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Overview
Large scale Seismology:

an observational field

Data (Seismic source) + Instrument 
(Seismometer) -> Observations (seismograms)
Historical evolution: Ray theory, Normal mode 
theory, Numerical techniques (SEM, NM-SEM)
Scientific Issues: Earthquakes (Sumatra-
Andaman), Anisotropic structure of the Earth
NM-SEM and time reversal
Tomographic Technique
Seismic Experiment: Plume detection







Banda Aceh

before

after



Seismic Instruments

Seismoscope
(China -100BC)

Broadband
Seismometer
(1mHz-20Hz)
(Cacho, 1998)



Principle of a Seismometer



Chile Earthquake (22 may 1960) recorded at Paris (IPGP)



Chile earthquake (may 22 1960) recorded at Paris (IPGP)



First observations of free oscillations of the Earth

Frequency Peaks not well understood

Theory was incomplete



Broadband Seismometer
Streckeisen STS1: 0.05s< T< 5000s



Butler et al., 2004



3 components 
frequency range: 1mHz-20Hz

Period range: 0.05-1000s
Chile July 30, 1995, Ms=8.3



Chile earthquake   magnitude= 7.3
Epicentral distance = 12,300km-depth 20km

T>10s

Rayleigh

T>0.2s



Rayleigh

Rayleigh

Love

Chile Earthquake Jul. 1995





Global NetworksGlobal Networks





Ocean Bottom ObservatoriesOcean Bottom Observatories

=>=> International Ocean networkInternational Ocean network
(I.O.N.)(I.O.N.)

••2/3 of the 2/3 of the EarthEarth are are coveredcovered by water.  by water.  
•• seafloorseafloor seismometersseismometers enableenable::

–– To To investigateinvestigate oceanicoceanic regionsregions withwith a a betterbetter
resolutionresolution
–– To To fillfill gaps in the global gaps in the global coveragecoverage

NERO (joint FrenchNERO (joint French--Japanese Project)Japanese Project)



ION (International Ocean network) France, Italy, Japan, UK, U.S.

I.O.N.

International Ocean Network



Montagner et al., 1994

OFM: Ocean 
bottom 
station



M.O.I.S.E (JuneM.O.I.S.E (June--Sept. 1997)Sept. 1997)
(Monterey bay Ocean bottom International Experiment)(Monterey bay Ocean bottom International Experiment)

MBARI, UC Berkeley, IPG-Paris, UBO-Brest



Multiparameter signals



Deconvolution of the seismic signal from the 
pressure influence



NERO: 
Scientific Interest

Global scale

- To fill a gap in global 
station coverage

-To improve global 
tomographic model 
resolution

- To improve azimuthal
distribution in 
determination of large 
earthquakes focal

Karason & van der Hilst, 2003

NERO o



NERO observatory
(in 2008)



Overview
Large scale Seismology:

an observational field
Data (Seismic source) + Instrument 
(Seismometer) -> Observations (seismograms)

Historical evolution: Ray theory, Normal mode Historical evolution: Ray theory, Normal mode 
theory, Numerical techniques (SEM, NMtheory, Numerical techniques (SEM, NM--SEM)SEM)

Scientific Issues: Earthquakes (Sumatra-
Andaman), Anisotropic structure of the Earth
NM-SEM and time reversal
Tomographic Technique
Seismic Experiment: Plume detection



Hypothesis: Elastic Medium

σij = Cijkl εkl

Where εkl is the strain tensor, σij the stress tensor

Cijkl the elastic tensor: 81 elastic moduli

Symmetries of εkl, σij and of the strain energy 
W= 1/2 σij εij => 21 independent elements
Isotropic case:
Cijkl = λ δij δkl + µ (δik δjl + δil δjk)

λ , µ are Lamé parameters



In the isotropic case, 2 solutions:
S-wave
P wave

Elastodynamic equation
�∂j(Cijkl ∂k ul) - ρ ∂tt ui =0

In heterogeneous media, comparison between
Wavelength λ and scale of heterogeneity Λ



������λ∼  Λ or λ>> Λ

Λ heterogeneity scale, λ wavelength

λ << Λ

wavefrontswavefronts

rays
Diffracted waves



Duality wave - particle:

λ seismic wavelength
Λ scale heterogeneity

Particle: Ray theory (XXth century)
λ<< Λ

Wave: Normal mode theory (>1970)



RAY PATHS INSIDE THE EARTH

Bolt, 1993



Epicentral distance Shearer, 1997

Ti
m

e



Jeffreys, 1939



Duality wave - particle:

λ seismic wavelength
Λ scale heterogeneity

Particle: Ray theory (XXth century)
λ<< Λ

Wave: Normal mode theory (>1970)



Kurils islands 1994-277 Ms=8.3

|__| 3hours

East-West component

North-South component

Vertical component



Kurils islands 1994-277 SCZ-VLP
Spectra 3 hours

Frequency (mHz)Frequency (mHz)



Spheroidal modes       P-SV

Spheroidal modes      P-SV

Toroidal modes SH

Frequency (mHz)Frequency (mHz)



Elasto-dynamic equation
ρ∂ttu0i = ∂jσij + ρ gi + Fi (+ Fsi +…)
Which can be rewritten:
ρ∂ttu0 = H0u0 (+ Fs)

H0 is an integro-differential operator

1D-Reference Earth Model:
M0(r), ρ(r ), VP(r), Vs(r)
(PREM, Dziewonski and Anderson, 1981
or IASP91, Kennett and Engdahl, 1991)



ρ∂ttu0 = H0u0 (+ Fs)

Eigenfrequencies: nωl
Eigenfunctions: nul

m (r,t)= |n,l,m>
3 quantum numbers (k={n,l,m}) => uk(r,t)
∫ ρ uk* . uk  d3x = δij

H0 uk = ρ nωl
2 uk

Displacement:
u(r,t) = Σn,l,m nal

m |n,l,m> exp(-inωlt)

uk(r,t)= {U( r ) er+ V(r )eθ ∂θ + V(r )/sinθ eφ ∂φ } Yl
m (θ,φ)

+ {W(r ) eθ ∂φ - W(r ) eφ ∂θ } Yl
m (θ,φ)



1D-Reference Earth Model: 
M0(r), ρ(r ), VP(r), Vs(r)
(PREM, Dziewonski and Anderson, 1981)

ρ∂ttu0 + H0u0 = 0

Eigenfrequencies: nωl
Eigenfunctions: nul

m (r,t)= |n,l,m>

2 kinds of mode: Toroïdal nTl, Spheroïdal nSl

Degeneracy of eigenfrequencies nωl : 2 l +1



Spherical eigenfrequencies

Dispersion Branches 

Spheroïdal Modes Toroïdal modesnSl nTl

multiplet : (n,l) = 2l+1 singlets
singlet : (n,l,m)

n :  radial order
l : angular order
m : azimuthal order

( P-SV / Rayleigh) (SH / Love)



Spheroidal Modes



(35.6 min)



Study of Sumatra earthquake (26 december 2004)

GEOSCOPE and Source 
Investigations

(Roult and Clévédé, 2005 ; Park et al., Science, 2005)



Sumatra Earthquake

R1

R2

R3

26 december 2004, Mw=9.3, Ho=00h58’50’’



Sumatra-Andaman earthquake
26 December 2004

53.9’

44.2’

20.9’
δr=0.05mm

0T2
2S1

0S30S2

0T4

1S2

0S5

0S0

0S4 3S1 2S2

1S3

0T3

35.6’
STS1

Roult and Clévédé, 2005



mode 0S2  => splitting 5 singlets



mode 0S3



Estimation of the Sumatra earthquake size
(Park, ….Roult & Clévédé)

mode 0S0

mode 1S0

∆φ0 = 60° pour 0S0, 

∆φ0 ~119° pour 1S0

∆t ~ 200s, ∆ ∼ 1200km
f = 0.8146 mHz

f = 1.6292 mHz

∆φ0 = ω ∗ (t0
lf - t0

hf)

∆φ0

∆φ0

rapport data/synth

~2.01 pour 0S0
~1.60  pour 1S0

J.Park



Attenuation of some modes

->30d10d 20d

CRZF, Crozet, Indian Ocean

mode 0S0

mode 0S2
singlet m=+2

Q ~ 5300

Q ~ 500



Seismic Source
ρ∂ttu + H0u =  Fs

Displacement in point r at time t due to a force 
system FS at point source rS

eigenfrequencies: nωl
eigenfunctions: nul

m (r,t)= |n,l,m>

u(r,t) = Σn,l,m nal
m |n,l,m> exp(-inωlt)

Eigenfunction basis is a complete basis => any wave can be 

modelled by normal mode summation including surface waves

and body waves.



1D- Reference Earth Model

Synthetic Seismograms 
by normal mode 
summation uk(k={n,l,m}).

Source Term (uk .F)S = (M:ε)S

M Seismic moment tensor, ε deformation tensor

u(r,t) = Σk uk ( r ) cos ωkt /ωk
2 exp(-ωkt/2Qk) (uk.F)S



Beucler et al., 2003





Komatitsch and Tromp, 2003

Denali-Alaska 
earthquake (Nov. 2002)

Synthetic seismograms 
By normal mode 
summation



Duality wave - particle:
λ seismic wavelength
Λscale heterogeneity

Particle: RayRay theory                λ<< Λ

WaveWave: Normal mode theory (NM)    +
Perturbation theories (small amplitude of 3D-
heterogeneities)

Numerical Numerical modellingmodelling of wave equation
Strong or weak forms:                      λ≈ Λ
-Spectral Element Method (SEM)
-Coupled SEM-NM method



Capdeville et al., 2002

Spectral Element Method: D. 
Komatitsch (1999)



Overview
Large scale Seismology:

an observational field
Data (Seismic source) + Instrument (Seismometer) 

-> Observations (seismograms)
Historical evolution: Ray theory, Normal mode 
theory, Numerical techniques (SEM, NM-SEM)

Scientific Issues: Earthquakes Scientific Issues: Earthquakes 
(Sumatra(Sumatra--Andaman), Anisotropic Andaman), Anisotropic 
structure of the Earthstructure of the Earth
NM-SEM and time reversal
Tomographic Technique
Seismic Experiment: Plume detection



Seismic Source  StudiesSeismic Source  Studies
u(r,t) = Σk uk ( r ) cos ωkt /ωk

2 exp(-ωkt/2Q) (uk.F)S

Source Term (uk .F)S = (M:ε)S

M Seismic moment tensor, ε deformation tensor



Overview
Large scale Seismology:

Data (Seismic source) + Instrument (Seismometer) -
> Observations (seismograms)
Historical evolution: Ray theory, Normal mode 
theory, Numerical techniques (SEM, NM-SEM)
Scientific Issues: earthquakes (Sumatra-Andaman 
earthquake) 

NM-SEM and time reversal
Anisotropic structure of the Earth
Seismic Experiment: Plume detection



Time reversal 

1. Seismic displacement field u(r,t) can be calculated 
everywhere by the SEM-NM method
∂∂22u/u/∂∂tt22 = H.u= H.u

2. In the absence of attenuation, rotation, 
time invariance and spatial reciprocity

if u(t) is a solution, u(-t) is also a solution.

If we send waves with reversed time: 
How do they focus?



Refocusing at the source location by sending back signal ( - t) 
through the SAME medium from a small number of emitters



Seismic Source Imaging by time reversal

Method Principle:

Acoustic Source  -> receivers
Existence of transducers at the same time recorders and emitters
sending back signal in the same medium

How to apply this concept to seismic waves within the Earth?
1C (scalar) ->3C (elastic case)?
Limited number of receivers?
Realistic Propagating Medium? 1D1D--3D Earth3D Earth



Time reversal 

Seismic displacement field u(r,t) calculated 
everywhere by the SEM-NM method

It  is possible to backpropagate u(-t) or γ(-t)

Tests in 1D-model

1D PREM

Larmat et al., 2005

Very long periods
T> 200s



Event rupture Seismogram recording

Time reversal experiment Focusing



QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.

Synthetic test: Point sourceSynthetic test: Point source



QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.

Sumatra Earthquake 26/12/04 -NM-SEM



QuickTime™ and a
GIF decompressor

are needed to see this picture.

Sumatra

Synthetic Test
Normal modes:

Point  Source

Y. Capdeville



QuickTime™ and a
GIF decompressor

are needed to see this picture.

Sumatra

Synthetic test

Normal modes:

Extended 
source





QuickTime™ and a
GIF decompressor

are needed to see this picture.
Sumatra

Normal mode
Time reversal

Real Data



First conclusions

-Time reversal focus at the right time
(t0 ≈ -7000s)
- and at the right place

t= -6000s t= -7000s t= -7500s



Time reversal focus at the right time
(t0 ≈ -7000s)
And at the right place

t= -7000s



Can we get information about the history
Of the seismic rupture?

-time

latitude longitude



-time



Source Rupture Imaging

u(r,t) = Σk uk ( r ) cos ωkt /ωk
2 exp(-ωkt/2Qk) (uk.F)S

u(r, ω) = G (r,rS, ω) S(rS, ω)

G (r,rS, ω)  Fonction de Green
S(rS, ω) Fonction source

=> Reference source: delta function?







Diffˇr ents types de faillesŹ: strike-slipŹ: dˇ crochement, reverseŹ: inverse

Different types of faults



TIME REVERSAL
Application to real seismograms with broadband FDSN 
stations

Spatio-temporal Imaging of seismic source

Detection of unknown seismic sources (“quiet” , slow, 
glacial earthquakes, Seismic “Hum” of the Earth)

Applications to seismic Tomography- Detection of mantle 
plumes…



1000km

2000km

3000km

4000km

5000km

NERO

Hypocenters from 1973 to present

Fig. from Araki

OceanOcean BottomBottom
ObservatoriesObservatories


