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Tsunami	
  Warning	


Far-­‐field	
  tsunamis	
  	
  (several	
  hours	
  or	
  more)	
  
•  Seismic	
  wave	
  analysis	
  
•  Tsunami	
  monitoring	
  
•  Accurate	
  es:ma:on	
  of	
  arrival	
  :me	
  and	
  heights	
  
•  Technical	
  improvement	
  of	
  tsunami	
  travel	
  :mes	
  
	
  
Near-­‐field	
  tsunamis	
  (less	
  than	
  an	
  hour)	
  
•  Quick	
  es:ma:on	
  of	
  earthquake	
  size	
  and	
  tsunami	
  poten:al	
  
•  Possibili:es	
  of	
  giant	
  earthquake	
  or	
  “tsunami	
  earthquake”	
  



The	
  2011	
  Tohoku	
  earthquake	
  tsunami	
  



The	
  2010	
  Chile	
  earthquake	
  tsunami	
  



Normalized at 4 km depth ocean 
Average of 26 stations for 2011 Tohoku and  
20 stations for 1010 Chile tsunami 

Trans-­‐oceanic	
  Tsunami	
  Waveforms	


Phase	
  velocity	
  measurements	




Trans-­‐oceanic	
  Tsunami	
  Waveforms	


6	


Effects	
  of	
  
elas:city	
  of	
  the	
  earth	
  
compressibility	
  of	
  sea	
  water	
  
gravita:onal	
  poten:al	
  

effect of the bottom deformation by ocean loading in the time domain finite difference simulation of long
waves as a spatiotemporally variable correction to bathymetry. The initial negative phases are discussed in
sections 2.2 and 4.1.

3.3. Tsunami Normal Mode of a 1-D Self-Gravitating Elastic Earth Model

The normal mode theory, which simultaneously takes into account the elastic, buoyancy, and gravity forces
in an entire spherically symmetric Earth model, was developed and applied to tsunamis propagating in
1-D ocean/Earth models by Ward [1980] and Okal [1982]. In the normal mode theory, eigenfunctions and
eigenfrequencies are first obtained for a tsunami propagating on an elastic Earth, then the dispersion

relation of the phase velocity c of the modal branch is plotted as a function of frequency c ωð Þ ¼ ω
k ¼ ωa

lþ0:5 ,

where ω is the angular frequency and k is the horizontal wave number, which is related to l, the angular
order of the spheroidal mode, through the Jeans relation, k= (l + 0.5)/a, where a is the radius of the Earth
including the ocean layer [Watada and Kanamori, 2010]. Once the excitation of the normal modes for
a given seismic source is formulated, the method of computing synthetic ground motion is equally
applicable to computing tsunami waveforms for a given tsunami source. Ward [1980] and Okal [1982]
took this approach and used the normal mode method to compute tsunami waveforms for an elastic
self-gravitating 1-D Earth model covered by an ocean layer excited by a point source expressed as a seismic
moment tensor in the solid Earth.

A modified 1-D preliminary reference Earth model (PREM) [Dziewonski and Anderson, 1981], which originally
had a 3 kmdeep ocean layer, was adopted by replacing the top 1 km of the crust layer with seawater, so that
the ocean layer becomes 4 km thick while the radius of the Earth model is unchanged. This modification
negligibly reduces gravity at the surface, because the total mass of the Earth becomes smaller by the
replacement of crustal material with seawater.

The tsunami dispersion relation at the large periods shown in Figure 5a is slightly different from the
dispersion relation for the 4 kmdeep ocean in Ward [1980, Figure 1], in which a much larger phase velocity
reduction is plotted. The difference probably reflects the fact that Ward [1980] used the ocean parametric
Earth model (PEM-O) which has a 1 km layer of loose sediment, whereas PREM does not have such a layer.

The normal mode theory includes the effect of the elasticity of the solid and fluid layers (ocean and outer
core) and the gravitational potential variation caused by the mass redistribution associated with the
tsunami motion in the Earth. Inclusion of these effects reduces the tsunami phase speed at long periods
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Figure 5. (a) Dispersion relations of the tsunami phase velocity computed for various spherical Earth models, all with
an ocean layer with D = 4 km. The dashed line represents a nondispersive constant long-wave tsunami speed given
by ω=k ¼

ffiffiffiffiffiffi
gD

p
, where g = 9.822 m/s2. The dash-dotted line expresses the linear surface gravity wave given by

ω=k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g=k tanh kD

p
. The black line was computed for the PREM with a 4 km deep ocean layer, not for an isotropic

PREM. The blue, green, and red lines were computed for the modified PREM models; see the text for the details of
each modification. All normal modes were computed with the physical dispersion defined in the PREM model. (b)
Difference of the three modified PREM phase velocities relative to the RREM with a 4 km deep ocean.
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Phase	
  correc:ons	
  to	
  	
  
simulated	
  waveforms	
  
	
  (Watada	
  et	
  al.,	
  2014	
  JGR)	
  



Tsunami	
  Warning	


Far-­‐field	
  tsunamis	
  	
  (several	
  hours	
  or	
  more)	
  
•  Seismic	
  wave	
  analysis	
  
•  Tsunami	
  monitoring	
  
•  Accurate	
  es:ma:on	
  of	
  arrival	
  :me	
  and	
  heights	
  
•  Technical	
  improvement	
  of	
  tsunami	
  travel	
  :mes	
  
	
  
Near-­‐field	
  tsunamis	
  (less	
  than	
  an	
  hour)	
  
•  Quick	
  es:ma:on	
  of	
  earthquake	
  size	
  and	
  tsunami	
  poten:al	
  
•  Possibili:es	
  of	
  giant	
  earthquake	
  or	
  “tsunami	
  earthquake”	
  



TOWS-­‐WG	
  Inter	
  ICG	
  Task	
  Team	
  on	
  	
  
Hazard	
  Assessment	
  Related	
  to	
  Highest	
  Poten:al	
  

Tsunami	
  Source	
  Areas	
  	


Our	
  tasks	
  are:	
  

•  Summarize	
  current	
  knowledge	
  on	
  “tsunami	
  earthquakes”	
  

•  Present	
  selected	
  studies	
  on	
  tsunami	
  hazard	
  assessment	
  
and	
  review	
  how	
  maximum	
  credible	
  earthquake	
  size	
  and	
  
likelihood	
  have	
  been	
  incorporated.	
  

•  Discuss	
  how	
  different	
  approaches	
  can	
  be	
  harmonized.	
  

•  Work	
  towards	
  a	
  consensus	
  on	
  best	
  prac:ces	
  for	
  tsunami	
  
hazard	
  assessments.	
  	
  
	
  



Tsunami	
  earthquakes	




Tsunami	
  earthquake:	
  	
  the	
  1896	
  Sanriku	
  tsunami	
  

Weaker	
  ground	
  shaking	
  than	
  the	
  2011	
  Tohoku	
  earthquake	
  
Tsunami	
  heights	
  were	
  similar	
  
More	
  casual:es	
  (~	
  22,000	
  )	
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Fujii	
  and	
  Satake	
  	
  
	
  	
  	
  (2008,	
  EPS)	
  
Satake	
  et	
  al.	
  	
  
	
  	
  (2013,	
  Pageoph)	


	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M	
  7.7	
  
25	
  Oct.	
  2010	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M	
  8.5	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  12	
  Sep.	
  2007	
  

1994	

2006	


2010	


Tsunami	
  earthquake:	
  	
  the	
  2010	
  Mentawai	
  Eq.	
  



Tsunami	
  earthquakes	
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Can	
  “tsunami	
  earthquake”	
  happen	
  any	
  subduc:on	
  zones	
  ?	
  
How	
  can	
  we	
  iden:fy	
  “tsunami	
  earthquakes”	
  in	
  real-­‐:me	
  ?	


Newman	
  and	
  Okal	
  (1998)	

Slowness	
  Parameter	


Figure	
  made	
  by	
  Emile	
  Okal	
  (2015)	




Maximum	
  earthquake	
  size	
  

in	
  the	
  world’s	
  subduc:on	
  zones	




What	
  controls	
  the	
  maximum	
  earthquake	
  size	
  ?	
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Age	
  and	
  convergence	
  rate	
  of	
  subduc:ng	
  plate	
  now	
  seem	
  to	
  have	
  weak	
  control	




Can	
  any	
  subduc:on	
  zone	
  host	
  M~9	
  earthquake?	
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Faster	
  subduc:on	
  	
  	
  	
  	
  	
  shorter	
  recurrence	
  interval	
  	
  	
  	
  	
  	
  more	
  chance	
  to	
  be	
  observed	
  
Slower	
  subduc:on	
  	
  	
  	
  	
  longer	
  recurrence	
  interval	
  	
  	
  	
  	
  	
  	
  less	
  chance	
  to	
  be	
  observed	


McCaffrey	
  (2008	
  Geology)	
  	
  
“Global	
  frequency	
  of	
  M	
  9	
  earthquakes”	




Es:ma:on	
  of	
  Mmax	
  from	
  seismicity	
  data	
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Kagan	
  (2002)	


Truncated	
  GR	
   	
  Mt
	
  :	
  truncated	
  	
  moment	
  

	
  	
  	
  	
  	
        Φ(𝑀)= ​​(​​𝑀↓0 /𝑀 )↑𝛽 − ​(​​𝑀↓0 /​𝑀↓𝑡  )↑𝛽 /
1− ​(​​𝑀↓0 /​𝑀↓𝑡  )↑𝛽  	
  	
  	
  	
  	
  	
  for	
   ​𝑀↓0 ≤𝑀≤ ​𝑀↓𝑡 	


Tapered	
  GR	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Mc
	
  :	
  corner	
  	
  moment	
  

	
  	
                Φ(𝑀)= ​(​​𝑀↓0 /𝑀 )↑𝛽 exp(​​𝑀↓0 −𝑀/​𝑀↓𝑐  )	
  	
  	
  	
  	
  	
  	
  for	
   ​𝑀↓0 
≤𝑀≤∞	


GR	
  for	
  moment	
  M 	
  	
  	
  	
  	
  	
  M0
	
  :	
  threshold	
  moment,	
  β	
  =	
  b	
  /	
  1.5	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  Φ(𝑀)= ​(​​𝑀↓0 /𝑀 )↑𝛽 	
  	
  	
  	
  	
  	
  	
  	
  for	
   ​𝑀↓0 ≤𝑀≤∞	


Gutenberg-­‐Richter	
  
rela:on	
  	
  for	
  magnitude	
  	
  
	
  
log	
  N	
  =	
  a	
  –	
  b	
  m	




Es:ma:on	
  of	
  Mmax	
  from	
  seismicity	
  data	
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Observed	
  (Global	
  CMT	
  catalog)	

Gutenberg-­‐Richter	


Tapered	
  GR	
  Mc
	
  =	
  9.4	


Tapered	
  GR	
  Mc
	
  =	
  8.7	


Maximum	
  likelihood	
  es:mate	
  
of	
  parameters	
  β	
  and	
  Mc	


Kagan	
  and	
  Jackson	
  (2013	
  BSSA)	
  
“Tohoku	
  earthquake:	
  A	
  surprise	
  ?”	


Slope	
  β	
  is	
  well	
  constrained,	
  	
  
but	
  Mc	
  is	
  not	
  	




GEM	
  report:	
  an	
  amempt	
  to	
  es:mate	
  Mmax	




Maximum	
  earthquake	
  size	
  

around	
  Japan	




Variability	


Ver.	
  1	
  (September	
  2001)	
 Ver.	
  2	
  (May	
  2013)	

M9.1	
  

M8.7	
  

M8.6	
  

M8.4	
  

Max	


•  Based	
  on	
  recent	
  events	
  with	
  
enough	
  geophysical	
  data	
  

•  Characteris:c	
  earthquake	
  
model	
  (Similar	
  size	
  events	
  
repeat	
  with	
  similar	
  interval)	


Size	
 30	
  yr	
  prob	


Nankai	
  
Trough	
 M8～M9	
   60	
  -­‐	
  70%	


Size	
 30	
  yr	
  prob	


Tonankai	
 M~8.1	
 ~	
  50%	
  	
  
（70-­‐80%	
  in	
  2013）	


Nankai	
 M~8.4	
 ~40%	
  
（60%	
  in	
  2013）	


Maximum	
  source	
  
based	
  on	
  geo-­‐
morphology,	
  historical	
  
data,	
  seismicity	
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ERC’s	
  	
  long-­‐term	
  forecast	
  of	
  Nankai	
  Earthquakes	


Next	
  
Event	


Source	
  
Area	




•  Two	
  types	
  of	
  characteris:c	
  eqs.	


Size	
 30-­‐yr	
  prob	


M~8	
  interplate	
  	
  
earthquake	


En:re	
  region	
  
(M7.9	
  -­‐	
  8.6)	
 0	
  -­‐	
  5%(※)	
  

1703	
  (M	
  8.2)	
  	
  
or	
  larger	
   ~	
  0%	
  

Size	
 30-­‐yr	
  prob	


1703	
  type	
 M	
  ~	
  8.1	
 ~	
  0	
  %	
  
（~	
  0%）	


1923	
  type	
 M~	
  7.9	
 0	
  -­‐	
  0.8%	
  
（0	
  –	
  2	
  %）	


1703	
  (Genroku)	
  and	
  1923	
  (Taisho)	
  types	
  
Probability	
  in	
  ()	
  is	
  as	
  of	
  2014	


Size	
  and	
  probability	
  have	
  uncertain:es	
  	
  

Next	
  Event	
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Source	
  
Area	


•  Maximum	
  source	
  area	
  
•  Variable	
  size	
  of	
  earthquakes	


※	
  Range	
  based	
  on	
  sta:s:cal	
  analysis	
  

ERC’s	
  forecast	
  in	
  Sagami	
  Trough	
  
Previous	
  (2004)	
 Recent	
  (2014)	


1703	
  (M	
  8.2)	


1923	
  (M	
  7.9)	
 Max	
  Size	


M~8	
  class	
  (7.9	
  –	
  8.6)	




Summary	


1.  Far-­‐field	
  tsunamis	
  (arrival	
  :mes,	
  waveforms)	
  can	
  be	
  accurately	
  
forecasted	
  within	
  a	
  few	
  hours	
  of	
  great	
  eq.	
  	
  

2.  For	
  near-­‐field	
  tsunami	
  warning,	
  possibility	
  of	
  “tsunami	
  
earthquakes”	
  and	
  possible	
  maximum	
  earthquakes	
  size	
  would	
  be	
  
useful	
  informa:on.	
  

3.  “Tsunami	
  earthquake”	
  may	
  occur	
  any	
  subduc:on	
  zones.	
  

4.  Maximum	
  earthquake	
  size	
  in	
  the	
  world’s	
  subduc:on	
  zones	
  are	
  
being	
  es:mated	
  by	
  various	
  methods,	
  such	
  as	
  paleoseismological	
  
data,	
  plate	
  convergence	
  rate/coupling	
  ra:o,	
  or	
  seismicity.	
  

5.  TOWS-­‐WG	
  Inter	
  ICG	
  Task	
  Team	
  is	
  summarizing	
  the	
  current	
  status	
  
of	
  the	
  above	
  research	
  for	
  tsunami	
  warning	
  opera:ons.	
  	
  

6.  Amempts	
  to	
  es:mate	
  Mmax	
  have	
  been	
  done	
  in	
  Japan.	
  


