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Outline 

Å Waveform simulation by finite-difference method (FDM) 

ï Velocity model 

ï Surface topography 

ï Point source vs. finite-fault  

Å Case study: the March 4, 2010, Jiashian earthquake 

ï Simple finite-fault models 

ï Site amplification 

Å Enhancement of waveform simulation efficiency in 3-D model 

ï Strain Green tensor (SGT) approach to ground motion calculations 

ï Solving moment tensor by 3-D SGT 

ï Resolving fault-plane ambiguity  

Å Finite-frequency sensitivity kernel for structural heterogeneity 



Waveform Simulation Method in Various Frequency Bands 

1-D Earth 
Model (Global) 

ÅDirect Solution Method (DSM) 

ÅNormal Mode Summation 

 

1-D Structure 
Model 

(Regional) 

ÅFrequency-Wavenumber (FK) 

 

2-D or 3-D 
Structure 

Model 
(Regional or 

Local) 

ÅRay Tracing 

ÅFinite-Difference Method (FDM) 

ÅSpectral-Element Method (SEM) 

 

Reference 
Model 

Independent 

ÅEmpirical Greenôs Function (EGF) 

ÅStochastic Method 

Lower Frequency 

Higher Frequency 

~10-3Hz 

~10-1Hz 

~10-1 to 101Hz 

Instrument Dependent 

or Model Generated 
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Å Solving wave equation by FDM 

 

 

Å Advantages of FDM 

ï 3-D structures 

ï Straightforward mesh generation 

ï Local operators (easily to be parallelized) 

ï High efficiency 

Å FDM with Traction Imaging (Zhang & Chen, 2006) 

ï Surface topography 

Finite-Difference Method 
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(Wave Equation) 

(Constitutive Law) 

3-D velocity Model 
(Wu et al., 2007) 



Dealing with Topography in FDM 

Å Traction-Imaging Method (Zhang & Chen, 2006) 

ïNon-uniform grid (coordinate mapping) 

ïModeling internal interfaces and topography 

ïRequiring less computational resources 

(Zhang & Chen, 2006) 

Curve-linear Coordinate Cartesian Coordinate 

Topography 

Topography: GTOPO30 

Å Released by USGS 

Å 30 arc-second resolution (~1km) 

 



Velocity Model and Ground Motion 

 

Point Source in 1-D Model Point Source in 3-D Model 

(Ho, 1994, MSc Thesis) 

(Wu et al., 2007) 

Taipei Basin 

I -Lan Plane 

West-coastal Plane 

Strike: 318ę 

Dip: 41ę 

Rake: 67ę 



Surface Topography and Ground Motion 

Topography: GTOPO30 

Å Released by USGS 

Å 30 arc-second resolution 

(~1km) 

 

1-D Model 1-D Model+Topography 



Surface Topography and Ground Motion 
- Topographic Amplification Factor - 

-
100%

topo flat

flat

PG PG

PG
³

Topographic Amplification Factor: 

Å Amplification in mountain 

tops and ridges 

Å De-amplification in valleys 

Å Topography effect depends 

on velocity model 

 



Point/Finite Source and Ground Motion 

(a) (b) 

Isotropic 

rupture  

Point source 

Å 1-D model 

Å F. M. (318ï,41ï,67ï) 

Å VR=2.4 km/sec 

Å Source scaling: 

 - Mw~6 

 - 10km (L) x 10km (W) 

      (Yen & Ma, 2011) 

 



Source Directivity and Ground Motion 

(c) (d) 

Along-strike 

rupture  

Up-dip 

rupture  

Å 1-D model 

Å F. M. (318ï,41ï,67ï) 

Å VR=2.4 km/sec 

Å Source scaling: 

 - Mw~6 

 - 10km (L) x 10km (W) 

      (Yen & Ma, 2011) 

 



Case Study: the Jiashian Earthquake 

Å The Jiashian Event (2010.03.04) 

BATS CMT:  

ï Mw=5.66, Depth: 18km 

ï Focal mechanism:  

 S: 318ę, D: 41ę, R: 67ę 

 S: 166ę, D: 52ę, R: 108 ę 

Å Strong PGV observations near 

coastal area, south-west Taiwan 

ï Rupture directivity?  

ï Site amplification? 

PGV from CWB Stations Point Source in 3-D Model 



Å Effective fault width (10km) and length (10km) are based on scaling-law study  

Å Assumed rupture velocity: 2.4km/sec  

Å Tests of rupture in 5 directions (13.5Hr per computation) 

Case study: the Jiashian Earthquake 
- Simple Finite-fault Models - 

BATS CMT  
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NW SE 

Case study: the Jiashian Earthquake 
- Rupture Directivity - 

PGV from CWB Stations 

Up-dip Rupture Along-strike Rupture 



Å We account for site amplification based 

on the site classification map of Taiwan 

and following the practice of USGS for 

making shake maps. 

Case Study: the Jiashian Earthquake 
- Site Amplification - 

(Lee & Tsai, 2008) 

(ShakeMap Manual, USGS) 

~2-10 Hz ~0.5-2.5 Hz 



Case Study: the Jiashian Earthquake 
- Realistic Shake Map - 

³ =

Finite-fault + 3-D Model 

+ Topography Site Amplification Realistic PGV Map 



PGV from CWB Stations Our Model Lee & Lu, 2010 (TEC Workshop) 

Case Study: the Jiashian Earthquake 
- PGV Map Comparison - 



Case Study: the Wutai Earthquake 

CWB report  

Å Lon: 120.75ęE, Lat: 22.75ęN 

       Depth: 26.3km, ML: 6.4 

 

 

CAP solution (IES) 

Å Focal mechanism:  

Plane-1: strike: 127ę, dip: 59ę, rake:   43ę 

Plane-2: strike:   11ę, dip: 54ę, rake: 116 ę 

CWB report of the Feb 26th, 2012 event 

(the Wutai earthquake) 



Z-component 

Wavefield Snapshot 

- Point source waveform simulation  

  (2-sec-period Gaussian STF, ~0.8Hz ) 

- 3-D velocity model (Kuo-Chen3D) 

- ETOPO1 topography (with bathymetry) 

- Computation costs 9 hours by 72-core cluster 

 

topo_wave.avi


Å Seismic wavefield: 

 

 

 

 

 

Å Capability  

(1) Ground motion prediction 

(2) Solving moment tensor and rupture process 

(3) Sensitivity kernel calculation 

Å Much more efficient way for grid search and less disk usage 

 

 

Strain Green Tensor (SGT) Approach to  

Ground Motion Calculations  

Receiver 

Model 
Source 

( , t; ) ( , t)* ( , t; )R Ru r r S r G r r=

STF GF 

u( , t; ) M: H( , t; )=R Rr r r r (Zhao et al., 2006) 

SGT 



Å Comparison of forward simulation  and SGT stacking 

ïPoint source simulation (STF and moment tensor) 

ï Finite-fault simulation (fault-plane geometry and rupture speed) 

Point Source Simulation Finite-Fault Simulation 

Red-solid line: forward simulation  

Black-dashed line: synthetic from SGT  

SGT Approach to Ground Motion Calculations 



SGT Database Construction 

Å Taiwan Rapid Earthquake Information 

Release System (TREIRS) by CWB 

ï More than 100 stations (short-period and 

broadband) 

ï  High resolution (24-bit  dynamic range) 

Å FDM Mesh and SGT Database Construction 

ï 74  3-component TREIRS stations 

ï 3-D velocity model (Kuo-Chen3D) 

ï 2-sec-period Gaussian STF 

ï Topography and bathymetry 

ï Computation takes 3000 CPU hours and 

3TB disk space 

Å Capability of SGT database 

ï Synthetic seismograms for 74 stations from 

each source model can be obtained in less 

than 1 second (222 synthetics) 

TREIRS Network 



Solving Moment Tensor by 3D SGT 

ÅGrid Search Parameters 

ï CWB source location 

 22.74ïN, 120.78ïE, Depth=20.4km 

ï Strike: 0ï-180ï, dip: 0ï-90ï, rake: 0ï-360ï 
each at an interval of 5ï 

ï Grid search of 46,656 point sources 

ï 13 stations (filtered in 0.05-0.1Hz) 

USGS BATS 

Our Result 

Plane-1: STR/DIP/RAK=315ï/20ï/200ï 
Plane-2: STR/DIP/RAK=206ï/83ï/289ï 



Resolving Fault-Plane Ambiguity by SGT 

Å Finite-Fault Parameters 

ï Fault plane dimension is estimated by scaling law study (Yen and Ma, 2011) 

ï Two conjugate fault planes with different rupture types and speeds: circular , lateral, 

and bilateral  (total 78 rupture models) 

ï Site amplification 

ï Minimum RMS for choosing the best finite-fault model 

Examples of Rupture Models Min. RMS Rupture Model  Observation 
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Å The simplified finite-fault model 

shows a lateral up-dip rupture with a 

rupture speed of 0.95*Vs on plane-1. 

PGV map comparison between observation and our 

predicted model with quasi-linear site effect correction 

Observation Synthetic 

Plane-1: 

Strike/dip/rake 

315ï/20ï/200ï 

Resolving Fault-Plane Ambiguity by SGT 



SGT Approach to Ground Motion Calculations 

- Performance Benchmark - 

Å Point Source Simulation 

ï  ~46,000 point sources for possible focal mechanisms 

ï  10 min for all data processing and measurement (66 cores) 

Å I/O from SGT database, filtering, cross-correlation, misfit calculation 

Å 30 sec for each component of a certain station (single core) 

 

Å Finite-Fault Model Simulation 

ï  78 simplified finite-fault models (each model contains 25 point sources) 

ï  3 min for data processing and searching minimal RMS from PGV map 

comparison 



Sensitivity Kernel 

Rainbow 
White light dispersion in triangular prism  

Scatteror 



Sensitivity Kernel 

Å Traveltime (ŭŰp) and amplitude (ŭŰq) anomalies measured by 

cross-correlation forms: 

 

 

 

Å Sensitivity kernel (Fréchet kernel) 

 

 

 

ÅModel parameter perturbations (e.g. wave speed, quality factor , 

interface geometry) 

Å Kernel expressions can be derived by SGT (Zhao et al., 2006) 
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Å Sensitivities of waveform anomaly to  

ï Velocity perturbation  (Zhao et al., 2006) 

 

 

ï Quality factor perturbation  (Hsieh, 2009, MSc Thesis) 

 

 

 

ï Boundary topography perturbation (Dahlen, 2005) 
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Displacement field 

Stress field 

Strain field 

Elasticity tensor 

Greenôs tensor 

Strain Green Tensor 

Waveform Perturbations 



Å Waveform simulation by FDM 

ï Duration of wave propagation: 20 sec (0.002 

sec time interval) 

ï Gaussian source time function of an explosive 

source (~2 Hz) 

ï Model size: 66.5 km*61 km*35 km (100 m grid 

spacing) 

Sensitivity Kernel in Homogeneous Model 

E-W Comp.  



Å Traveltime and amplitude kernels of P-wave to 

velocity perturbation 

Å The traveltime kernel shows typical banana-doughnut 

shape 

Sensitivity Kernel in Homogeneous Model 


