active Faults
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Average Correlation Coefficient

• Determine rupture length in 
strike-slip fault system

• Back-azimuth projected on 
the fault trace

• Correlation Stacking 
technique

• Rupture length equals to the 
distance between boundary 
seismic radiators

• Location with respect to the 
hypocenter indicate the 
directivity

Real-Time Implementation
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Frequency-Dependent Source 
Radiation

• Low-frequency (LF) energy emanates from the 
shallower portion of the megathrusts. 

• High-frequency (HF) energy often radiates from the 
deeper portion of the megathrust.

Lay et al., 2012



Strong Motion Generation and HF 
Radiation
Spatially Correlated
• SMGA
Strong Motion Generation Area
(Kurahashi and Irikura 2011)

• HFR
High-frequency Radiator

Finite Fault model ( Wei at.el. 2012 )
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Strong motion of the Tohoku earthquake

Wei et al., 2012

Slip inversion with different 
patches along dip

2. Source characteristics and seismotectonic context

There was little expectation that future interplate earthquakes
along the eastern coast of Honshu would be different from the
Mwo8.5 earthquakes documented historically (Avouac, 2011).
Moreover, the expectation was that future earthquakes would, like
known past earthquakes, rupture areas confined to the patch of

the plate interface that had remained locked in the interseismic
period, as determined from the modeling of geodetic strain
measured onshore (Hashimoto et al., 2009; Loveless and Meade,
2010; Suwa et al., 2006). These locked patches had been inferred
to have limited extent in depth and laterally (Fig. 1B inset). In
particular, the locked patch did not extend to depths shallower
than about 10–15 km, a view consistent with the depth of the
seismicity cut-off observed worldwide at subduction zone
(Pacheco et al., 1993) and the notion that clay rich gouge along
the shallow portion of the megathrust would favor aseismic slip
(Hyndman et al., 1997). This is in keeping with the observations
that the seismic rupture during recent well-documented mega-
thrust events had not reached the trench (Konca et al., 2008, 2007;
Sladen et al., 2010) with some having clearly triggered aseismic
afterslip updip of the seismic rupture (Baba et al., 2006; Hsu et al.,
2006). Also the 150!400 km2 size of the locked patch suggested a
low probability of Mw48.5 events given the scaling law between
surface area and moment observed globally (Wesnousky, 2008).
The Tohoku-Oki earthquake reached a moment magnitude of
Mw¼9.0 (http://www.globalcmt.org/CMTsearch.html) which is
about an 8 times larger moment than the largest previous earth-
quake known to have occurred there, the Sanriku earthquake of
1896 (Kanamori, 1972). The ratio of the moment to the surface
area is much larger than observed globally. The main slip patch
occurred close to the locked patch but was offset by about 50 km
closer to the trench (Fig. 1B inset). Altogether these factors
coalesced to generate an extraordinarily large tsunami.

Another interesting aspect of the Tohoku-Oki earthquake is that
the shorter period (less than about 4–5 s) seismic energy appears to
have originated primarily from the deeper part of the rupture,
downdip of the hypocenter, despite the much larger moment
released at shallow depth (Ishii, 2011; Koper et al., 2011; Meng
et al., 2011; Wang and Mori, 2011; Yao et al., 2011; Zhang et al.,
2011). Because of the dominance of the longer period energy in the
geodetic and seismic data, it is difficult for our inversion to fully
recover the shorter period aspects of the rupture process. We address
this issue in the current work by adding short length scale (o40 km)
stochastic features to the inverted rupture model following the
procedure outlined in Graves and Pitarka (2010). The resulting
rupture model produces a significant improvement in the match to
the observed pattern of strong motion amplitudes in the Tokyo Basin,
particularly when we include the effects of 3D crustal structure in
the wave propagation modeling.

3. Data resolution and joint inversion of seismic and
geodetic data

Here we analyze the source of the earthquake in more detail to
elucidate the causes for these various characteristics. We use static
displacement offsets measured at 797 GPS stations on land (ARIA,
processing of GSI data) and at 5 offshore locations near the epicenter
(Sato et al., 2011). To constrain the slip history we use data from 14
accelerometer stations selected from the K-Net (http://www.k-net.
bosai.go.jp/) and KiK-net (http://www.kik.bosai.go.jp/) which are
well distributed along the coast (Fig. S1), see supplement for detail
of this selection. We start with the Global Centroid Moment Tensor
(GCMT) solution and adopt a rectangular fault plane, with an
appropriate dip (101) and strike (2011), as displayed in Fig. 1B. The
fault plane is divided into a fine-grid of slipping patches parameter-
ized by a slip-angle and offset, a rupture time (defined by an average
rupture velocity from the hypocenter) and rise time. The rupture is
assumed to initiate at the epicentral location (142.681E, 38.191N,
21 km) determined by Chu et al. (2011). To obtain the kinematic slip
model, we adopt the inversion scheme developed by Ji et al. (2002).
This method allows joint inversion of geodetic and seismic data by
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Fig. 1. Slip model of the Tohoku-Oki earthquake. (A) A cartoon displaying the
subducting plate motion, tsunami generation and the partitioning of the fault
plane. (B) Map view of the slip model, which is divided into 5 segments from
shallow to deep (S0–S4), indicated by the dashed blue lines. These segments are
defined for display purposes to show slip as a function of depth, and to clarify
which parts of the fault contribute to which parts of the observed signals. The
coseismic geodetic horizontal displacement vectors are displayed in white while
the synthetics fits are presented in blue (inland) and pink (offshore). The
differentials are small with misfit vectors given in the supplement. The heavy
black and gray lines indicate the slip contours. The lower corner inset shows the
interseismic coupling model assuming deep coupling only (Loveless and Meade,
2010) and the coseismic slip model (gray contours). The upper right inset displays
the moment rate function for the whole slip model (gray) and the contribution
from S2 to S4 (orange). The strong motion station MYGH12 and high-rate GPS
station 0550 are indicated by red and green triangles, respectively. The red star
indicates the epicenter. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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that the shallow portion of the plate interface would both creep
aseismically and slip seismically on rare occasions.

Since our understanding of these huge tsunamigenic events is
extremely limited, in particular due to their rarity and difficulty to
constrain their characteristics in absence of this kind of data
available for the Tohoku-Oki earthquake, it is worthwhile to
speculate about the mechanisms involved in their occurrence
based on the characteristics of this particularly well documented

example. We note that during the Tohoku-Oki earthquake, the
change-over to normal focal mechanism of aftershocks (Asano
et al., 2011; Ide et al., 2011) indicate a nearly complete stress-
drop on the upper fault portion (S0). This observation implies a
very efficient dynamic weakening mechanism there. Given that
this shallow portion of the plate interface is probably a place with
abundant free water and low permeability, due to the large clay
fraction in the sediments accumulated in the trench and dragged
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Fig. 7. Further details of variation in rupture velocities, rise-time distributions, slip velocity estimation and coupling. (A) Rupture velocity of the slip model with isochrones
indicating the rupture time. (B) Slip velocity, defined as slip amplitude divided by rise time, is plotted along with coseismic slip contours. (C) Only the subfault slip with
rise time r10 s are plotted, the blue circles (USArray) and squares (European Array) are the back-projection results colored by rupture time relative to the origin time with
the size indicates the energy (Meng et al., 2011). (D) The coseismic slip contours (black lines) are overlapping on the top of a coupling model which allows strong locking
near the trench (Loveless and Meade, 2011).

S. Wei et al. / Earth and Planetary Science Letters 333–334 (2012) 91–10098

Shallow 
Low Freq.
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basins as displayed in Fig. 6. Most of the comparisons at hard rock
sites show good agreement between 1D and 3D as given for the top
set of traces, see Fig. S15 for more details. The 3D synthetics predict
about the same fit to the entire network and yield compatible PGV
to the 1D result (Fig. 5B vs. Fig. 4H). These results validate the
adequacy of the 1D methodology used in the long period inversion.

One of the most noticeable differences in the observed wave-
forms at soft-rock vs. hard-rock sites is the length of coda and
enhanced shorter periods seen at the soft-rock sites. As noted
earlier, the rupture history assumed in our inversion approach is a
simple, symmetric slip function, inset in Fig. 5C. While this
assumption allows for more stable solutions and adds to their
predictive ability at other sites, it tends to de-emphasize the
shorter length-scale features of the slip distribution and is not
compatible with high-frequency dynamic considerations where
most dynamic models predict a Kostrov-like square root singu-
larity at the faulting edge. These issues are addressed in a hybrid
approach to continue the simple deterministic model into the
higher frequency stochastic domain (Graves and Pitarka, 2010).
Thus, in the second 3D simulation (Fig. 5C) we modify the source
by (1) adding stochastic slip features at length scales less than
40 km, (2) constraining the average rise time on the shallow fault
to be twice that for the deeper fault to replicate the transition

from stable sliding to unstable sliding at a depth of 20 km
(consistent with creeping depth for subduction zones (Hyndman
et al., 1997)), and (3) replacing the smooth slip function with a
Kostrov-like function (Fig. 5C inset) having an average rise time
across the fault of 20 s (see Fig. S14 for details of this enhanced
source simulation). The modified source increases the radiation of
shorter period energy, particularly from the deeper portion of the
fault and does better in predicting the spatial distribution of PGV,
particularly for the basin regions as displayed in Fig. 5C. Addi-
tionally, the enhanced source produces much more later arriving
coda at the basin sites, consistent with the observed motions.
As expected, the tradeoff with this enhanced source is that the
waveform fit to the main long period arrivals is slightly degraded
at some sites compared to the original source (Fig. S15).

5. Rupture properties and interpretation

Due to the exceptional data quality we were able to constrain
both the spatial (geodetic) and temporal variation of slippage as
displayed in Fig. 7. Our model indicates that the earthquake had a
relatively slow rupture velocity (!1.5 km/s on average over the
first 80 s) as displayed in Fig. 7A. This is mainly constrained by the
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Fig. 4. Ground shaking produced by the earthquake and predictions of slip model. (A) From top to bottom are the E–W component of the velocity record (black) at the
strong motion station MYGH12 and are plotted before and after filtering (Z2 s). The next two traces display the contributions from energy leaving the distributed sources
in the upward direction vs. contribution from diving energy paths. The number at the end of each trace is the maximum amplitude. (B) The filtered data (black) is plotted
along with the synthetics (red) generated cumulatively from S0 to S4. The data and synthetics are both low pass filtered (Z2 s). (C) Similar as (B) for the E–W velocity
component at the high-rate GPS station 0550. The velocity data and synthetics are filtered (45 s). (D) Plots of the simulations in displacement at station 0550. (E) PGV
(peak ground velocity) of strong motion records filtered to 4 s and longer. The triangles represent stations and the star indicates the epicenter location. (F) PGV of high-rate
GPS (Z10 s) with triangles representing the stations. (G) Depth distribution of Vs¼2.5 km/s, the 3D velocity model is obtained from NIED. (H) PGV predicted by the whole
slip model (S0–S4). (I) PGV predicted by upper portion of the slip model (S0 and S1). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Full slip Up-dip slip only

Strong shaking mostly caused by 
deep slip 
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High-Frequency Distance Metrics

HF
LF

subducting slab

Rhf

Rrup

hypocenter

Seismic station
large coseimic slip

(Feng and Meng, 2018)

HF: High-Frequency Radiation Zone
LF: Low-Frequency Radiation Zone

Rhf: high-frequency distance metic
• shortest distance from site to high-frequency zone

Rrup : Rupture distance metric
• the shortest distance from site to the fault plane



More Accurate Ground-motion Predictions

Rhf Prediction

Observation

Rrup Prediction

Periods (s)
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Los Angeles Area



http://www.tectonics.caltech.edu/

1. Interseismic elastic deformation
2. Earthquake and elastic rebound of over-riding plate
3. Tsunami wave formation and propagation

Tsunami Induced by Large Megathrust
earthquakes



Giant Tsunami-genic 
Earthquakes in the World 

Satake, 2014



March 11th, 2011
Magnitude 9 
Tohoku-oki, 
Japan 
earthquake 
and tsunami

…  Aftermath of a big tsunami!



NOAA unit tsunami sources of 100 km by 50 km

2011 M9.0 Tohoku Earthqauke

Fuji et al., 2011



2011 Tohoku Tsunami simulation 

Tide gage data



Challenges in Tsunami Warning
• Typical tsunami warning system is based on direct tsunami 

waveform measurements. 
• Good for Far-field (across ocean), but too slow for near-field.
• Teleseismic inversion is faster but uncertain.
• Near-field seismic recordings suffer a well-known saturation 

problem. 
• W-phase get robust moment but does not provide finite source 

effect.
• Real time GPS requires post-processing to remove the 

contamination due to the atmospheric effects.

Need to get robust estimation of finite dimension in real time !



Seismic Antenna for Tsunami Warning

• Conducting long-period (10 s – 50 s) BPs with local stations.
• Constructing simplified source model: estimating rupture area 

and calculate slip based on W-phase inversion.
• Predicting amplitude and arrival time of tsunami wave.

An and Meng, 2016; Xie and Meng, in Prep. 



A Multi-Array Tracking Approach

• Source slowness are determined at each strong-motion cluster .
• Smoothing of the back-azimuth due to uncertainty and angular spreading.
• Source location by intersecting the back-azimuths.

2003 M8.3 Tokachi Earthquake



• Tsunami waveforms are not sensitive to the detailed slip distribution

2011 Tohoku earthquake



Automatic Determination of When 
Earthquakes Stop

2011 M9.0 Tohoku Earthquake2003 M8.3 Tokachi Earthquake

°E

°N

°E

°N

The seismic radiators are cut off when their locations are too scattered



Slip Estimation 

Area ratio=0.145
Slip ratio=2.88

85% of radiators 
are inside of the 
ellipse 

• BP-estimated rupture region represents the area of large slip 
instead of the entire source zone. 

• We establish an empirical relations between the degree of slip 
concentration versus normalized source area.



2003 M8.3 Tokachi Earthquake

min



2011 M9.0 Tohoku Earthquake

Xie and Meng, Submitted to GRL. 
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Figure 3. The seismic, tsunami stations and predicted tsunami waves for

the 2014 Iquique event. (a) The USArray stations. (b) The 3 DART stations and 11

coastal gauges. The region in the white box is displayed in c. (c) The back-projection

analysis and estimated rupture area. The colored circles mark the seismic radiators, with

colors denoting the rupture time. The rupture area is evaluated by the blue ellipse or

the red polygon that encloses all the radiators. The slip distribution in the background

is adopted from An et al. [2014]. (d) Runup heights from model predictions and surveys.

The model predictions adopt the elliptical source and the global bathymetry of 30 arc

sec. Magenta stars denote the maximum wave heights observed at coastal gauges. (e)

Comparison of recorded and predicted tsunami waveforms. The records are plotted in

black and the predictions from the ellipse source and polygon source are plotted in blue

and red, respectively.

D R A F T March 10, 2016, 5:05pm D R A F T

An and Meng., 2016
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Figure 4. The seismic, tsunami stations and predicted tsunami waves for

the 2015 Illaple event. (a) The USArray stations. (b) The 2 DART stations and 22

coastal gauges. The region in the white box is displayed in c. (c) The back-projection

analysis and estimated rupture area. The colored circles mark the seismic radiators, with

colors denoting the rupture time. The rupture area is evaluated by the blue ellipse or

the red polygon that encloses all the radiators. The slip distribution in the background is

adopted from joint inversion of tsunami waveforms and InSAR data. (d) Runup heights

from model predictions and surveys. The model predictions adopt the elliptical source

and the global bathymetry of 30 arc sec. Magenta stars denote the maximum wave heights

observed at coastal gauges. (e) Comparison of recorded and predicted tsunami waveforms.

The records are plotted in black and the predictions from the ellipse source and polygon

source are plotted in blue and red, respectively.

D R A F T March 10, 2016, 5:05pm D R A F T

2014 M8.3 Illapel Earthquake

An and Meng., 2016



Predictions Vs Observations



2011 Tohoku-Oki earthquake (Meng et al,2011)

Earthquake Source Imaging By 
Back-projection of Array Data



Off-shore Seismicity Detection



Match Filter: searches for similar 
patterns by cross-correlating 
waveforms of known template events 
with continuous seismic recordings

Back-projection: an earthquake-rupture imaging 
technique, back tracing seismic waves, provide 
spatiotemporal distribution of energy pulse

Kiser and Ishii, 2013

Combing Back-Projection and Matched-Filter



a b

c

Case study: Detecting One-year 
Aftershocks of the Tohoku Earthquake
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 10  20  30  40  50  60  70  80  90 100 110 120 130
Time (s)

13-May-2011 10:17:00, 37.7766, 143.597, MW4.6

N.KKWH_Z 213.2
N.KAKH_Z 214.0
N.KMIH_Z 227.1
N.RZTH_Z 227.9
N.TOWH_Z 228.2
N.FSWH_Z 230.6
N.YMDH_Z 237.6
N.YMMH_Z 238.7
N.TAJH_Z 239.1
N.IWNH_Z 244.9
N.IWEH_Z 247.0
N.SMTH_Z 247.7
N.KASH_Z 251.0
N.MKJH_Z 256.0
N.ONDH_Z 262.4
N.ICEH_Z 262.6
N.TROH_Z 263.1
N.KWSH_Z 263.6
N.TOUH_Z 264.4
N.SISH_Z 264.7
N.KMAH_Z 264.8
N.KANH_Z 270.6
N.MRUH_Z 271.9
N.HTAH_Z 274.8
N.KIBH_Z 279.1
N.IWWH_Z 280.5
N.IWZH_Z 281.3
N.FKSH_Z 283.8
N.KRYH_Z 284.0
N.THGH_Z 289.3
N.JUOH_Z 296.1
N.HTKH_Z 307.7
N.DGOH_Z 308.8
N.NMTH_Z 310.6
N.YMAH_Z 310.7
N.JHKH_Z 324.1
N.TYOH_Z 327.0
N.CH2H_Z 335.7
N.CHSH_Z 336.0
N.YSTH_Z 346.0
N.KGRH_Z 347.4
N.EDSH_Z 354.8
N.YKIH_Z 358.0
N.HSNH_Z 367.0

  0  10  20  30  40  50  60  70  80  90 100 110 120 130
Time (s)

01-Aug-2011 06:54:59, 38.7009, 142.1928, MW4.5

N.KKWH_Z 54.0
N.RZTH_Z 68.1
N.KMIH_Z 71.2
N.FSWH_Z 75.4
N.TOWH_Z 76.0
N.KAKH_Z 76.9
N.SMTH_Z 87.6
N.YMDH_Z 88.7
N.KASH_Z 95.7
N.TAJH_Z 98.4
N.TOUH_Z 104.4
N.ICEH_Z 107.7
N.KANH_Z 116.7
N.TROH_Z 118.3
N.ONDH_Z 123.7
N.IWZH_Z 130.9
N.IWNH_Z 134.7
N.YMMH_Z 141.6
N.KWSH_Z 147.3
N.SISH_Z 158.8
N.KMAH_Z 181.1
N.MKJH_Z 187.9
N.FKSH_Z 190.0
N.MRUH_Z 197.9
N.IWEH_Z 214.8
N.KRYH_Z 215.5
N.HTAH_Z 217.9
N.IWWH_Z 236.4
N.KIBH_Z 243.3
N.THGH_Z 255.1
N.DGOH_Z 264.7
N.JUOH_Z 266.0
N.YMAH_Z 278.2
N.HTKH_Z 294.4
N.NMTH_Z 295.8
N.JHKH_Z 298.9
N.TYOH_Z 320.9
N.YSTH_Z 323.5
N.KGRH_Z 334.5
N.EDSH_Z 347.0
N.CH2H_Z 351.0
N.CHSH_Z 353.1
N.YKIH_Z 363.0
N.HSNH_Z 375.8
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BP finds 100% more M>4.5 events offshore. 



Matched-filter with New BP Templates



Earthquake Density Distribution



Comparison with Finite Fault Models



c

JMA catalog BPMF catalog
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