


Scattering 

(Michel Campillo) 
 
 

Seismograms and regime of propagation/scaling 
From field to intensity and energy 

RTE  
Diffusion 

Consequences of scattering: equipartition and isotropization 
Scattering in the mantle 

 



Example of a record of a local earthquake in the band .5-20Hz 

time in s 

scale x 1000: 

time in s 

P wave 

S wave 

EQ 

coda 

Coda: tail, end of a piece of music…. 



Frequency-wavenumber analysis 

(Pinon Flat Seismometer Array) 

u(x,y) à  u(kx,ky)  



time in s 

Energy decay in the coda (Aki and Chouet, 1975) 
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gy
 

The decay is constant in a region, independently of source and receiver: Qcoda 



Coda Q in US (Singh and Herrmann, 1983) 





Appalachian (Hercynian) belt : Qc ~ 600 



Central shield : Qc ~ 1000 



Tectonically active western US: Qc=100-300 



Transient signals in a complex medium……. 



Les régimes de propagation
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Propagation regimes  

wavelength  λ  

mean free path  l  

Propagation 
length L 

incident wave  

Correlation length of the 
heterogeneity a  

transmitted wave coherent field 

Multiply scattered 
waves incoherent field 

coherent wave   single to multiple scattering  equipartition   
 
mean field   radiative transfer    Diffusion 
 





Ensemble average 

Exponential form of decay: exp-r/2l to be compared with attenuation 



l=1/nσ 



(averaged in φ for S polarisation) 

Differential cross sections of scattering and conversion for a 
sphere of radius a 

kaà0 : Rayleigh 
approximation 

ka=1.2 ka=1.6 ka=2.0 



Introduction to Radiative Transfer

Solutions of the Radiative Transfer Equation

Applications of Radiative Transfer

The specific intensity

dS

✓

d2k̂

Angularly-resolved energy flux

through a surface

Definition

I(!, t, r, k̂)⇥ dS ⇥ cos(✓)⇥ dt ⇥
d! = Amount of energy within
the frequency band [!,! + d!]
flowing through dS around
direction k̂ during time dt
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Radiative transfer equation 



Introduction to Radiative Transfer

Solutions of the Radiative Transfer Equation

Applications of Radiative Transfer

The Equation of Radiative Transfer

Scalar Case

✓
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I
p(k̂, k̂0)I(t, x, k̂0)d2k̂ 0

l s : scattering mean free path
la: absorption length

c : wave speed
p(k̂, k̂0): scattering anisotropy

Loss Gain�I = Iout � Iin

Iin
Iout

cdt
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Propagation regimes and description of energy 

Single Diffraction (short times) 

 diffusion (long lapse times) 

Radiative Transfer Equation 
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(averaged in φ for S polarisation) 

Differential cross sections of scattering and conversion for a 
sphere of radius a   

kaà0 : Rayleigh 
approximation 

ka=1.2 ka=1.6 ka=2.0 



Propagation regimes and description of energy 

Single Diffraction (short times) 

 diffusion (long lapse times) 

Radiative Transfer Equation 
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The radiative transfer equation 

« particle analogy » 
 
propagation under the 
ray theory assumptions  

parameters: lP, lS ..., differential cross-sections 





ρ 

δ 



forward 

backward 

stabilization 

isotropy 



Regional seismograms 

Lg 



Observations at distances between 150 and 800 km!!  



Diffuse waves 



Searching for a marker of the regime of scattering... 
 
Equipartion principle for a completely randomized (diffuse) wave-field: in average, all the 
modes of propagation are excited to equal energy. 
 
Implication for elastic waves (Weaver, 1982, Ryzhik et al., 1996): P to S energy ratio stabilizes 
at a value independant of the details of scattering! 

RTE Monte Carlo 

Diffusion equation 

Numerical simulation 

Observations 



kaà0 : Rayleigh 
approximation 

S 
P 

Cross sections 

total energy 
vs 

diffusion app. 

Energy  ratio 

time time 

Numerical solutions of the RTE 

Margerin et al., 2000 



ka=1.6 

P S 

total energy 
vs 

diffusion app. 

Energy  ratio 

time time 

Cross sections 
RTE solutions  (Monte Carlo) 



ka=2.0 

P 
S 

Cross sections 

total energy 
vs 

diffusion app. 

Energy  ratio 

is the same for 
different 

values of ka time time 





S to P Energy ratio as a marker of the regime of scattering... 

 
Gi, j (

R,

S,t) = εn

n
∑ Φn (


R)exp(−iΩnt)

where εn  are random independent variables (finite body) 
 
(ldos) 

Independent of the position in a full space with homogeneous 
reference 











Direct waves 





  

ENERGY RATIO DATA
 THEORY FULL 

SPACE

THEORY HALF 
SPACE BULK 

WAVES

THEORY HALF 
SPACE with 
RAYLEIGH 

WAVES

S/P 7.3 10.39 9.76 7.19

K/(S+P) 0.65 1 1.19 0.534

I/(S+P) -0.62 0 -0.336 -0.617



 
For asymptotically long lapse time (diffusion), the disorder produces 
 a completely randomized wave-field. such that , all the modes of 
propagation are excited in average to equal energy (the equipartition 
principle). 

Numerical example:
2D scalar waves 
 
 
 
èintensity isotropy 



Propagation regimes and description of energy 

Single Diffraction (short times) 

 diffusion (long lapse times) 

Radiative Transfer Equation 
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Coda of regional 
seismograms 



Observations at distances between 150 and 800 km!!  



Low order scattering 

requires radiative transfer equation 



Influence of the value of mantle mean free path 

Leakage of energy in the mantle 

RTE simulations 







With dissipation 

Q > 1000 

l(f) in the range 
20-80 km 

observations 

RTE solutions 



time in s 

Energy decay in the coda (Aki and Chouet, 1975) 
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Hétérogénéité à grande profondeur

Précurseurs des PKIKP

Precurseurs

Zone d’Ombre

Margerin & Nolet, 2003
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 N. J. Mancinelli and P. M. Shearer 
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Fit of the observations with RTE 
and heterogeneity in the whole 
mantle described by a  Henyey 
and Greenstein (H-G) correlation 
function.  
 
Perturbations are of the order of 
0.1%, correlation length is model 
dependent but the heterogeneity 
is rich in small scales (0.1-10km). 
 
mft of the order of 103s 

Margerin and Nolet, 2003 
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