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Crustal Coda Waves

Crustal Earthquakes in Japan

Space and Time Scales

Frequency > 1 Hz

Wavelength ∼ tens of meters
to kilometers

Mean free path??
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Inner Core Coda Waves

Vidale and Earle, Nature (2000)
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Mesoscopic physics with seismic waves

Equipartition (Hennino et al., PRL, 2001)

Weak localization (Larose et al., PRL, 2004)

Green function retrieval from coda waves (Campillo and Paul,
Science, 2003)

Green function retrieval from noise (Aki, Bull. Earthquake Res.
Institute, 1956 ; Shapiro and Campillo, GRL, 2004)
Tomography
Monitoring

Coda wave interferometry (Diffusing Acoustic Wave Spectroscopy)
(Poupinet et al., JGR, 1984; Sens-Schoenfelder and Wegler, GJI,
2006; Brenguier et al., Nature Geoscience 2007)

...
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Pynion Flats Observatory Array
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Data from California
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Array Analysis

Wagner, JGR, 103, 1998
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Stablization of Vertical to Horizontal Kinetic Energy Ratio
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V 2 =
t+T∫
t−T

ρω2u2z (ω, τ)dτ

H2 =
t+T∫
t−T

ρω2(u2x (ω, τ) + u2y (ω, τ))dτ
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Frequency-dependent V 2/H2 partition ratio
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Equipartition

“In a small frequency band, all the modes are excited to equal energy”
(Weaver, 1982)

Half Space

"Reference" Earth = Layered Half Space

vs1,d1,vp1,h1

vsi,di,vpi,hi

vsn,dn,vpn,hn

u (t, r) =
∑

n anφn(r)e−iωnt

"True" Earth = Disordered Half Space

vs1,d1,vp1,h1

vsi,di,vpi,hi

vsn,dn,vpn,hn

Half Space

u (t, r) =
∑

n an(t)φn(r)e−iωnt

Assumption: 〈an(t)a∗n′(t)〉 = σ2(t)δnn′

Consequence: 〈ui (xA, ω)uj(xB , ω)∗〉 ≈ C ImGij(xA, xB , ω)
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Theory vs Observations

Velocity Model
h1 = 4m

α1 = 300m/s
β1 = 150m/s

ρ1 = 2200kg/m3
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ρ∞ = 2700kg/m3
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Experimental Set-Up

L. Margerin (CNRS, Toulouse, France) Seismic Coda Waves Cargese 2010 16 / 35



Cross-correlation of coda waves

Cij(xa, xb, τ) =∫
ui (xa, t−τ/2)uj(xb, t+τ/2)dt

Source average

Reconstruction of Rayleigh and
Love waves fundamental mode

Temporal asymmetry
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Understanding the temporal asymmetry

Results from 2-D F.D. simulation
Early coda Late coda

d〈u(R− r/2, t − τ/2)u(R+ r/2, t + τ/2)〉
dτ

∝
E (R, t) [G (r, τ)− G (r,−τ)]− 3J(R, t) · ∇r [G (r, τ)− G (r,−τ)]

(B.V.T., PRL, 2003)
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GF reconstruction with the coda of noise based GF

X - 4 STEHLY ET AL: C
3

4 evaluations the Green function between EMV and GIMEL.
4) We average the results over the 100 stations that compose the network used.

3.1.2. Results

The result is presented in Figure 4 where we compare the Green function between
EMV and GIMEL reconstructed by correlating directly the noise recorded at these
two stations and the C3 function in the two period band 5-10s and 10-20s.

On the upper panel we show the noise correlation in black, and the C3 functions
averaged on all the 100 stations of the network. We show with different color the
C3 function computing using the coda waves selected on the positive correlation
time,on the negative correlation time, or a mix of the two. 0n the lower panel
we show in red the stack of the 4 C3 functions and in blue the noise correlation.
The agreement between the C3 functions and the noise correlation for the direct
Rayleigh wave is striking in the two period band and for both positive and negative
time.

This result show that it is possible to reconstruct the Green function between a
pair of distant station by computing the C3 function (i.e by correlating the coda
waves reconstructed by noise correlation). This proves that individual noise corre-
lation contains different parts of the Green function, including multiply scattered
waves. These waves are not usually visible on a single correlation due to the large
remanant fluctuations. It is remarkable to notice that the time window for which
is computed the correlation of coda waves is 100 times smaller than the one used
for correlating the noise.
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Figure 1. Upper panel: Green’s function between EMV
and GIMEL reconstructed by correlating one year of
noise records (black) and by correlating coda waves re-
constructed by noise correlations. We show with different
colors the C3 functions where the coda was selected on
the positive noise correlation time, negative time or a
mix of the two. Lower panel: Noise correlation function
between EMV and GIMEL (blue) and the stack of the 4
C3 function (blue).

3.1.3. Range-time representation of C3 functions
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Earthquake doublets

Same location

Same mechanism

Nearly identical waveforms

Drawback: no continuous
monitoring
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Repeated shots recorded on Merapi Volcano

Coda wave interferometry 1

Coda wave interferometry
An interferometer is an instrument that is sensitive
to the interference of two or more waves (optical
or acoustic). For example, an optical interferometer
uses two interfering light beams to measure small
length changes.

Coda wave interferometry is a technique for mon-
itoring changes in media over time using acoustic
or elastic waves. Sound waves that travel through
a medium are scattered multiple times by hetero-
geneities in the medium and generate slowly decay-
ing (late-arriving) wave trains, called coda waves.
Despite their noisy and chaotic appearance, coda
waves are highly repeatable such that if no change
occurs in the medium over time, the waveforms are
identical. If a change occurs, such as a crack in the
medium, the change in the multiple scattered waves
will result in an observable change in the coda waves.
Coda wave interferometry uses this sensitivity to
monitor temporal changes in strongly scattering
media.

There are many potential applications of coda
wave interferometry. In geotechnical applications,
the technique can be used to monitor dams or tunnel
roofs. In nondestructive testing, the technique can
be used to monitor changes due to the formation of
cracks or other changes in materials. In hazard mon-
itoring, the technique can be used to monitor volca-
noes, fault zones, or landslide areas. In the context
of the “intelligent oilfield,” coda wave interferome-
try can be used to monitor changes in hydrocarbon
reservoirs during production.

Coda wave interferometry can be used in two dif-
ferent modes. In the warning mode, the technique
is used to detect a change in the medium, but this
change is not quantified. This mode of operation is
used to prompt further action, such as more elabo-
rate diagnostics. In the diagnostic mode, coda wave
interferometry is used to quantify the change in the
medium.

Volcano monitoring. The use of this technique to
detect changes in a medium can be illustrated with

E- - - L- - -

1997

1998

0 10
time, s

(a)

time, s
1.5 2 2.5 3 3.5

E

(b)

L

time, s
12.5 13 13.5

(c)

Fig. 1. Waveforms recorded at the Merapi volcano for the same source and receiver on July 1997 (black) and July 1998
(color). (a) Complete waveforms and definition of the early (E) and late (L) time interval. (b) The recorded waves in the early
time interval (E). (c) The recorded waves in the later interval (L). (Data courtesy of Ulrich Wegler)

seismological data that have been recorded on the
Merapi volcano in Java by U. Wegler and coworkers.
As seismic (elastic) waves pass through a volcano,
they are scattered by heterogeneities (scatters) such
as voids, cracks, magma bodies, and faults.

In the experiment, an air gun placed in a small
water basin dug in the side of the volcano was used
to generate seismic waves. (An air gun is a device that
emits a bubble of compressed air in water as a source
of seismic waves.) The seismic waves generated by
the same source recorded at a fixed receiver at two
moments in time (a year apart) are shown in Fig. 1.

In the Fig. 1b and c, the two waveforms are shown
superimposed in more detail. For the interval early
in the seismogram, these waveforms are similar
(Fig. 1b). For the later interval (coda), the waveforms
are distinctly different (Fig. 1c), where one of the
waveforms appears to be a time-shifted version of
the other, indicating that the interior of the volcano
had changed over time.

Note that in coda wave interferometry one needs
only a single source and a single receiver, although
in practice one may use more receivers to increase
the reliability. This means that the hardware require-
ments of this technique are modest.

Theory. Suppose that a strongly scattering medium
is excited by a repeatable source, and that the me-
dium changes with time. Before the change in the
medium, the unperturbed wave field u(u)(t) can
be written in Eq. (1) as a sum of the waves that

u(u)(t) =
∑

T

AT (t) (1)

propagate along the multiple scattering trajectories
T in the medium, where t denotes time and AT (t)
is the wave that has propagated along trajectory T.
When the medium changes over time, the dominant
effect is a change τ T in the arrival times of the waves
that propagate along each trajectory T, so that the
perturbed wave field is given by Eq. (2).

u(p)(t) =
∑

T

AT (t − τT ) (2)

The change in the waveforms as shown in Fig. 1c

No changes on the first arrival

Increasing delay time in the coda
Stretching of the signal ≈ tiny velocity change in the medium

Active source experiments are expensive
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Monitoring with seismic noise

Example on Piton de la Fournaise

time periods, we make each receiver to act as a virtual highly repetitive seismic source.
Green functions computed for consecutive time periods may therefore be considered as
virtual doublets. They can then be used to detect temporal perturbations associated to
small velocity changes (<1 %, Stehly et al., 2007).

We applied this method to study the Piton de la Fournaise volcano on La Réunion
island (Fig. 9a). We used the continuous seismic noise recorded during year 2006 by 21
vertical short period receivers operated by IPG Paris to compute 210 cross-correlation
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FIG. 9. (a) “Virtual doublets” computed by cross-correlating the seismic noise in two stations on

the Piton de la Fournaise volcano (Réunion Island) on different dates (40, 14, and 1 day before an

eruption). Notice the excellent similarity of the waveforms. (b) Relative velocity changes before the

eruption of July 2006 computed by processing virtual doublets. The separation distance between

the two stations is 8 km. The velocity change is equal to minus the slope of the delay versus lapse

time in the coda, a ¼ �DVS/VS.

392 GEORGES POUPINET ET AL.

Green function obtained
from cross-correlation of
seismic noise

Measurement of
stretching parameter in
the coda

“Passive image interferometry” (Sens-Schoenfelder and Wegler, GJI, 2006; Brenguier et al.,

Nature Geoscience, 2008; Brenguier et al., Science, 2008)
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Specific issues in seismology

Detection operates at the surface
Earthquakes sources are often at depth
Problem 1: Weak localization has size of a wavelength around the source
Problem 2: The source mechanism
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Enhanced backscattering in a 2-D chaotic cavity

Role of the source

Monopole Dipole

In addition, Fig. 3 (right) highlights the importance of the source mechanism. In the
dipolar case, there are actually two zones of enhancement with an enhancement factor
of about 1.6, separated by a line of zero enhancement. To understand this puzzling
observation, one must consider the full reciprocity principle for elastic waves. In the
present experiment, there is a lack of symmetry between the dipolar source and the
monopolar detection. To restore reciprocity one would like to measure not the field
itself, but its directional derivative along the dipole axis. When this operation is
performed and intensity is redefined as the square of the partial derivative, de
Rosny et al. (2001) have demonstrated both experimentally and theoretically that the
factor of 2 enhancement at the source is restored. Being motivated by this result,
I now give an asymptotic but rigorous theory of weak localization for vector waves.

3.2. Review of Multiple Scattering Formalism

To obtain a satisfactory theory of weak localization, one needs to develop a transport
theory of the energy that keeps track of all polarization indices at both source and
receiver. As shown by Weaver (1990), the necessary information is contained in the
fourth rank coherence tensor Gij! kl of the elastic wavefield defined as

Gij!kl t; r1; r2 ! r3; r4ð Þ ¼
�
Ga

ki t; r3; r1ð ÞGa
lj t; r4; r2ð Þ

�
; ð5Þ

where Ga
kiðt; r3; r1Þ is the element of the Green matrix corresponding to a point force

applied at r1 in direction i, and measured displacements in direction k at r3. The
superscript a is introduced to label the realizations of the random medium. To each a
there corresponds exactly one medium of the statistical ensemble. t denotes the time
elapsed since energy has been released by sources with a common origin time. Note that
in the analysis that follows, the signal is assumed to be band-pass filtered in a narrow
frequency band with central angular frequency o. In order to simplify notation, all tensor
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FIG. 3. Enhanced backscattering of elastic waves in a 2-D chaotic cavity. The central frequency is

1 MHz and the dominant wavelength is 2.5 mm. The integrated intensity between lapse time

t = 200 ms and t = 5 ms is represented as a function of position around the source. Left: Monopolar

source. Right: Dipolar source. In the dipolar case, the enhancement disappears on the line going

through the source and perpendicular to the dipole axis. Along the dipole, the intensity enhancement

presents two maxima located about half a wavelength away from the source. Reprinted figure with

permission from de Rosny et al. (2001). Copyright (2001) by the American Physical Society.

7COHERENT BACK-SCATTERING AND WEAK LOCALIZATION

De Rosny et al., PRE, 2001
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Small-scale seismic experiment
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Observation of weak localization

Rise time ≈ mean free time
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Phase Statistics

Phase of the analytic signal

Easy with seismic waves: spatial and temporal resolution

Free from effect of absorption

Simplifying assumptions :
Analyze the phase field of vertical components
Wavefield obeys Circular Gaussian Statistics:
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Data from California
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Field and Intensity
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2-Point Statistics
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Higher Phase Derivatives

10
−2

10
−1

10
0

10
1

10
−4

10
−2

10
0

φ(n)δn

P
(φ

(n
) )
/
δn

P (φ′′) measured
P (φ′′′) measured
P (φ′′) fit
P (φ′′′) fit

Fitting Parameters:
Coefficients of Taylor series of field correlation function
Universal behavior for nth derivative:
slope = −(1 + 2/n)
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Phase Difference Correlation
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Van Tiggelen et al., EPL, 2006; Anache et al., P.R.L., 2009
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