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We report the observation of weak localization of seismic waves in a natural environment. It emerges
as a doubling of the seismic energy around the source within a spot of the width of a wavelength, which
is several tens of meters in our case. The characteristic time for its onset is the scattering mean-free time
that quantifies the internal heterogeneity.
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FIG. 1 (color online). Experimental setup. Solid and dashed
arrows illustrate reciprocal scattered wave paths.
Weak localization (WL) is a manifestation of interfer-
ence of multiply scattered waves in disordered media and
was first discovered 20 years ago in quantum physics. It
was recognized to be at the origin of novel features in the
electronic magnetoresistance at low temperatures [1–3],
and a genuine explosion of mesoscopic physics followed.
The discovery of WL constituted the desired counter-
example of the one-century old assertion that multiple
scattering of waves destroys wave phenomena, reducing it
conveniently to classical radiative transfer, where waves
are treated similar to hard spheres colliding with ob-
stacles. In optics [4–6] and in acoustics [7] the effect is
better known as coherent backscattering, where it was
shown to be an accurate way to measure transport
mean-free paths or diffusion constants. This feature finds
its origin in the constructive interference between long
reciprocal paths in wave scattering [8,9]. This enhances
the probability to return to the source by a factor of
exactly 2, which results in the local energy density en-
hancement by the same factor. In seismic experiments, we
expect WL to appear as an enhancement of seismic en-
ergy in the vicinity of a source [10,11].

In the heterogeneous Earth, the wave propagation be-
comes complex and wave scattering results in a ‘‘seismic
coda’’ [12], which forms the tail of the seismograms. The
coda is not always processed, because it is believed not to
contain any structural information that is easily extract-
able using standard imaging techniques. Nevertheless,
coda energy decay is widely recognized to be sensitive
to the regional geological environment. During the past
two decades, radiative transfer was successfully intro-
duced to model the energy decay of coda waves [12]. It
describes the transport of the wave energy in space and
time, but does not take into account phase information.
Radiative transfer predicts the equipartition of waves
among different modes [13] which has been observed
[14], leading to new approaches for processing coda waves
[15,16]. However, the WL effect has never been observed
in seismology. The aim of this work is to show the
relevance of mesoscopic physics to seismology and its
0031-9007=04=93(4)=048501(4)$22.50 
necessity to interpret observed seismic records. In this
Letter, we present the first observation of WL of seismic
waves.

The seismic experiments were undertaken at the Puy
des Goules volcano (central France).Volcanoes are known
to be very heterogeneous and might guarantee multiple
scattering [17]. A sketch of the experimental setup is
displayed in Fig. 1. We have measured the vertical ground
motion using a linear array of 23 geophones separated by
2.5 m. The ground motion is the result of a sledgehammer
strike at time t � 0 on a 20 cm� 20 cm aluminum plate
which was repeated 50 times for each location.
2004 The American Physical Society 048501-1
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The individual strikes produce forces that may fluctu-
ate slightly in direction around the ideal vertical direc-
tion, and may have slightly different frequency contents.
By stacking the records of 50 repeated strikes, we simu-
late a vertical point force which can be considered as a
narrow impulse in the 15–30 Hz frequency range.
Because the receivers are placed at the free surface, the
detected waves are both bulk waves (with either compres-
sional or transverse polarization) and surface waves
(Rayleigh waves with elliptical polarization), each propa-
gating at its own velocity. The wavelengths � are roughly
ranging from 9 m (30 Hz Rayleigh waves) to 40 m (15 Hz
compressional waves). A typical record is presented in
Fig. 2.

The first 0.5 s of the 3 s signal is composed of direct and
simply reflected waves, which are traditionally used in
seismic prospecting. In this work we will process the
average energy of the subsequent seismic coda. The iden-
tification of WL must be accompanied by a close study of
different kinds of noise that contaminate the seismic
record. In the following discussion, we separate the am-
bient noise from the one generated by the operator of the
hammer, and identify the mesoscopic regime where noise
is negligible. Since ambient noise is generated by meteo-
rological phenomena (such as wind) and human activity,
the experiments were conducted at night and under anti-
cyclonic conditions. This background noise is stationary
and random. All geophones were buried at 20 cm depth to
reduce the acoustic signal transmitted by the air and to
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FIG. 2. (a) Example of vertical ground motion signal si at the
source location. (b) Zoom into the coda. (c) The cumulative
ratio R as a function of time, calculated from Eq. (1). R �
1=

���
5

p
indicates that the record is dominated by random noise,

whereas R � 1 indicates that the record is strongly dominated
by deterministic waves produced by the impact.
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improve their coupling with the ground. The operator
noise is coming from the person manipulating the ham-
mer who is subject to residual movements just before and
after the hammer strike. This noise is difficult to separate
unambiguously from the signal, because it is local and
nonstationary and could be misinterpreted as WL.
Fortunately, biophysical studies have revealed that the
reproducibility of human motion is limited to frequencies
lower than 10 Hz [18]. This suggests that the noise pro-
duced by the operator can be considered as random in our
frequency band.

In order to verify this property and to test quantita-
tively how efficient the stacking is in increasing the
signal-to-noise ratio, we study the sum of M signals
si�t� produced by repeated strikes at the same location.
Each signal results from N � 10 strikes that were auto-
matically stacked in the field. We expect both the ambient
and the human noise to add up incoherently (/

�����
M

p
) while

the seismic signal deterministically generated by the
impacts should add up coherently (/M). We analyze the
time evolution of the signal-to-noise ratio using the cu-
mulative index R:

R�t� �

�����������������������������������
1

M
h�
PM

i�1 si�t�	
2i

h
PM

i�1 s
2
i �t�i

s
: (1)

The brackets denote an average over one oscillation pe-
riod T � 40 ms. The ratio R�t� takes its maximum value 1
for a perfectly deterministic signal and equals 1=

�����
M

p
for

pure random noise. Figure 2(c) shows an example of
R�t�, computed for M � 5 signals recorded at the source
position. It confirms the randomness of the operator noise
(t < 0) and the deterministic nature of the seismic signal.
Between 0 and 2 s, R�t� always exceeds 90% which
enables the processing of the coda with an excellent
signal-to-noise ratio.

The WL effect finds its origin in the interference of
reciprocal, multiply scattered waves, which leads to an
enhancement of ensemble-averaged energy of exactly two
at the source. Its observation requires the fulfillment of
four conditions. Some receivers must be placed less than
one wavelength from the source (interference condition).
Given the vertical force as a source, we must study the
energy E�t� associated with the vertical seismic motion
as a function of source-receiver distance (reciprocity
condition) [11,19]. Next, waves must have the time to
scatter at least twice (multiple scattering condition).
Finally, enhancement is expected to occur only for the
ensemble-averaged energy because speckles, i.e., ran-
dom interference patterns, dominate in a single profile.
Because of its random nature, the speckle is suppressed
by a configurational average while the deterministic WL
effect survives. The only average conceivable in seismol-
ogy is one over source and receiver positions for a fixed
source-receiver distance 	r. To this end, we kept the
receiver array fixed and we placed the source next to a
048501-2
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FIG. 3. Energy ratio S�	r� around 20 Hz as a function of
source-receiver distance 	r for three different lapse times. The
WL effect sets in at a time of roughly 0.7 s , and is fully
stabilized at 1.7 s.

VOLUME 93, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S week ending
23 JULY 2004
receiver every 5 m along the array, which provides a total
of 12 different configurations. For a diffuse field, the
correlation length is �=2 [20], which implies that each
of these measurements corresponds to an independent
source-receiver configuration for wavelengths of 10 m
or less. For larger wavelengths, statistical correlations
still persist, which may degrade the ensemble-averaging
process.

To evaluate the spatial enhancement of energy S�	r�,
we normalize the average energy hECi around the source
by its measured average value hEDi sufficiently far away
(15 m) from the source where the energy density is
independent of the source-receiver distance 	r. The theo-
retical prediction for S�	r� at the free surface of an elastic
body was obtained in [19]. The vertical force generates
both bulk and Rayleigh waves, which undergo mode con-
versions resulting in equipartition in phase space [13,14].
While both waves play a part in the dynamics of scatter-
ing, the Rayleigh waves dominate the local energy at the
free surface once equipartition is established. As a result,
the rigorous expression obtained in Ref. [19] can be
approximated by the profile predicted for 2D random
media [21]:

S�	r� �
hECi

hEDi
� 1 J20�2�	r=��; (2)

where � is the wavelength of the predominant Rayleigh
waves and J0 is the Bessel function. Note that for the
near-field regime the size of the WL spot is independent
of elapsed time t, contrary to the far field regime [7].

The energy distribution E�t� at each sensor is inte-
grated over one sliding window of one cycle duration.
The dynamics are studied by analyzing the signals in
nonoverlapping time windows of 0.4 s duration. In each
window, E�t� is normalized at each time t by the maxi-
mum over the array, and then averaged over the 12
configurations with equal 	r. This procedure compen-
sates for the exponential decay of the total energy, and
provides an unbiased average over the different strikes.
Finally, we integrate the normalized, averaged energy
hE�t;	r�i over the entire time window. S is then computed
from Eq. (2).

In Fig. 3, we plot the seismic energy around 20 Hz
measured in the coda as a function of source-sensor
distance, and for three specific 0.4 s windows. Around
0.3 s only simply reflected waves are recorded and no
energy enhancement is visible around the source. The
remaining fluctuations are ascribed to the incomplete
suppression of speckle. As from 0.7 s, WL is observed
with a gradually increasing enhancement factor at the
source. After 1.7 s, the profile including the enhancement
factor 2 has stabilized, as predicted by the theory for WL
in the near field. Therefore, we attribute this enhancement
to WL. According to Eq. (2), the spot has a spatial extent
equal to the wavelength �. This gives the estimate c �
048501-3
260 m=s for the phase velocity of the Rayleigh waves
around 20 Hz. Since at least two scattering events are
necessary to generate the enhancement effect, the rise of
the enhancement factor corresponds to the transition
from the simple to the multiple scattering regime. It
was verified in numerical studies [10] that the character-
istic time governing the rise of the enhancement factor is
the scattering mean-free time �. We thus conclude that
this important time scale is of the order of 0.7 s around
20 Hz. For a velocity c � 300 m=s, this implies a scatter-
ing mean-free path ‘ � 200 m. We emphasize that this
parameter is very difficult to measure with traditional
techniques based on attenuation studies because absorp-
tion is hard to separate from scattering effects.

We have finally studied the frequency dependence of
WL. To this end, the seismograms were filtered in three
consecutive frequency bands, and the energy profiles were
computed as above, though now averaged over the entire
coda that exhibits the stabilization of the enhancement S
(Fig. 4). Three different WL widths are observed. The
values for the wavelengths estimated from a fit to Eq. (2)
have been indicated. We have separately measured the
wavelength of Rayleigh waves from a dispersion analysis
of direct arrivals in the original records. Both estimates
of the wavelength are consistent and indicate a significant
dispersion due to the depth dependence of elastic proper-
ties. As a result, the spatial width of WL depends non-
trivially upon frequency. Future studies might even
reveal the frequency dependence of the scattering mean-
free path ‘, which would provide precious information on
the nature of the heterogeneity.

In conclusion, we have observed weak localization of
seismic waves in a shallow volcanic structure, both in
space and time. The observation is in good agreement
with the near-field theory for weak localization, which
predicts a size of one wavelength for the enhancement
spot. The study of this effect turns out to offer a unique
048501-3
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FIG. 4. Observed energy ratio S�	r� (solid lines) for three
different frequency bands. The dash-dotted lines represent the
theoretical prediction [Eq. (2)] fitted for the wavelength �.
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opportunity to measure the scattering mean-free time
without the bias of absorption. We found an estimate of
200 m for the mean-free path for seismic waves around
20 Hz. Though relatively easy to set up, our experiment
reveals the mesoscopic nature of seismic waves that have
traveled hundreds of meters for Rayleigh waves, and even
many kilometers for the compressional waves. As has
been the case in nanophysics and in colloid physics,
mesoscopic physics may open up new fields of investiga-
tion and application in seismology.
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