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Early Warning: Seismic waves carry first information

Mw9.1, Tohoku, Japan 2011

P-wave
OT+5min

Tsunami wave
OT+30min

from: Nathan C. Becker, PTWC-NOAA, 2012
http://youtu.be/sCyOfQzCnGw



  

Rapid rupture model: W-Phase CMT inversion (20m+)

20min after O.T: USGS (6 channels) Mw=9.0
22min after O.T: PTWC (29 channels) Mw=8.8
30min after O.T.: PTWC (74 channels) Mw=8.8
...

Duputel et al., 2011

W-phase

s

3/11/2011 (Mw 9.0), Tohoku-oki, Japan

P



  

Rapid rupture model: Coastal GPS networks (5m+ ??)

Blewitt et al., 2012; Singh et al., 2012



  

Tsunami size depends on seafloor uplift

earthquake rupture

→ tsunami

→ seafloor
uplift

→ ocean
displacement
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rupture 2

rupture 1

Seafloor uplift not directly related to seismic moment

moment
M01 ≈ M02

“seismic”
       faulting model
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seafloor    uplift

seafloor uplift

rupture 2

rupture 1

moment
M01 ≈ M02

“seismic”
       faulting model

Seafloor uplift not directly related to seismic moment



  

Dominant period Td and apparent duration T0, T50Ex 

P P+60sTd

T50Ex
T50Ex

Tsunamigenic S

2006, Mw7.7
Indonesia tsunami earthquake

broadband

HF 1-5Hz

T0>>50s

Td – dominant period of early P-waves

T0 – duration of high-frequency P-waves

T50Ex – early estimate if T0 exceeds 50s

1 min

50s



  

Dominant period Td and apparent duration T0, T50Ex 

50s

50s

P P+60s

P P+60s

Td

Td

T50Ex

T50Ex

T50Ex

Tsunamigenic

2009, Mw7.6
Tonga Islands

Non-Tsunamigenic

T0<<50s

S

 S

broadband

HF 1-5Hz

2006, Mw7.7
Indonesia tsunami earthquake

broadband

HF 1-5Hz

1 min

T0>>50s
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seafloor    uplift

seafloor uplift

rupture 2

rupture 1

TdT0 and TdT50Ex are good indicators for seafloor uplift

rapid measures:
TdT50Ex1 >> TdT50Ex2

“tsunami” faulting model

moment
M01 ≈ M02

“seismic”
       faulting model
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Tsunamigenic earthquakes: the Td∙T0 discriminant

T

Td∙T0 discriminant → OT+5-10mMwCMT → OT+20m+

TdT0=510s2

“tsunami importance”
0-20 scale

Mw=7.45
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tsunami impact measures derived from: NOAA/WDC Historical Tsunami Database



  

Tsunamigenic earthquakes: the Td∙T0 discriminant

0.02 0.2 2 20
6.0

6.5

7.0

7.5

8.0

8.5

9.0

BB T

W?

So

  

U

  

 

T
  

 

S
 

 

 So 

R

 

 

U?
U?

 

IT?

 

 

 

T

 

 

 

 

 

 
 

 

 

 
 

 

 
 

O

 

 

 

 T

 

 

O

At (m)

M
w

C
M

T

0.02 0.2 2 20
50

500

5000

B
B

T

W?

So

 
 

U

 

 

 
T

  

 

S  

 

 

So

 

R

 

 

U?

U?

 

IT?

 

 
 

T

 

 

 

 
 

 

 

 

 
 

 

 
 

 
O

 

 

 

 T

 

 

O

At (m)
Td

To

T

TdT0=510s2

tsunami amplitude at 100km

Mw=7.45

T
T

T T
T

T
T

lin
ea

r T
dT

o 
vs

. A
t

lin
ear M

o vs. A
t

tsunami amplitude measures derived from: NOAA/WDC Historical Tsunami Database
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seafloor    uplift

seafloor uplift

rupture 2

rupture 1

TdT0 and TdT50Ex are good indicators for seafloor uplift

rapid measures:
TdT50Ex1 >> TdT50Ex2

“tsunami” faulting model

moment
M01 ≈ M02

“seismic”
       faulting model

T0 =
L/Vr

Td,T0



  

Mwpd – rapidly gives true size of large earthquakes

M0 estimate: integral of 
displacement over duration T0

Mwpd
     OT+5-10min

HF 1-5Hz

ground-displacement

P S

S

Mwp

T
0

Mwpd

2007, Mw8.4 Sumatra
2 min

X Not applicable in strong surface wave

     coda from proceeding large earthquake.



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+6min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

Early-est realtime monitor 
   early-est.rm.ingv.it

Early-est realtime monitor 
   early-est.rm.ingv.it



  

Early-est – EArthquake Rapid Location sYstem with EStimation of Tsunamigenisis 

SeedLink data collection:
   C, libslink,
   300 channels, 20-100 Hz,
   INGV, GFZ, IRIS, IPGP

→ RT latency 2-40 sec

SeedLink data collection:
   C, libslink,
   300 channels, 20-100 Hz,
   INGV, GFZ, IRIS, IPGP

→ RT latency 2-40 sec



  

Data collection + 
     processing (C), 
300 channels →

3%CPU

Data collection + 
     processing (C), 
300 channels →

3%CPU

Early-est – EArthquake Rapid Location sYstem with EStimation of Tsunamigenisis 



  

C, BASH, HASH (Fortran),  
   Python, GMT.
HTML, JPG, PDF, XML,... 

→ 100% CPU

C, BASH, HASH (Fortran),  
   Python, GMT.
HTML, JPG, PDF, XML,... 

→ 100% CPU

Early-est – EArthquake Rapid Location sYstem with EStimation of Tsunamigenisis 



  

Early-est – EArthquake Rapid Location sYstem with EStimation of Tsunamigenisis 

HTML, JPG, PDF, 
JavaScript, Web-Services

HTML, JPG, PDF, 
JavaScript, Web-Services



  

Early-est – EArthquake Rapid Location sYstem with EStimation of Tsunamigenisis 

HTML, JPG, PDF, 
JavaScript, Web-Services

HTML, JPG, PDF, 
JavaScript, Web-Services



  Last Event Location (zoom)Earthquake Locations

Earthquake Magnitude Histograms

Earthquake
Parameters

Picks and Tsunamigenic Assessment

Early-est Earthquake Monitor – Graphical Display: Overview

Current time



  

Early-est Earthquake Monitor – Graphical Display: Event Location

P-wavefront at current time

S-wavefront at current time

Epicentral location
color → Td*T50Ex value

Station with tsunamigenic measures
 color upper triangle → T50Ex value
color lower triangle → Td value

Station with
latency ≤ 1min

Station with
associated pick

Association uncertainty
(cloud of points)

Major faults and plate boundaries

Station with
latency > 1min



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+0min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

Devastating  mega-quake and tsunami,
Tsunami arrives at coast: ~OT+35min

Devastating  mega-quake and tsunami,
Tsunami arrives at coast: ~OT+35min

Early-est realtime monitor 
   early-est.rm.ingv.it

Early-est realtime monitor 
   early-est.rm.ingv.it



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+1min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+2min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

event locatedevent located



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+3min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+4min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

high 
tsunami 

potential

high 
tsunami 

potential high magnitudeshigh magnitudes



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+5min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+6min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

very high 
tsunami 

potential

very high 
tsunami 

potential Mwpd 9.2Mwpd 9.2T0 164sT0 164s

focal 
mechanism

focal 
mechanism



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+7min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+8min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+9min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it



Real-time simulation: Mw9.1, Tohoku, Japan 2011   OT+10min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

very high 
tsunami 

potential

very high 
tsunami 

potential Mwpd 9.1Mwpd 9.1T0 144sT0 144s

focal 
mechanism

focal 
mechanism



off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

Locally devastating, 
slow, “tsunami” earthquake,

Tsunami arrives at coasts: ~OT+15-40min

Locally devastating, 
slow, “tsunami” earthquake,

Tsunami arrives at coasts: ~OT+15-40min

Real-time simulation: Mw7.8, Mentawai 2010           OT+0min



Real-time simulation: Mw7.8, Mentawai 2010           OT+4min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

event locatedevent located

high 
tsunami 

potential

high 
tsunami 

potential high magnitudeshigh magnitudes



Real-time simulation: Mw7.8, Mentawai 2010           OT+7min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

high 
tsunami 

potential

high 
tsunami 

potential Mwpd 7.7Mwpd 7.7T0 128sT0 128s

focal 
mechanism

focal 
mechanism



Real-time simulation: Mw7.8, Mentawai 2010           OT+10min

off-line simulation of Early-est realtime monitor - early-est.rm.ingv.it

high 
tsunami 

potential

high 
tsunami 

potential Mwpd 7.7Mwpd 7.7T0 119sT0 119s

focal 
mechanism

focal 
mechanism
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Further information:

 early-est.rm.ingv.it      early-est.alomax.net 
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Conclusions

We present procedures using real-time seismogram data 
currently available for most parts of the world to: 

 

1) Estimate within 5 min after an earthquake occurs 
the potential of the earthquake to generate a 
significant tsunami

 

2) Determine within 10 min after an earthquake 
occurs an accurate magnitude, Mwpd, giving the 
true size of very large earthquakes

 

3) Provide basic faulting parameters to aid in early 
tsunami forecast modeling

  

4) Do fast, real-time data collection and processing, 
and interactive, web-based display of results

 

http://early-est.alomax.net/




Real-time: Mw9.1, Tohoku, Japan 2011   OT+7min



Real-time: Mw9.1, Tohoku, Japan 2011   OT+15min



Real-time: Mw8.6, Sumatra 2012           OT+5min



Real-time: Mw8.6, Sumatra 2012           OT+10min
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