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 Introduction – Earthquake location
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 1.  Phase picking, phase association and event 
detection
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 1.  Phase picking, phase association and event 
detection

 Phase picking

 Real-Time Earthquake Location 



  

Phase picking – theory  

broadband velocity V(t)

first arrival → ray theory
“standard” location

full waveform → wave propagation
waveform location

centroid moment tensor (CMT)
etc..



  

Phase picking – Automatic pickers - algorithm  

broadband velocity V(t)

characteristic function
CF[V(t)]  i.e.  g{[dV(t)/dt]2}

STA/LTA or similar

trigger threshold

P

e.g. Allen, R.V. (1982) - Baer, M., and U. Kradolfer (1987) - Sleeman, R., and T. van Eck (1999) - etc...



  

Phase picking – Automatic pickers – noisy signal  

broadband velocity V(t)

characteristic function

trigger threshold

P



  

Az=140º

Phase picking – 3-component broadband – polarisation  

MN CEL

L'Aquila

Az=140º

P

dip

azimuth

3-comp broadband

e.g. Magotra, N., N.Ahmed, and E.Chael (1987) - Cichowicz, A. (1993) - Oye, V. and W.L. Ellsworth (2005) - etc...



  

Az=140º

Phase picking – 3-component broadband 

P

Az=230º

Vertical
S

MN CEL

L'Aquila

Az=140º
Az=230º

VelocityDisplacement

e.g. Magotra, N., N.Ahmed, and E.Chael (1987) - Cichowicz, A. (1993) - Oye, V. and W.L. Ellsworth (2005) - etc...



  

Phase picking - Arrival times and pick uncertainty  

e.g. Tarantola, A. (1987) - refs in Lomax, A., A. Michelini, A. Curtis (2009) - etc...



  

1.  Phase picking, phase association and event 
detection

 Phase association and event detection
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Phase association and event detection  

Seismic station network

time

picks (phase arrivals, noise, ...)

e.g. Johnson, C. E., A. Lindh, B. Hirshorn (1994) - Earthworm - SeisComP3 - etc...



  

Phase association and event detection  

picks (phase arrivals, noise, ...)

grid, velocity model

cells with
common

origin time

pick time – travel time 
→ origin time est

time



  

Phase association and event detection  

time

picks (phase arrivals, noise, ...)

cells with
common

origin time



  

Phase association and event detection  

time

picks (phase arrivals, noise, ...)

approximate 
hypocenter



  

Phase association and event detection  

Southern Sumatra
2009-04-15 17:47:27.9

Magnitude:  5.5

Solomon Islands
2009-04-15 18:26:39.5
Magnitude:  5.5



  

Difficulties for picking, association, location  

● False picks (noise, signal problems, ...)

● Small, pre-cursor events (foreshocks, noise, ...)

● Simultaneous events

● Poor network geometry or station coverage around event

● ...

e.g. refs in Lomax, A., A. Michelini, A. Curtis (2009)



  



  

 2.  Earthquake Location at local, regional and 
teleseismic distances: Probabilistic, global-search 
earthquake location
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 travel time D 

 travel time B 

 travel time A 

 travel time C 

est origin time

calc A

calc B

calc C

calc D

calc values -> f(x)true origin time

seis A
obs A

time

seis B
obs B

seis C
obs C

seis D
obs D

res C

res A

res B

res D

location = change x, minimize RMS residuals

 Real-Time Earthquake Location 

basic least-squares location

1. choose x (linear, global)

2. calc travel times tt(x,obs)

3. est origin time ot(obs, tt)

4. calc arrivals calci(ot, tti)

5. calc residuals (obsi, calci)

6. repeat to minimize residuals



  

 Real-Time Earthquake Location 

e.g. Lahr, J.C. (1999) - Tarantola, A. (1987) – refs in Lomax, A., A. Michelini, A. Curtis (2009) - etc...

basic least-squares location – local/regional – Cartesian coordinates



  

 Real-Time Earthquake Location 

basic least-squares location – teleseismic – spherical coordinates

e.g. Lahr, J.C. (1999) - Tarantola, A. (1987) – refs in Lomax, A., A. Michelini, A. Curtis (2009) - etc...

2004.12.26, Mw=9, Sumatra-Andaman



  
linear methods

global methods

Probabilistic event location 



  

Arrival times and pick uncertainty 

e.g. Tarantola, A. (1987) - refs in Lomax, A., A. Michelini, A. Curtis (2009) - etc...

uncertainty σ



  

Probability Density Function: 

Probabilistic, global-search event location 



  

    3D & complex models

Probabilistic, global-search event location 

       PDF image
       multiple minima
       efficiency



  

iteration path 

∂ t i/∂ x

location 
PDF 

sharp interface 

maximum likelihood hypocenter 

initial trial 
location 

optimal linear 
hypocenter 

        PDF image
        multiple minima 
  efficiency

Iterative-linearized location 



  

  PDF image
   multiple minima
       efficiency

Global-Search methods:  Grid search 



  

simulated annealing

metropolis methods

simplex…

    PDF image
    multiple minima 
    efficiency

Global-Search methods:  Directed walk 



  

[Genetic algorithm]

Neighbour methods

Oct-tree

  PDF image
  multiple minima 
    efficiency

Search methods:  Importance sampling 



  

 2.  Probabilistic, global-search earthquake location

The Oct-tree importance sampling method

 Real-Time Earthquake Location 

Lomax, A., A. Michelini, A. Curtis (2009)



  

Sub-division of highest probability cell: 

1 sample 8 new samples

cell volume cell volume / 8

The Oct-Tree method 



  

a) true PDF b) initial sampling c) subdivision

d) subdivision e) subdivision f) many subdivisions

Oct-Tree sampling procedure 



  

map view

depth section

Grid search
(800,000 samples)

Oct-Tree search
(10,000 samples)

Metropolis search
(10,000 samples)

Example: PDF with two maxima 

inefficient

missed 
maxima



  

 2.  Probabilistic, global-search earthquake location

The EDT Probability Density Function
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Lomax, A., A. Michelini, A. Curtis (2009)



  

RMS/L2-norm 

“satisfy all the observations” 

EDT (Equal Differential Time)

“satisfy the most pairs of observations” 

• independent of  origin time

RMS/L2-norm vs EDT Probability Density Function  



  

Phase association and event detection → EDT  

picks (phase arrivals, noise, ...)

grid, velocity model
cells with common 

origin time 
=    

Equal Differential Time

pick time – travel time 
→ origin time est

time



  

EDT

RMS/L2 RMS/L2 

perfect data (6 obs) 1 outlier data (err=10σ )

all residuals ~ σall residuals ~ 0

all residuals ~ 0

EDT

residual outlier ~ 10σ
other residuals ~ 0

RMS/L2 vs EDT with outlier data  



  



  

 3.  New perspectives in observatory analysis: 
Illustrative examples of global-search earthquake 
location
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2P phases (2 stations) 2P and 2 S phases (2 stations)

Few available stations 

linearized – 68% 
confidence ellipsoid

global search –
probability density function (PDF)



  

3P phases (3 stations) 5P and 3S phases (5 stations)

Few available stations (cont) 



  

P-wave arrival times at 7 stations

Stations to one side of the event 



  

P arrival times only P and S arrival times

Stations far from the event 



  

no outliers two arrival-time outliers

Incorrect picks and phase id - outlier data: L2-norm 



  

no outliers two arrival-time outliers

Incorrect picks and phase id - outlier data: EDT 



  

L2-norm EDT

Incorrect velocity model 



  

Original location Location with corrected times

Station corrections 



  

 3.  New perspectives in observatory analysis: 
Illustrative examples of global-search earthquake 
location

Evolutionary, early-warning location

 Real-Time Earthquake Location 



  

Evolutionary Location – 2006.01.08 M6.8 Greece  

Early warning scenario:

How early before S wave 
arrival in Athens (tS) can the 
location be determined?

OT tS

Athens
t

now -10 s-20 s-30 s

Satriano, C., A. Lomax and A. Zollo (2008)

200 km

Athens



  

Evolutionary Location – 2006.01.08 M6.8 Greece  

Athens

OT tS

Athens
t

now -10 s-20 s

200 km

Athens



  

Evolutionary Location – 2006.01.08 M6.8 Greece  

AthensAthens

OT tS

Athens
t

now -10 s-20 s

200 km 200 km

RTLoc: useful 
constraint



  

Evolutionary Location – 2006.01.08 M6.8 Greece  

OT tS

Athens
t

now -10 s-20 s

200 km 200 km

AthensAthens



  

Evolutionary Location – 2006.01.08 M6.8 Greece  

OT tS

Athens
t

now -10 s

200 km 200 km

AthensAthens

NLLoc: useful 
constraint



  

Evolutionary Location – 2006.01.08 M6.8 Greece  

OT tS

Athens
t

now -10 s

200 km 200 km

AthensAthens



  

 3.  New perspectives in observatory analysis: 
Illustrative examples of global-search earthquake 
location

Real-time display of derived quantities:
Tsunami early-warning

 Real-Time Earthquake Location 



  

Responding 
stations

Stations with 
active warning

Time history of 
warning levels

Tsunami early-
warning based on 

rupture duration > 50s 



  



  



  

P-wave front

Event associated 
and located



  



  

< 10 min after OT: 
unlikely tsunamigenic
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