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Foreword
Andreas Schmidt, Christoph Sens-Schönfelder, Céline Hadziioannou,
Ulrich Wegler and Ernst Niederleithinger
In 2009 the first workshop on “Noise and Diffuse Wavefields” held in Neustadt,
Germany gathered numerous scientists from different fields to discuss new developments in wave physics concerned with those exotic signals that did not play a
role in traditional applications. Methods range from surface wave tomography
of continents over imaging in acoustics and medicine to monitoring of volcanoes
and engineering structures. The basis of all these techniques is randomness of
the wavefields. Some of the applications like, ambient noise tomography, gained
such a broad interest that they evolved into techniques which can now be regarded standard, and theoretical findings have established a solid foundation for
what is now often referred to as seismic interferometry. So it is safe to speculate
that most of the data distributed from data centers is “noise” these days.
But seismic interferometry is still developing rapidly, and significant progress
is being made in extending and improving its methodology and applications.
Scattering theory has also gained momentum as the randomness of the noise
field originates not only from disordered sources but also from wave scattering.
The importance of this process for seismic interferometry is documented in several studies. Diffuse wavefields and seismic noise get intertwined.
Under these circumstances the second Neustadt workshop on “Noise and Diffuse Wavefields” is intended to provide a forum for exchange and discussion of
ideas and current developments across strict disciplinary borders. With about
50 contributions submitted and collected in this volume from participants from
ten nations we look forward to a stimulating meeting in this exciting field of
seismology.
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Characterization of seismic velocity structure in the
eastern Sea of Marmara region, NW Turkey, using
ambient noise
Digdem Acarel∗ , Fatih Bulut ∗ , Marco Bohnhoff∗
∗ GeoForschungsZentrum,

Potsdam, Email: acarel@gfz-potsdam.de

Abstract—We analyze the ambient seismic noise field in order
to investigate crustal structure and seismic anisotropy at the
North Anatolian Fault Zone (NAFZ) in NW Turkey. We focus on
the eastern Sea of Marmara section of the NAFZ representing a
pre-seismic phase of the seismic cycle just prior to an expected
major (M¿7) earthquake. The target area has been monitored by
the PIRES seismic network since autumn 2006 (Bulut et al., 2009;
2011). We apply a spatial autocorrelation and cross-correlation
analysis of the seismic ambient noise to firstly determine spectral
dependence of the seismic velocity in order to image crustal
structure at near-surface and seismogenic depths. The timedomain cross-correlation of ambient noise recordings (diffuse
wave field: isotropic random waves propagating with equal power
in all directions) computed between a pair of receivers, will result
in a waveform that differs only by a smooth frequency dependent
amplitude factor from the Green’s function between the receivers
(Shapiro et al., 2005). The basic assumption is that the emerging
signal from the noise correlation function will be dominated
mainly by fundamental mode Rayleigh waves. Time-domain cross
correlations are calculated for all available stations pairs (vertical
component) in the target area. Greens functions are computed
by stacking 2-min cross-correlation windows moving along oneyear long data, obtained from 24 stations corresponding to
approximately 270 correlation pairs.
Group velocity dispersion curves are obtained for all available
correlation paths following the quality check step and eliminating
the low-quality data. In a frequency band of 0.2 to 1.2 Hz,
average group velocity ranges between 2 to 3 km/s. Correlationderived phase/group velocity dispersion curves will be inverted
for shear wave velocity profiles. The obtained S-wave velocity
model will be used to improve the hypocenter precision for the
earthquake catalogue along the Sea of Marmara segment of the
NAFZ. Additionally we investigate the directional dependence of
the seismic velocity field splitting the data set into subprofiles
which samples different backazimuths. The crustal anisotropy
is interpreted to represent the stress field orientation and/or
structural heterogeneity along this section of the NAFZ. The
observations will thereby allow to investigate physical parameters
along and across the fault zone at pre-seismic phase of the seismic
cycle providing insights into crustal characteristics and the role
for earthquake generation. We plan to extend the study towards
the ICDP-GONAF project (www.gonaf.de) using the borehole
recordings providing a better signal to noise ratio and therefore
a better detection of the ambient noise field.

[Bulut et al.(2011)] Bulut, F., Ellsworth W. L., Bohnhoff M., Aktar M. and
Dresen G. (2011). Spatiotemporal earthquake clusters along the North Anatolian Fault Zone offshore Istanbul, Bulletin of the Seismological Society
of America, v. 101; no. 4; p. 1759-1768; DOI: 10.1785/0120100215.
[Shapiro et al.(2005)] Shapiro, N. M., M. Campillo, L. Stehly, and M.
H. Ritzwoller, (2005). High resolution surface-wave tomography from
ambient seismic noise, Science, 307 (5715), 1615 1618..

R EFERENCES
[Bulut et al.(2009)] Bulut, F., Bohnhoff M., Ellsworth W. L., Aktar M.
and Dresen G., (2009). Microseismicity at the North Anatolian Fault in
the Sea of Marmara Offshore Istanbul, Journal of Geophys. Res., doi:
10.1029/2008JB006244.
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Broad-band measurement of inter-station phase
velocities and their inversion for shear-velocity
azimuthal anisotropy
Joanne Adam∗† , Sergei Lebedev∗
∗ Dublin

Institute for Advanced Studies, Dublin 2, Ireland. Email: joanne@cp.dias.ie
† Trinity College Dublin, Dublin 2, Ireland.

Abstract— Interferometry techniques allow us to extract simple
measurements from complex wavefields. Ambient-noise crosscorrelations typically provide group- or phase-velocity measurements at short and intermediate periods (Hz to 30-40 s).
Teleseismic interferometry is an alternative method, using earthquake signals and providing measurements of Rayleigh- or Lovewave phase velocities from short to long periods (5-400 s). The
cross-correlation approach [Meier et al., 2004], in particular, is
applicable to both direct and diffracted waves producing accurate
measurements at periods down to 5 s.
Here we use the broad-band phase-velocity in order to resolve
the isotropic and anisotropic structures from the upper-crust
down to the asthenosphere beneath southern Africa [Adam
& Lebedev, 2012]. A model-space investigation confirms that
our inversions constrain robust depth profiles of shear velocity
structure and azimuthal anisotropy.

I. P HASE - VELOCITY MEASUREMENTS
Surface wave dispersion curves of Rayleigh- (Love-) wave
can be computed by cross-correlation of the vertical (horizontal) component of the displacement field recorded at two
stations that are aligned (or with a backazimuth difference of
less than 7°). The surface-wave phase-velocities are computed
from the phase of the cross-correlation function in the frequency domain. The 2π ambiguity from the arctan function
in the calculation of the phase is resolved in a manual selection
from a set of possible dispersion curves, in which only the
period bands of the curves that are smooth and relatively close
to a reference dispersion curve are kept (figure 1). Thanks to
its elaborate scheme of windowing and weighting in the time
and frequency domains, this technique also produces robust
and accurate measurements from waves diffracted or scattered
at lateral heterogeneities. Indeed, despite the scattering of the
waveform in figure 1(right) it is still possible to measure
phase velocities from 0.0018 to 0.1Hz. For each station-pair,
hundreds of curves (i.e from hundreds of earthquakes) are then
measured to obtain a robust average dispersion curve.

Fig. 1.
Cross-correlation of teleseismic surface waves. Each column
represents an example of phase-velocity measurements at one station-pair
using recordings from one earthquake. First/second line: vertical component
of the seismogram (and its spectrogram) recorded at the first/second station.
White lines are group traveltimes of fundamental mode Rayleigh wave. Third
line: cross-correlation function (and its spectrogram) of the two seismograms.
Bottom line: sets of dispersion curves computed from the phase of the crosscorrelation function. The dashed line is a reference dispersion curves.

within it, and merged the dispersion curves inside each subregion. We thus obtain a large amount (∼1400) of dispersion
curves sampling each sub-region (figure 2 represents the
measurements for one of the four sub-regions).
Within each sub-region, the variation of the phase velocities
with the azimuth of the station pair informs about the direction
of fast propagation of the surface wave and the amplitude of
anisotropy. The data was sufficient to measure phase-velocity
azimuthal anisotropy from 5 to up to 150-200 s. We invert
these results to obtain depth profiles of the shear-velocity

II. A ZIMUTHAL ANISOTROPY SHEAR - VELOCITY
DEPTH - PROFILES
We collected seismograms in southern Africa and computed
phase velocities between pairs of stations using this crosscorrelation technique [Meier et al., 2004] and a waveform
inversion technique [Lebedev et al., 2005] to add measurements at longer periods. We divided southern Africa into
four sub-regions, each with a relatively homogeneous structure
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within an ellipse in the middle of the ”bell”. The azimuth is
constrained better than the amplitude, and the two parameters
have uncorrelated uncertainties (Figure 4).

Fig. 4.
Normalized misfit values acros the two-parameter model-space
exploration for the Limpopo Belt region. The darker the grey, the smaller
the misfit. 0° refers to the North-South direction.

III. A ZIMUTHAL ANISOTROPY IN THE L IMPOPO BELT
REGION ( SOUTHERN A FRICA )
Strong azimuthal anisotropy is measured in the upper-crust
of the Limpopo Belt and is probably associated with aligned
micro-cracks, reflecting the south-ward propagation of the East
African rift. This interpretation is supported by observations of
the regional stress seen from earthquakes source mechanisms
in this region (figure 2). In the lower mantle-lithosphere,
the direction of fast propagation is consistent with SKS
splitting measurements [Vinnik et al., 1995, Silver et al.,
2004] suggesting that the splitting originates in the mantle
lithosphere. The anisotropic fabric within the lithosphere has
most likely been created during the Archean collision between
the Kaapvaal and the Zimbabwe Cratons and the subsequent
Paleo-Proterozoic deformation. The direction of fast propagation in the asthenosphere suggests that the anisotropy is created
by the current plate motion [Adam & Lebedev, 2012].

Fig. 2. Geographic maps (A,B) and phase velocity measurements (C,D) in
southern Africa. B: Main tectonic units in southern Africa and plate motion
from Gripp & Gordon [1990]. Stations and inter-station paths of the Limpopo
belt region are represented by triangles and black lines. The three other regions
studied in Adam & Lebedev [2012] are represented by the shaded areas. C:
phase-velocity curves (computed using the cross-correlation method: black or
waveform inversion: grey), each measured using a pair of stations (see panel
B) and a single event for Love and Rayleigh waves. Grey: dispersion curves
for the reference model AK135 [Kennett et al., 1995]. D: Region-average
dispersion curves and their standard deviation.

isotropic and anisotropic parameters (figure 3 show the results
for the Limpopo Belt region) [Adam & Lebedev, 2012]. At
5 s, Rayleigh waves are most sensitive to structure down to
∼10 km depth.
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Bartzsch, S., Lebedev, S. & Meier, T., 2011: Resolving the lithosphereasthenosphere boundary with seismic Rayleigh waves. Geophys. J. Int.,
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Gripp, A.E. & Gordon, R.G., 1990. Current plate velocities relative to the
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velocities in the Earth from traveltimes. Geophys. J. Int., 122, 108–124.
Lebedev, S., Nolet, G., Meier, T. & van der Hilst, R.D., 2005: Automated
multimode inversion of surface and S waveforms. Geophys. J. Int., 162,
951–964.
Meier, T., Dietrich, K., Stockhert, B. & Harjes, H. P., 2004: One-dimensional
models of shear wave velocity for the eastern Mediterranean obtained from
the inversion of Rayleigh wave phase velocities and tectonic implications.
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Fig. 3. Shear-velocity and azimuthal-anisotropy depth profiles beneath the
Limpopo Belt (southern Africa). Black lines: our model. Grey line in panel
A: reference shear-velocity profile AK135 [Kennett et al., 1995]. 0° azimuth
indicates North.

Solutions given by the inversions are non-unique and tradeoffs between the parameters increase the uncertainty of the
solution. We thus explore the model-space using a gridsearch/gradient-search method [Bartzsch et al., 2011] in order to investigate the trade-offs. Relatively small misfits are
found under a bell-shaped curve and the smallest misfits are
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Long-range influence of volcanic tremor
on Green’s functions recovered with
ambient seismic noise in Hawaii
Silke Ballmer∗ , Cecily J. Wolfe†‡ , Paul G. Okubo§ , Matthew M. Haney¶ , Clifford H. Thurberk
∗ Department

of Geology & Geophysics, University of Hawai’i at Manoa, Honolulu, HI 96822, Email: silke7@hawaii.edu
Institute of Geophysics and Planetology, University of Hawai’i at Manoa, Honolulu, HI 92822
‡ Department of Terrestrial Magnetism, Carnegie Institution of Washington, Washington, DC 20015
§ Hawaiian Volcano Observatory, USGS, Hawai’i National Park, HI 96718
¶ Alaska Volcano Observatory, USGS, Anchorage, AK 99508
k Department of Geoscience, University of Wisconsin-Madison, Madison, WI 53706

† Hawaii

In volcanic settings, seismic noise interferometry has developed into a powerful technique. Due to its continuous
occurrence and relatively high frequency surface-wave content, ocean-generated seismic noise allows for two notable
applications at volcanoes: 1) monitoring of temporal velocity
changes that are often associated with subsurface volcanic
activity, including precursory behavior prior to some eruptions
(e.g. [Brenguier et al. (2008)]), and 2) tomographic imaging
of shallow velocity structure (e.g. [Brenguier et al. (2007)];
[Masterlark et al. (2010)]).
Because these applications are based on the recovery of
Green’s functions by noise cross-correlations between pairs
of receivers (e.g. [Shapiro et al. (2004)]), noise characteristics will determine the reliability of the results. While it
is well understood that non-isotropically distributed noise
sources bias recovered Green’s functions, the effect of superimposed transient signals is not as well investigated. Standard
data processing for noise interferometry [Bensen et al. (2007)]
aims at reducing the effects of transient-induced perturbations by partially or fully disregarding the signals’ amplitude and stacking further deemphasizes transients. Despite such processing, however, transients from earthquakes
[Yanovskaya and Koroleva (2011)] and storm-generated infragravity waves [Harmon et al. (2012)] have been found to
distort Green’s functions. In volcanic settings volcanic tremor
is often an important seismic source that potentially affects
the recovery of Green’s functions.
Active Kilauea volcano on the island of Hawai’i provides
an ideal setting to investigate Green’s function recovery
in the presence of volcanic tremor and how tremor may
affect monitoring of temporal variations and imaging of the
subsurface. Our dataset consists of 2.5 years of continuous
seismic data recorded by the USGS Hawaiian Volcano
Observatory short period seismic network. In our study period
(May 1, 2007 to Dec 31, 2009) two distinct tremor sources
at Kilauea were active: first, at the Pu’u ’O’o crater complex
in Kilauea’s East Rift zone and later at Halema’uma’u crater
within Kilauea’s summit caldera (see Fig. 1 for location).

Kohala

20.1 N
Mauna Kea

19.8 N

Hualālai

Mauna Loa

Kīlauea

19.5 N

19.2 N

18.9 N

30 km
156 E

Halemaʻumaʻu

short period station

155.7 E

t Zone

East Rif

10 km
155.3 E

155.4 E

155.1 E

154.8 E

Puʻu ʻŌʻō

short period station

155.2 E

155.1 E

Fig. 1.
Location of the USGS Hawaiian Volcano Observatory shortperiod seismic network (black triangles), along with topography, volcano
boundaries (white lines). Inset shows Kilauea summit along with locations
of Halema’uma’u and Pu’u ’O’o craters (black arrows), the East Rift Zone
(grey shading), and other geologic structures (grey lines).
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These tremor sources have been previously studied seismically
and infrasonically [Dawson et al. (2010); Fee et al. (2010);
Matoza et al. (2010)], and hence their location as well as
temporal and spectral characteristics are known.
After
applying
standard
data
processing
[Bensen et al. (2007)], we examine the noise cross-correlation
functions on the vertical components of more than 700 station
pairs (see Fig. 1 for locations) at 0.1 to 0.9 Hz and find
anomalous and temporally coherent signals that obscure
the Green’s functions. The time windows and frequency
bands of these anomalous signals correspond well with the
characteristics of previously studied volcanic tremor sources
at Pu’u ’O’o (i.e., during the first 40 days of our study
period above 0.5 Hz) and Halema’uma’u (i.e., starting in
November 2007 and lasting for the rest of our study period
above 0.3 Hz). Furthermore, the lag times of these anomalous
signals are distinct for each station pair and their pattern
matches the expected arrivals for surface waves originating
from the known tremor sources. Finally, we use the derived
cross-correlation functions to perform a grid search for source
location, confirming that these signals’ source locations map
to the expected tremor source regions.
For the applications of tomography and monitoring
temporal velocity changes, we select time windows and
frequency bands where Green’s functions are uncontaminated
by tremor. In order to obtain uncontaminated data over
a broader band of frequencies, which is important for
tomographic depth resolution, we select a subset of daily
cross-correlation functions that we consider tremor-free
based on a summed absolute amplitude criterion. In contrast,
for continuous monitoring of temporal changes we take
advantage of the fact that the tremor can be removed by
low pass filtering the cross-correlation functions, and thus
limit our analyses to a narrow, tremor-free frequency band.
Preliminary measurements of group-velocity dispersion curves
(necessary for surface wave tomography) and of temporal
variations in seismic velocities suggest successful application
of noise interferometry for such volcano studies even in the
presence of tremor.
Although an effect of volcanic tremor on recovered Green’s
functions could be anticipated for close-in station pairs with
tremor evident in the raw seismic data, it is surprising to find
tremor signals in cross-correlation functions for all station
pairs in the network, including at distant pairs where tremor
is not apparent in the raw data. The processing thus appears
to enhance weak but coherent tremor signals. Therefore, we
conclude that careful examination of Green’s functions is
required in volcanic regions, even in cases where tremor
may seem absent in the raw data. Given a restricted time
window and frequency bands of the tremor occurrence,
however, applications of ambient noise interferometry in
volcanic settings can be successful. Additionally, our results
demonstrate that seismic noise interferometry is a promising
tool for studying tremor characteristics even in the absence
of a dense seismic array.

R EFERENCES
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As seismologists, we are interested in using ambient-noise
interferometry to collect observations of station-to-station
surface-wave propagation at relatively high frequency, very
useful to image the Earth’s crust and lithosphere. So-called
”ambient-noise tomography” is increasingly popular among
Earth scientists, but poses many theoretical problems that are
not yet fully understood: for instance the role of scatterers, the
effect of nonuniformity in the geographic distribution of noise
sources, the applicability of interferometry (noise) techniques
to phases other than the main surface-wave arrival.
We attempt to understand these phenomena by setting up
small-scale experiments to reproduce diffuse wavefields in the
laboratory. The first step is to identify media, of appropriate
cost and size, where a diffuse field can be generated by
exciting them with an adequate source. We experimented at
length with an aluminum plate (Fig. 1a), pierced by randomly
distributed holes of size smaller than the typical wavelengths
propagating on it. Flexural waves on the plate were originated
via either a piezoelectric transducer, or a spray-gun shooting
compressed air onto the plate, and recorded by a pair of broadband accelerometers. We also constructed a small reverberating chamber (Fig. 1b) consisting of a random distribution of
wooden rods enclosed in a wooden box where two tweeters
generated a Gaussian-pulse sound. In this case, microphones
were used to record the reverberated sound.
We use the time-symmetry of the (stacked) receiver-receiver
cross-correlation as a preliminary measure of its consistency
with the actual Green function, and hence of the ”diffuseness”
of the generated wavefield. After filtering and stacking, all setups give rise to at least partially diffuse wavefields (Fig. 2),
but the spray-gun/aluminum-plate set-up is by far the most
effective (compare Fig. 2b with Fig. 2a, c). Stacked crosscorrelations from transducer-generated wavefields are not as
good, pointing to the importance of the nature of the noise
source, which will be the subject of our further, experimental
study.
The time-symmetry of the spray-gun/aluminum-plategenerated empirical Green function is close to perfect not
only for the first part of the waveform, corresponding to the
first surface-wave arrival, but also for the later-arriving phases,
associated with reverberation and scattering. Our current and
future work on this experimental set-up will help us to
understand whether and how ambient noise can be used, in the
real world, to reconstruct scattered body and surface waves.

(a)

(b)
Fig. 1. (a) Aluminum plate in the Salle Kilohertz, University of Grenoble.
The two accelerometers are visible in the central area of the plate, surrounded
by two sets of numbered locations where a single piezoelectric source (lower
part of the image) was sequentially deployed. (b) Wooden box at ETH Zürich,
Earth sciences department. A tweeter is partly visible behind the white rod
nearest the second author; another tweeter is attached to the red rod at the
opposite corner of the box. Two microphones are to be suspended in the
empty volume in the central part of the box. A wooden lid, padded with
sound-absorbing foam, will be placed on top of the box.
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(a)

(b)

(c)
Fig. 2. (a) Sum of all cross-correlations generated by a 10KHz Gaussian pulse (4KHz bandwidth) sent to the aluminum plate through individual, differently
located piezoletric sources (blue line); sum of same cross-correlations, flipped about the vertical axis (red line). (b) Same as (a), but the signal was generated
by a spray-gun, and the cross-correlations were band-pass-filtered between 10 and 20KHz; (c) same as (a), but from sound (Gaussian pulse centered at 10KHz)
generated in the reverberating box.
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Cork array in the secondary microseism band (4-8 seconds)
for an approximately two month period show definited bands
(fig.1). Two main directions can be identified, one occupying
a band of between approximately 300 ◦ C and 350 ◦ C and
another from 200 ◦ C to 270 ◦ C.The second can also be seen
from the Donegal array allowing this source to be reasonably
well located. A third infrequently active band can also be seen
at around 150 ◦ C (corresponding to stormy conditions in the
Irish sea).

Abstract—The mechanical coupling between the worlds oceans
and the Earths crust produces low frequency seismic noise,
which dominates the microseism spectrum (Longuet-Higgins,
1950). The relationship between the two leads to the possibility
of obtaining information on the ocean wave field from seismic
records (Bromirski, 1999). Microseisms are also used in passive
seismic interferometry where it is assumed that when averaged
over a sufficiently long time period the wave field is random.
Optimization of both these applications requires an understanding of the degree of non-uniformity within the seismic source
region. A seismic experiment to quantify noise in terms of ocean
wave parameters and study the heterogeneity in the microseismic
sources is currently underway in Ireland. The primary goals of
this project are to locate the source regions for ocean generated
seismic noise as seen from Ireland, and separate the seismic
wavefield into contributions for different sources regions so that
they can be independently studied. Gaining an understanding of
where the various source regions are and under what conditions
they are active is an important initial part of this study. To
analyze a particular source region, separation of the data is
required. We present some observations of ocean generated noise
from Ireland and a possible array design that may allow source
separation in the frequency-wavenumber (fk) domain, given some
prior information on source location.

II. L INEAR A RRAY S EPARATION
Given that source azimuths seem relatively stable in both
location and time it may be possible to use a linear array to
separate sources in the fk-domain.

I. S OURCE D ISTRIBUTION

Array Locations

Fig. 2. Back-Azimuths from fk-analysis of array, data is bandpass filtered
between 4 and 8 seconds..

Energy travelling parallel to the array should produce a
dispersion curve that is representative of the true velocity
beneath the array, however energy that is not co-linear to the
array will show a higher apparent velocity i.e. a steeper curve.
It may be possible through prior knowledge of the source backazimuths and careful site selection for the array to separate
these sources using velocity filtering.
Some simulated tests in which Greens functions were produced using a spike source in a reflectivity method (Kennet,
1983) were preformed. The result was then convolved with
a real world noise sample to emulate microseismic sources.
Sources from two directions are produced and summed. If
the array is oriented such that a line normal to and passing
through the centre of the array, also passes between the two
source locations, then the energy from each source appears
separately as a high power region in opposite ends of the
fk domain (fig.2). Figure 3 shows two such sources, that are

Donegal

Cork

Fig. 1. Locations of the two arrays in Ireland, Donegal in the NW and Cork
in the SW.

In 2012 two 11 station arrays with apperture of approximately 10km were deployed to monitor microseism activity.
The first was situated in the South-West of Ireland (Cork)
and the second in the North-West (Donegal). Back-azimuths
(BAZ) as determined from frequency-slowness analysis of the
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60 ◦ C apart. They do not overlap in the fk domain making
them readily separated and transformed back to the time
domain. These simulations are currently being usied to design
a field deployment geometry with will allow microseismic
noise wavefield separation. Results will be presented.
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Fig. 3. Two sources in the fk-domain. In space they are positioned so a line
normal to and crossing the centre of the array divides them.
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Abstract—The total intensity flux produced by a seismic wavefield propagating in a volcanic medium and recorded at a seismic
station is more than a simple mixture of a coherent (direct)
intensity and an incoherent (fluctuating) scattered intensity. Data
envelopes recorded at Campi Flegrei caldera show evidence of
diffusion as well as steep amplitude increases in intermediate and
late coda. Their behaviours can be explained by the presence
of inhomogeneous scattering for energy propagating in the
shallower crust and an earthquake geometry approximating an
extended source. We propose the inclusion of a diffusive boundary
condition in the stochastic description of multiple scattering, in
order to model intermediate and late coda intensities as well as
the sharp intensity peaks at some stations in the caldera. We show
that a reliable 2D synthetic model of the envelopes produced by
earthquakes vertically sampling a small region can be obtained
including a single drastic change in the scattering texture of the
medium.

I. A IM AND M ETHOD

Fig. 1.
Transverse normalized data array envelopes (bold grey lines)
calculated at station W02 (2 km from the source) at 18 Hz (a) and 3 Hz (b)
frequency are compared with the synthetics (bold black lines) and with the
diffusion solutions (dotted line). Array envelopes coincide with the diffusion
solutions at 8 s (4 times ts , 18 Hz) and 16 s (8 times ts , 3 Hz).

We want to get insight into the mechanism producing
the anomalous intensities observed in coda at Campi Flegrei, and present a new approach, valid to model complex scattering propagation in volcanic regions devoid of
topography. Our aim is also to assess the necessity of
considering a bounded inhomogeneous medium to model
evidence of multiple inhomogeneous scattering in volcanic
coda envelopes. We start with a full 2D elastic Monte
Carlo simulation of the intensity produced by an extended
source, in which we define the single scattering coefficients a priori, using a von Kármán autocorrelation function
[Przybilla et al.(2006)Przybilla, Korn, & Wegler]. The onset
of the diffusion regime and the drastic intensity increase
in the coda at some stations are investigated by comparing
the synthetic results with real coda envelopes (Figures 1-2).
Limit parameter can be used to match broadening at station
W2, at least in the 18 Hz frequency band. Nevertheless,
the data envelopes at station W20 cannot be modeled with
homogeneous scattering.
A large change in the distribution of the scatterers with
respect to the average scattering medium is included to model
the anomalous intensities and the whole broadened coda envelope behaviour. This change requires a new diffusive boundary
condition: an highly scattering area (e. g. the caldera rim)

Fig. 2. Same as Figure 1 for station W20, at distance 3.8 km from the
epicentres, without the diffusion solutions.
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to take place. The introduction of a scattering boundary lowers
the mean free times, allowing equipartition to take place few
seconds after encountering the rim.

which works as an additional wall, controlling the envelope
shape and amplitude at intermediate times (Figure 3).

Fig. 3. Sketch of medium and example of the propagation of a particle after
the inclusion of a rim of thickness T and radius H = 2 km. Station A (black
triangle) is surrounded by the rim, station B (dark grey triangle) is located on
the rim, station C (half dark grey and half black triangle) is near the outer side
of the rim, and station D (black triangle) is in the unbounded medium outside
the rim. The original intensity flux (black arrows from the source) splits into a
forward intensity flux, propagating outside of the rim (I+ , black arrow) and a
backward intensity flux, propagating into the medium surrounded by the rim
(I− , light grey arrows). The process can be repeated more than once until
I− exists. The dotted black lines are the two arcs traveled by the particle
into the rim before I+ is created. The rim is characterized by a different
scattering texture; in case of average residence time τ = 0 (T = 0, interface)
new scattering patterns are defined. In this particular case the incidence point
corresponds to the point at which the forward or backward intensities are
created.

Fig. 4. a) Result of the simulation for a station surrounded by an annular rim
having radius 2 km at 18 Hz (station A, Figure 3). The continuous black line
corresponds to the Monte Carlo envelope for a rim of thickness T = 2 km.
The envelope at station W2 is shown in bold grey. b) The same comparison
for frequencies of 3 Hz.

II. R ESULTS AND O UTLOOKS
We achieve a good first-order model of high-frequency (18
Hz) envelope broadening adding to the Monte Carlo solution
for the incident flux the secondary source effects produced by a
closed annular boundary, designed on the caldera rim signature
at 1.5 km depth (Figures 4a-5a). At lower frequencies (3 Hz)
the annular boundary controls the intermediate and late coda
envelope behaviour, in a way similar to an extended diffusive
source (Figures 4b-5b). In our interpretation, the anomalous
intensities observed at several stations and predicted by the
bounded Monte Carlo solutions are mainly due to the diffusive
transmission-reflection from the caldera rim, and are controlled
by its varying thickness. This is not the best fit model for
the caldera, nevertheless it represents a new approach for the
generation of coda waves in highly scattering media.
In the future, the effect of smaller scale boundaries
with respect to the rim will be added to usual tomography techniques, to obtain insight into the anomalous multiple scattering effects caused by diffusive boundaries on
attenuation and scattering images, and on the assumption
used by coda wave interferometry and shear wave splitting
[Snieder et al.(2002)Snieder, Grêt, , Doumba, & Scales]. The
reach of equipartition among P- and S-waves is necessary for
the application of these techniques. At both frequencies the
values of the mean free times (derived from the mean free
path) for the homogeneous medium do not allow equipartition

Fig. 5. a) Result of the simulation for a station located on the outer side
of an annular rim having radius 2 km at 18 Hz (station C, Figure 3). The
continuous black line shows the Monte Carlo envelope for a rim of thickness
T = 3 km. The envelope at station W4 is shown in bold grey. b) The same
comparison for frequencies of 3 Hz.
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In 2011 a seismic network was deployed along the west
coast of Ireland to continuously record microseisms generated
in the Atlantic Ocean, as part of the Wave Observation
(WaveObs) project based in University College Dublin. The
network consists of 32 seismic stations including two 11
station arrays located in Donegal in the north-west and Cork
in the south-west of Ireland. Clear correlations can be seen
between the ocean wave height record and the seismic noise
generated by them. The strength of these correlations vary in
time. This indicates significant spatial and temporal variations
in the noise field.

Abstract—Ocean gravity waves are driven by wind and atmospheric pressure systems. Their interactions with one another
and reflection off coastlines generate pressure changes at the
sea floor.(Longuet-Higgins, 1950). These pressure fluctuations are
the cause of continuous background seismic noise known as
microseisms (Bromirski, 1999). These microseisms are mostly
composed of Rayleigh waves. There are two main types of
microseism; primary which are generated in shallow water
by waves breaking near the shoreline, and secondary which
dominate over the primary miscroseisms and whos amplitudes
are proportional to the square of the standing wave height. This
makes them sensitive to larger waves and swell and are the
main focus of this study. The levels of microseism activity vary
as a function of the sea state and increase during periods of
intensive ocean wave activity. The main aims of this project are to
determine the characteristics of the causative ocean gravity waves
through calibration of microseism data with ocean buoy data.
This will allow us to track the temporal and spatial evolution of
the largest waves off the West coast of Ireland.

II. A RTIFICIAL N EURAL N ETWORKS
An Artificial Neural Network (ANN) is a method used
to process information (Demuth,1997). The ANN used for
these data is a Feed-forward network using a backpropagation algorithm to train the network (BP ANN). It is a
supervised network meaning that each set of inputs known
as the pattern set is used during training. For this test data
from two west coast seismic stations at Achill (UACH) and
Valentia (VAL) station were used. VAL is a permanent seismic
station and part of the Global Seismic Network. UACH is
part of the WaveObs network, from this project. To train the
ANN, inputs and corresponding outputs are required, to find
the mathematical relationship between them. The Significant
Microseismic Amplitude (Tindle and Murphy,1999), the backazimuth calculated using a pointing code, and the ratios of the
Z-N (Vertical to North) and Z-E (Vertical to East) components
for the two stations were input to the neural network. The
outputs were the Significant Wave Height (SWH) measured
at buoy M4 off Donegal in the north-west. The network was
trained on data from mid-August to November 2011 and was
tested on the month of December 2011. The results of this
experiment are shown in Fig. 2.

I. WAVE O BS N ETWORK

III. O CEAN WAVE H EIGHT E STIMATION
Current work is focusing on tracking the spatial and temporal evolution of microseismic noise sources using seismic
arrays and by comparing microseismic noise with ocean buoy

Fig. 1. The WaveObs network installed in Ireland since 2011. WaveObs
stations are located along the west coast of the country.
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Fig. 2.

Estimation of Significant Wave Height at buoy M4 December 2011

data. Inverting seismic noise for wave height using Artificial Neural Networks has been partially successful thus far
however there are significant discrepencies for large wave
height excursions. Indications are that prior knowledge of
microseismic noise source location is an important input
parameter to these networks. A detailed comparison of seismic
and buoy data will be presented.
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Normalized MS Amplitude

Abstract—“Analyzing envelopes of S and ScS wavelets of a
deep earthquake recorded at stations above it based on the
Markov approximation, we estimate the statistical heterogeneity
parameters in the lithosphere and mantle. Our result shows
weak heterogeneity in the mantle compared with heterogeneities
estimated from analyses of teleseismic P-wavelets. This discrepancy suggests an existence of the non-isotropy of the correlation
distance or difference of the strengths in the fluctuations of P
and S-wave velocities in the mantle.”

I. I NTRODUCTION
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Small-scale heterogeneities in the mantle have been reported
since 1970s from analyses of precursors of PKP (e.g. Cleary
and Haddon, 1972). Because of the limited data, the resolution
of the global tomography is restricted to several hundred kms.
Therefore, in order to analyze small-scale heterogeneities in
the mantle, we have to use scattering approaches, where the
medium heterogeneity is statistically characterized. Margerin
and Nolet (2003a) suggested a method to synthesize the
envelopes in the global scale by Monte-Carlo simulations
based on the radiative transfer theory and Margerin and Nolet
(2003b) estimated the root mean square of the fractional fluctuation ε = 0.25 % in the mantle by analyzing the precursors
at epicentral distances of 124◦ to 142◦ and the frequency of 0.4
to 2.5 Hz. Shearer and Earle (2004) estimated the correlation
distance a = 8 km and ε = 0.5 % by analyzing envelopes of Pwave at epicentral distances of 10◦ to 110◦ and the frequency
of 0.5 to 2.5 Hz.
In this study, we analyze S and ScS wavelets and estimate
the statistical characteristic of the mantle heterogeneity based
on the Markov approximation. Markov approximation is a
multiple forward scattering approximation and has been often
used to analyze the envelope broadening of local earthquakes
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Fig. 1. Comparison of the observed and theoretical envelopes of (a) S and
(b) ScS wavelets. The observed MS envelope is the sum of two horizontal
components.

of S and ScS waves by using the Hilbert transform and we
subtract squared noise amplitude from each envelope. (3) We
normalize the envelope by the coda amplitude at twice of the
onset of the S-wave at each station and each component. This
procedure removes differences of site amplifications between
different stations. (4) We average S and ScS waves over all
stations by aligning their onsets and obtain MS envelopes of
S and ScS wavelets (see Figure 1).

II. DATA
We analyze S and ScS wavelets of an earthquake occurred
beneath central Japan recorded by Hi-net. Its magnitude is 5.2
and focal depth is 286 km. We select 33 station data within
150 km from the epicenter having clear S and ScS wave onsets
and the S/N ratio larger than 1.5 at 1 Hz.
In order to obtain an averaged mean square (MS) envelope,
we average S and ScS wavelets as follows. (1) We apply bandpass filter whose central frequency is 1 Hz and width is 2/3 Hz
to two horizontal components. (2) We make squared envelopes

III. M ETHOD
A. Theoretical envelope
The Markov approximation for the layered random media
has been developed by Emoto et al. (2012b) for the incidence
of an impulsive plane wavelet. They calculate the ray angle
distribution of intensities of scattered waves at the layer
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100

boundary. Multiplying it by the transmission, conversion or
reflection coefficients, they take into account the boundary
effect. Emoto et al. (2012a) extend their method for the
incidence of an impulsive cylindrical wavelet in the 2-D case.
We consider the 3-D case by extending it.

Power Spectrum Density 䠄km3 )
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B. Model
We set a horizontal layer boundary of statistical parameters
at depth of 100 km and that of the background velocity at
depth 660 km. The medium is bounded by the free surface
(0 km) and the CMB (2891 km). The velocity fluctuations of
all layers are characterized by an exponential autocorrelation
function (ACF). Background velocities above and below the
660 km boundary are constant, which are averaged velocities
of IASP91 velocity model.
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Fig. 2. Comparison of PSDF calculated from our results (1) with those
of Margerin and Nolet (2003b) and Shearer and Earle (2004). Analyzed
wavenumber range is shown by the bold line. Those spectra are calculated by
assuming that a = 8 km.

IV. R ESULT
We characterize the envelope broadening by a duration th
from the arrival time until the MS amplitude decreases to the
half of its peak value. As the observed envelopes, we use the
sum of envelopes of two horizontal components. Observed th
of S and ScS envelopes are 2.29 s and 2.84 s, respectively.
The th value of ScS envelope is larger than that of S envelope,
which means the existence of small-scale heterogeneity in the
mantle.
We suppose that the velocity fluctuation is statistically
characterized by an exponential ACF with ε and a in km. The
master equation of the Markov approximation is normalized
by the parameter proportional to ε2.41 /a for a spherically
outgoing wavelet, so the theoretical envelope duration in each
layer is scaled by ε2.41 /a (Saito et al., 2002). We estimate
it above and below the 100 km boundary by using a grid
search. We minimize the squared residual of theoretical and
observed th . We assume that the source duration is 2 s (M5.2)
and we convolve the theoretical envelope with a Hanning
window whose duration is 2 s. As a result, we obtain the best
combination of the statistical parameters:
{
6 × 10−5 km−1
0 km to 100 km
2.41
ε /a =
(1)
7 × 10−9 km−1
100 km to CMB.

mantle. When waves propagate along the direction of longer
correlation distance (teleseismic P) in non-isotropic random
media, envelopes broadening is stronger than the propagation
along the shorter correlation distance (ScS).
VI. S UMMARY
We analyzed envelope broadenings of S and ScS waves of a
deep focus earthquake just beneath the seismic network. The
duration of observed MS envelope of ScS wavelet is slightly
longer than that of the S-wavelet. We quantitatively estimated
the statistical parameters characterizing the lithosphere and
the mantle based on the Markov approximation extended for
layered random media for the case of the incidence of a
spherical wavelet. We obtained weak heterogeneity compared
with other estimation by using teleseismic P-wavelets.
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We show the best fit theoretical S and ScS envelopes with
observed envelopes in Figure 1. We can see good agreement of
shapes of both envelopes around their peaks. Since the Markov
approximation is considering only narrow angle scattered
waves, theoretical envelopes become lower than observed ones
from about 3.5 s after the arrival time.
V. D ISCUSSION
We show the comparison of power spectrum density functions (PSDF) of heterogeneity of our result with other studies
in Figure 2. For the lithosphere (0 to 100 km), our result agrees
with other studies; however, our estimate is the lowest PSDF
among reported values in the mantle (100 km to CMB). This
discrepancy indicates that the fluctuation of S-wave velocity
is weaker than that of P-wave velocity or the non-isotropy
having longer horizontal correlation distance exists in the
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benefit from information on diurnal changes in the noise wavefield to select the most favourable measurement period. From
single station H/V studies, the night-time, with low levels of
human activity, has been suggested as the most favourable
period, at least for urban locations [Panou et al., 2005].

Abstract—We discuss the temporal variability of the noise
wavefield for two examples at very different temporal and spatial
scales. One is an ambient vibration array measurement for
site characterization in Colfiorito, Italy, with array apertures
of around 200 m and a measurement duration of 18 hours. The
visibility of both higher mode Rayleigh and Love waves in the FK
data of this measurement changes on a hourly scale from clearly
visible to non-observable. The other example is a study on the
variations in the noise wavefield at NORSAR (aperture 80 km)
between summer and winter months, spanning 4 years. Here, we
observe distinct seasonal differences in the H/V curve in both
microseismic frequeny bands, while outside of these bands, the
curve stays remarkably constant. The differences can be related
to additional, high-velocity phases on the vertical component
during summer time.

II. C OLFIORITO
The array site in Colfiorito is located within a 3 km wide
intramountain basin, filled with Quarternary alluvial deposits,
in the southern part of the Apennine arc. Two arrays of 12
receivers each recorded in the centre of the valley approximately 2 km northeast of the village of Colfiorito for 14 and 18
hours, respectively, in summer 2002 [Di Giulio et al., 2006].
While fundamental mode Love and Rayleigh wave dispersion
can be obtained from array processing of the measurements
throughout the whole time period, hourly processing reveals
that higher modes are only observable during a few hours in
the evening and the early hours of the morning from 04:00
am to 09:00 am local time (Fig. 1). The recording of higher
modes, if they are well separated from the fundamental mode,
yields additional constraints on the subsurface structure and
is thus desirable. Excitation of the higher modes seems to be
related to a source north-east of the arrays, which is inactive
during the other time periods. The time periods where higher
mode excitation occurs partly, but not completely, overlap with
time periods when spatial autocorrelation curves can reliably
be determined to lower frequencies for the smallest ring sizes.
Together, this indicates that the composition of the noise
wavefield can change rather quickly, even for a rural location
like Colfiorito, and, contrary to previous assumptions, here,
the night time is not the best time for array measurements.

I. I NTRODUCTION

Slowness (s/km)

The usage of noise cross-correlations for imaging purposes
has sparked renewed interest into the origin and temporal stability of the noise wavefield. At microseismic frequencies, it is well known that source locations and energy of the wavefield show semiannual variations, related
to seasonal changes in storm activity over northern and
southern oceans [Stehly et al., 2006], [Koper et al., 2009],
[Stutzmann et al., 2009]. Similar seasonal variations have also
been observed in ambient vibration H/V ratios within the
microseismic band, with amplitude changes as large as 40%
between summer and winter and maximum amplitudes in winter [Tanimoto and Alvizuri, 2006], [Tanimoto et al., 2006].
[Tanimoto et al., 2006] suggested seasonal changes in the
relative excitation of higher mode Rayleigh waves as an
explanation for these observations, but could not provide
any velocity measurements as confirmation. Other studies
have meanwhile identified teleseismic P waves as well as
Lg waves within the noise wavefield [Koper et al., 2009],
[Landés et al., 2010], which could also influence H/V measurements in the microseismic frequency band.
Ambient vibration array measurements for site characterization operate at higher frequencies and over shorter time spans
(typical measurement duration of 1-2 hours). Repeatability and
consistency of phase velocities derived from FK analysis has
been shown for repeated short-term array measurements, with
the time span between the individual measurements in the order of years [Endrun et al., 2010]. However, comparisons for
longer-term continuous array measurements, e.g. covering several days, are missing, though actual field applications could
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Fig. 1. FK analysis of vertical component Colfiorito data (array B/D) for
different 1h time periods. The higher mode is clearly visible between 3 Hz
and 7 Hz for time windows starting at 08:00 om and 06:00 am only.
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III. NORSAR

with fundamental mode Rayleigh wave ellipticity, even within
the micorseismic frequency range.

At NORSAR, data from beginning of June to end of August
were analysed for the years 1996, 1997, 1998, 1999, and
2007 and from beginning of November to end of January
of the following year for 1996, 1997, 1998, and 2006. H/V
curves were calculated over continuous time windows of 2 h
length for frequencies between 0.03 Hz and 5 Hz. Results
are remarkably consistent both within summer and within
winter, while between seasons, a distinct offset is observed
between 0.1 Hz and 0.175 Hz and probably also below 0.06
Hz, although resolution is rather limited at low frequencies
(Fig. 2).
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Fig. 3. Histogram of slowness values within two frequency bands, normalized
to the maximum value for the vertical components. Black line is for summer
1997, grey line for winter 1997/98.
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Fig. 2. Density plot of H/V residuals (H/V curves after subtraction of average
H/V curve over all summer time windows) at NORSAR station NAO01 for
summer (top) and winter (bottom). Thin grey lines give standard deviation on
average H/V curve for the summer.

These frequencies correlate with the secondary and primary
microseism as observed in the spectra, though the secondary
microseismic peak extends over a broader frequency band than
the found offset. Between 0.135 Hz and 0.175 Hz, the H/V
curve has larger amplitudes during winter, while between 0.1
Hz and 0.12 Hz, the relationship seems to be reversed. Highresolution FK analysis shows that for frequencies below 0.12
Hz, in summer as well as in winter most of the energy on the
horizontal components arrives with higher apparent velocities
than the energy on the vertical components (roughly 3.8 km/s
vs. 3.35 km/s), while mean source directions are similar (Fig.
3). This can be explained either by higher mode Rayleigh
waves or Love waves. Forward calculation of dispersion curves
for a Fennoscandian velocity model indicates that fundamental
mode Love waves are the more likely alternative. For frequencies between 0.135 Hz and 0.173 Hz, energy travelling
with the fundamental mode Rayleigh wave velocity (about
3.22 km/s at this period) is observed on vertical as well as
horizontal components. However, we also find a significant
amount of energy with very low slownesses (and high apparent
velocities) in the vertical component during summer, which
can only be related to body waves and can explain the observed
lower H/V values (Fig. 3). From this preliminary analysis, it
seems rather difficult to correlate the measured H/V curves
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II. 2D T OMOGRAPHY

Abstract—The W-Bohemia/Vogtland region at the border between Germany and Czech republic is a place of presently ongoing geodynamic processes in the intra-continental lithosphere,
which result in the occurrence of repeated earthquake swarms ,
mantle-derived fluid exhalations, mofettes, mineral springs and
enhanced heat flow. It is a key site to study the mantle-crust
interaction in an active magmatic environment, and has been
proposed as a site for scientific drilling. Fluid reservoirs have
been proposed for the upper crust as well as for the crust-mantle
transition zone, but their direct observation is still missing.
We investigate the crustal seismic structure of WBohemia/Vogtland based on ambient-noise tomography, using
continuous recordings of the permanent station networks of
Germany and Czech Academy of Sciences as well as temporary stations of the BOHEMA and PASSEQ experiments
in W-Bohemia/Vogtland. Ambient noise cross-correlations are
performed on the data recorded between 2002 and 2004 for
BOHEMA experiment and between 2006 and 2008 for the other
stations.
Group-velocity dispersion curves are obtained by timefrequency analysis of cross-correlation functions. We test and
implement a signal-to-noise ratio (SNR) selection method for
producing one-sided cross correlograms, which yields betterdefined dispersion ridges than the standard two-sided averaging
approach. Travel times of the extracted Rayleigh waves were measured between station pairs for different frequencies between 0.1
and 2 Hz, and tomographically inverted to provide independent
2D group velocity maps, all corresponding to different sampling
depths, and thus together giving an indication of the velocity
variations in 3D extending to a depth of about 15 km.

2D tomographic inversion can be performed to estimate
the variations in group velocity at the specified frequency.
With travel times available for more than one frequency, it
is possible to construct independent 2D models for each of
them. The relationship between Rayleigh wave frequency and
sampling depth will then give indications to velocity variations
with depth.
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I. DATA PROCESSING AND GROUP VELOCITY DISPERSION
CURVES

Continuous data are processed one day at a time for each
station in order to keep only phase information and cancel
out any artifact related to anomalous amplitudes (earthquakes,
spikes, atmospheric effects, etc.). For that, data have been
equalized in both frequency and time domains by whitening
and one-bit normalizations. Finally records from station-pairs
have been cross-correlated and stacked to build up a database
of Greens functions from ambient noise.
Rayleigh waves have been extracted from cross-correlations
and processed via a time-frequency multiple-filter analysis
(software sacmft96, Herrmann and Ammon, 2002) to investigate the dispersive response of the structure for shallow propagating waves. Time-frequency paths for station-pairs have
been automatically picked following the maximum energy
distribution along the spectrograms.
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Fourier transform pair. By using von Karman-type expression
for ACF and PSD [Sato and Fehler, 1998] along with some
mathematical identities power-law forms of ACF and PSD
are derived, that relate both functions to the Hurst exponent
κ (slope of ACF and PSD at double logarithmic scale) and
to the correlation parameter ǫ2 /a2κ (Fig. 1c-d). Finally, the
integral relation between transport scattering coefficient g* and
PSD (Wegler et al., 2006) along with some numerical approximations is used to derive a mathematical formulation of the
scattering coefficient based on the two statistical parameters.

I NTRODUCTION
Borehole measurements provide detailed 1D information on
the distribution of elastic properties within the Earth’s crust at
scales from about one meter to several kilometers. The depth
distribution of elastic wave velocity can be expressed as time
series consisting of large-scale deterministic and small-scale
stochastic components. According to the concept of isotropic
random media the wave velocity is decomposed into a sum of
a mean velocity v0 and a perturbed velocity δv:
v(z) ≡ v0 + δ(z) = v0 (1 + ξ(z))

(1)
R ESULTS

where we call ξ the fractional fluctuation. By using a statistical
approach the fractional fluctuation is analyzed. The resulting
model of seismic heterogeneity can be used to characterize
seismic scattering and predict attenuation properties.
In the framework of developing techniques for the estimation of attenuation properties in geothermal reservoirs, sonic
log data from the German Continental Deep Drilling (KTB)
project are analyzed. At the KTB, two boreholes (200 m apart)
have been drilled, that reach to depths of about 4000 m for
the pilot hole (VB) and 9000 m for the main hole (HB). The
logs considered in this study are the P-wave velocity (vP )
log and the S-wave velocity (vS ) log (Fig. 1a). Sonic-log
velocities are determined by measuring the travel time of highfrequency pulses (kHz range) along distances of only a few
meters between an ultrasonic source and one or more receiver.
The crustal structure is often modeled under the assumption
of linear correlation between elastic parameters obtained in
the same well or adjacent wells (Fig. 1b), which reduces the
number of independent fractional fluctuations ξ to one.

Scattering coefficient g* estimated from KTB sonic log
data exceeds regional attenuation models for Southern Germany [Sens-Schönfelder and Wegler, 2006] by one order of
magnitude. To date the origin of this large offset is not yet
fully understood. By contrast, the frequency dependence of
g*, related to the Hurst exponent κ, is almost identical to that
obtained from envelope inversion of induced seismicity at the
KTB. The estimated Hurst exponent is also in good agreement
with values derived by [Holliger, 1996] for the KTB area.
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AUTOCORRELATION F UNCTION AND P OWER S PECTRAL
D ENSITY
Statistical characteristics of sonic-log data are conveniently
described by using mathematical tools such as the autocorrelation function (ACF) and the power spectral density (PSD).
The ACF is a statistical measure of the spatial scale and the
magnitude of heterogeneity in the medium and is defined
as ensemble average over the correlation between values of
ξ at different points along the log, as function of the lag
distance. Since the fractional fluctuation is considered to be
a stationary random process ξ(z) = 0 the ensemble average
can be substituted by spatial averaging. PSD and ACF form a
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Fig. 1. Statistical analysis: (a) S-wave velocity log of the KTB main hole (HB); (b) Scattergram between vp –vs of the main hole
(HB); (c) normalized ACF for ξS from main hole (HB). Numerals are the Hurst exponent κ and the correlation parameter ǫ2 /a2κ ;
(d) Power spectral density for ξS from main hole (HB). Numerals are as in subfigure (c). The straight lines in (c) and (d) indicate the
least-squares fits for the wave number range confined by the borehole length and the receiver offset in the logging tool.
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I NTRODUCTION

that micro-earthquakes are considered, envelope sections are
selected according to specifically designed inversion criteria.
Moreover, for a preliminary feasibility test the analytical
approximation to the solution of the equation of radiative transfer by [Paasschens, 1997] is implemented as forward modeling. Alternatively Monte-Carlo and FD simulations would be
conceivable. In addition, modeling is restricted to isotropic
scattering in a half-space with an isotropic source. In order to
reveal the frequency dependence of the attenuation parameters,
preparation of observed data involves filtering of seismograms
in various frequency bands between 1-100 Hz. After filtering,
squared envelopes of each component are computed and all
three components stacked in order to obtain envelopes that
can be compared with mean squared envelopes obtained from
analytical forward modeling (Fig. 1d).

High-frequency seismograms (> 1 Hz) contain information
on heterogeneity and seismic absorption of the traversed
medium. This information is reflected by wave trains following
the direct S-wave and featuring decreasing amplitudes by
increasing lapse time. These wave trains are called ”S-coda
waves”, or simply ”S-coda” (Fig. 1a). Since seismic wave
propagation through a heterogeneous and absorbing medium is
an extremely complex process, it has become common practice
to use seismogram envelopes instead of complete waveforms
to gain insight in the attenuation properties of the propagation
medium.
In the framework of adapting seismological techniques to
the field of geothermal reservoir characterization, as part of
the German research program ”Geothermal Energy and HighPerformance Drilling (gebo)”, seismogram envelope inversion
has been applied to a passive seismic data set acquired during
a hydraulic fracturing treatment at the German Continental
Deep Drilling (KTB) site. During the long-term hydraulic
stimulation experiment (August to November 2000) induced
micro earthquakes were recorded with a temporal seismic
surfacenet, consisting of 40 stations, at epicentral distances
less than 20 km. The idea of applying this seismological
approach to data from fracturing experiments is originated by
the fact, that heterogeneity might be related to the fracture
density, whereas the seismic absorption or energy dissipation
could be associated with the fluid content in the reservoir.
These two characteristics are essential for the completion and
production of a geothermal reservoir.

R ESULTS
Scattering and intrinsic attenuation estimated for the KTB
reasonably match regional attenuation models for Southern
Germany [Sens-Schönfelder and Wegler, 2006]. The scattering coefficient shows weak frequency dependence that is
best described by a power-law form. From the frequency
dependence it can be inferred that a von Kármán-type of
random medium is a good model for representing the fractured
geothermal reservoir at the KTB.
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DATA PROCESSING AND INVERSION
To invert the recorded seismograms synthetic coda envelopes are computed using radiative transfer theory (RTT).
RTT describes the propagation of wave energy in scattering
random media and has the important advantage that the effects
of intrinsic and scattering attenuation are addressed separately.
Actual inversion parameters are the transport scattering coefficient g* and the intrinsic absorption coefficient b (Fig. 1b-c).
In fact, information about source energy and site amplification
is obtained simultaneously. To date systematic application of
RTT has only been applied to events with magnitudes Ml > 3
[Przybilla et al., 2009]. In the present study, magnitudes are
significantly smaller Ml ≤ 1.0. To accommodate the fact
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Fig. 1. Inversion procedure: (a) Raw waveform with S-Coda, (b) Linear fit to estimate intrinsic absorption coefficient b, (c) Estimation
of transport scattering coefficient g* via least-squares error minimization, (d) Comparison between observed (grey), smoothed (black)
and synthesized (red) envelopes for the 2000 October 1, Mw = 0.9 event (CET 03:41:30.7).
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I. INTRODUCTION


The use of seismic noise records to obtain the Green’s
function from the cross-correlation between station pairs has
become one of the main tools to characterize the subsoil
structure in local as well as in global scale.
To retrieve the Green’s function it is necessary to have
isotropically distributed noise sources, or at least to know their
directivity. However, when working with noise of human
origin (higher frequencies and shallower depths) this condition
cannot be fulfilled.
To solve this problem [Gouédard et al. (2008)] proposed an
approach to actively increase the ambient noise level in
directions that most contribute to the Green’s function
reconstruction. They used human steps as a user defined noise
source and recorded the wave propagation along an 8
geophones profile. These authors create seismic sections by the
cross-correlations of the recorded signal on each geophone
with the signal recorded by the first or by the last geophone in
the array.
In this work we present the results from a 22 geophones
profile (31.5 m length) recording human steps and jumps to
retrieve the Green’s functions to create seismic sections. The
corresponding dispersion curves are then inverted to obtain the
subsoil velocity models.
The goal is to investigate the advantages and limitations of
noise correlation based on measurements with actively
generated non-synchronized sources in comparison with
standard active source measurements in a noisy environment.

Active source: we used a trigger configuration with a
4.5 V battery plugged to one channel (number 1 or
number 22) with a proper STA/LTA ratio. We made
10 shots on each location.
For both experiments we used 10 Hz vertical geophones,
1.5 m distance between receivers, 2000 samples per second and
a SUMMIT M Hydra multi-channel seismograph from DMT.
To create the seismic sections we obtained the crosscorrelation of the recorded signal on each geophone with the
recorded signal by geophone 1 and with the recorded signal by
geophone 22. Afterwards, we stacked the cross-correlations in
order to enhance the signal to noise ratio. The wave
propagation was identified along the profile and also the
similarity for both directions of propagation. Hence, the media
can be regarded as 1D.
For the JIN data we followed the same procedure to obtain
the seismic sections and to stack the cross-correlations.
III. SURFACE WAVE ANALYSIS
We used the seismic sections from non-synchronized
sources data and from active source data to do the surface wave
analysis. This was made in two stages: in the first one we
applied a frequency-wave number transform, f-k [Capon
(1969)]; and in a second one we applied a Bessel transform to
obtain the Fourier Bessel expansion coefficients [Forbriger
(2003)].
The comparison (Fig. 1) of the results from the two analysis
shows that for the WIN data the results are quite similar, in
terms of defining the fundamental and the first higher mode
dispersion curves.
However, when comparing the results from the JIN data the
Bessel transform yields a better definition of the higher mode
dispersion curve. This can be due to the different character of
the excitation or also to the fact that the Fourier Bessel
transform is more suitable to analyze the near wavefield of a
point source (in this case the reference geophone of the
correlation).
The active source data still has to be analyzed with the
Fourier Bessel transform in order to obtain the coefficients and
the dispersion curves.

II. DATA
We made two kinds of experiments on the monitoring site
of the Helmholtz Centre for Environmental Research, UFZ, in
Bad Lauchstädt, to the Southwest of Halle:
 Non-synchronized sources: we walked for several
minutes near channel 1 and near channel 22. For this
experiment we recorded 1 min length windows. We
call this data Walking Induced Noise (WIN)
Afterwards, we jumped next to channel 1, 3 series of
10 jumps, and next to channel 22, 1 series of 10 jumps.
This data is called Jumping Induced Noise (JIN)
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IV. CONCLUSION
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Fig. 1. Comparison between the f-k and the Fourier Bessel transform for the non-synchronized data. In the upper panel the results from the f-k analysis show the
wavefield amplitude for the transform using the three different sets of data. With black dotted line the fundamental mode dispersion curves that are used for
the inversion of the velocity models. In the bottom panel the results from the Fourier Bessel transform from which the dispersion curves can be selected for
inversion. From a first view the dispersion curves for the fundamental and the first higher mode can be easily identified.

37

Radiative Transfer Theory – Six Component
Seismogram Envelopes and Scattering Properties
Peter Gaebler1,2 , Christoph Sens-Schönfelder1 , Michael Korn2
1

GFZ German Research Centre for Geosciences, Section 2.4 Seismology, Potsdam, Germany
2
Institute for Geophysics and Geology, University of Leipzig, Leipzig, Germany

Abstract— Recently high amounts of rotational energy have been
observed in the seismic wave-field. In particular the rotational motions
around the vertical axis measured in the P-wave coda carry interesting
information as they can only be excited by scattering of the seismic wavefield at 3D heterogeneities. These rotational motions cannot be excited
by compressional waves and therefore clearly indicate the conversion
from P to S energy and subsequently the scattering of the highfrequency seismic wave-field. In this study we use Radiative Transfer
Theory (RTT) to describe these scattering processes and the associated
rotational motions. RTT describes the spatial and temporal distribution
of seismic energy emitted from a seismic source. RTT takes into account
scattering and mode conversions. The scattering patterns are described
in the Born approximation. The RTT equations are solved by means
of Monte Carlo (MC) techniques. Seismogram envelopes for the three
translational and the three rotational components of the wave-field in a
random elastic medium are simulated. The three additional rotational
components provide independent information about Earth’s structure
and can for example be used to constrain scattering properties. The
results of the MC-RTT simulations are verified by comparisons with
finite difference simulations. Six-component seismogram envelopes from
the two different approaches are compared and a reasonable agreement
for both translational and rotational energy is obtained. In a real
data application regional swarm-earthquakes will be used to calculate
reference seismogram envelopes for different epicentral distances. A
nonlinear inversion process will be used to estimate attenuation and
scattering parameters that result in energy density traces that fit the
measured reference seismogram envelopes. In conclusion, the RTT allows
to model six-component seismogram envelopes of the high frequency
wave-fields from the initial P-wave onset to the later parts of the S-wave
coda in random elastic media.

transmission, mode conversions) or the propagation in depthdependent velocity structures. Snapshots of the energy-field
are stored in a 4D-array consisting of three spatial and one
temporal dimension.

Fig. 1: Conservation of Energy in the RTT equations. Energy flux from a
radiating surface (RS) into an unit solid angle (USA) around direction n.
Flux reduction by scattering in other directions (A) and by dissipation (B).
Flux increase by scattering from other directions into direction n (C) and
from additional sources (D). Redrawn from Sens-Schönfelder et al. (2009).

The seismic wave-field is fully described by three components of translation, three components of rotation and six
components of strain (Aki and Richards, 2002). Due to a
steady increase in sensor sensitivity it is nowadays possible
to record rotational motions in the seismic wave-field induced
by earthquakes and even by ambient seismic noise with high
accuracy. There are several fields of applications that arise
from these new measurements. For example Bernauer et al.
(2009) incorporated the rotational motions into the seismic
inverse problem, Hadziioannou et al. (2012) estimated source
directions and phase velocities from collocated translational
and rotational point measurements.

The specific intensity is modeled by a number density
of particles N (n, r) moving into direction n and located at
position r. Particles are emitted from a point source following
a defined radiation pattern and are described by the following
parameters:
• mode of the particle (P , S)
• coordinates in space and time (x, y, z, t)
• velocity vector (vx , vy , vz )
• Stokes Vector (IP , ISθ , ISφ , U, V )
For reasons of processing and stacking the six component
seismogram envelopes as recorded in a LQT-system. For every
particle and time step the polarization vectors (pP , pθS , pφS )
are calculated from the particle propagation directions (d1 ,
d2 ) and the polarization information. The unit vectors for
the LQT system (eL , eQ , eT ) are calculated from particle
position with respect to the source position. As an example,
the calculation of the translational and the rotational radial
seismogram envelopes TL and RL is shown. At first the
projections (P ) of the polarization vectors on the eL unit
vector are calculated in equations 1 to 3:

II. R ADIATIVE T RANSFER T HEORY

PPL = (pP [0]eL [0] + pP [1]eL [1] + pP [2]eL [2])2

I. ROTATIONAL M OTIONS IN S EISMOLOGY

(1)

RTT describes the energy flux from a radiating surface into
PSLθ = (pθS [0]eL [0] + pθS [1]eL [1] + pθS [2]eL [2])2
(2)
an unit solid angle around a certain direction. This quantity is
called specific intensity I(n, r), depending on direction n and
PSLφ = (pφS [0]eL [0] + pφS [1]eL [1] + pφS [2]eL [2])2
(3)
location r. Phenomenologically the transport problem can be
regarded as a conservation of energy flux and is illustrated The translational seismogram envelope TL and the rotational
in figure 1. Particles can experience scattering processes, seismogram envelope RL are then given by:
including mode conversions and a change of propagation
1
1
1
TL = IP PPL + ISθ PSLθ + ISφ PSLφ
(4)
direction. To account for attenuation particles loose energy as
α
β
β
they propagate through the medium. When no scattering events
occur, particles move through the medium according to ray 38
1
1
RL = ISθ PSLφ ω + ISφ PSLθ ω
(5)
theory. This includes the interaction with interfaces (reflection,
β
β

where α is P-wave velocity, β is S-wave velocity and ω
is the center source frequency. Envelopes for the transverse
components (Q, T) are calculated accordingly.

We therefore conclude, that the RTT approach can be used
to compute six-component-envelopes of the high-frequency
seismic wave-field.

III. MC-RTT VERSUS FD E NVELOPES

IV. I NVERSION FOR S CATTERING P ROPERTIES

To verify the results of the the new 6-component MCRTT simulations, we compare them with 3D full wave-field
finite difference simulations using a modified version of the
finite difference modeling software FDMPI (Bohlen, 2002).
Simulations are similar to the ones described by Przybilla and
Korn (2008). A model of size 76×76×76km is used with a
compressional isotropic source placed at the the center of the
model. The dominant source frequency (fc ) is 6Hz, mean P
and S velocities are 6.0km/s and 3.46km/s. Random velocity fluctuations with an exponential autocorrelation function
(eACF) are added to the model. The eACF is described by
the fractional fluctuation  and by the correlation distance a.
Translational and rotational components of the wave-field are
recorded at receivers placed on spheres at distances of 10, 20
and 30km from the source.

To estimate crustal and mantle scattering parameters a
genetic inversion algorithm will be used. The problem is nonlinear and has many free parameters. At first starting models
with random autocorrelation length a, velocity fluctuation 
and attenuation properties are created. Misfits are then calculated between reference data and the MC simulation results.
Models with small misfit values are chosen and recombined
and/or modified (mutated) to form a new model population.
First tests with synthetic reference data showed good results
(see figure 3).

Fig. 3: Synthetic test of the inversion algorithm. Translational seismogram
envelopes for a simple model with 30km thick crust overlaying mantle.
Receiver distance from epicenter is 40km. Black line shows the reference
envelope, gray line shows the best-fitting envelopes calculated with the MC
simulations.

In a real data application regional swarm-earthquakes,
recorded at the Gräfenberg array, are used to calculate reference seismogram envelopes for the three translational motions
for different epicentral distances. One component of rotation
data (around the vertical axis) will be provided by the Ringlaser in Wettzell. Scattering and attenuation parameters will
then be estimated by fitting energy density traces from the MC
simulations to the measured reference seismogram envelopes.
V. C ONCLUSIONS AND O UTLOOK
High amounts of rotational energy can be observed in the
seismic wave-field. Especially rotations around the vertical
axis observed in the P-wave coda are of interest, because
they indicate the scattering of the high-frequency wave-field
at 3D small-scale heterogeneities. We model translational and
rotational motion envelopes using Monte Carlo solutions to
the Radiative Transfer Equations. The results were verified by
comparisons with 3D full wave-field finite difference simulations. First synthetic inversion test showed satisfying results. In
the future real-data six-component envelopes will be inverted
for attenuation and scattering parameters.
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seismic stations, pairwise crosscorrelation of the ambient noise
wavefield is applied for each day.

Abstract—In seismology, coda wave interferometry (CWI),
based on ambient seismic noise, can be used to detect small
temporal changes in the propagation of the seismic wavefield. As
these changes can be related to changes of elastic properties in
the propagation medium, CWI can be used to observe dynamic
processes in the earth’s crust. This technique was successfully
applied, inter alia, to monitor seasonal variations in response to
environmental changes or stress changes caused by earthquakes
or material changes due to the erruption of volcanoes. Our idea
is to investigate the potential application of this technique to
monitor an anthropogenic dynamic process in the subsurface,
namely the emplacement of CO2 . We calculated crosscorrelations
of the ambient noise field at the test site for CO2 sequestration
in Ketzin for a time period of about 4 years from the beginning
of the injection and corrected time shifts in the crosscorrelations
(CCs) caused by temporarily missing GPS reception of some of
the receivers. We also present first results of the properties of
the wavefield.

I. I NTRODUCTION
As a target, we’ve chosen the onshore test site for CO2
sequestration in Ketzin, where more than 61,000 tons of CO2
have been injected into the Stuttgart Formation in a depth
of approximately 650 m since June 2008 to date. Regarding
the risk of possible carbon dioxide leakage due to reservoir
design faults, rock fissures and tectonic processes, a wide
range of active seismic monitoring methods, such as 3D reflection seismic, combined surface-downhole measurements and
crosshole tomographic surveys are applied in Ketzin to track
the CO2 in the reservoir. Since monitoring CO2 migration with
active seismic experiments depends on active sources it is very
elaborate and expensive. Therefore, CWI is a promising costeffective method.

Fig. 1: Network configuration in 2011 near Ketzin, the area
close to the injection site is shown as a subplot

III. F IRST R ESULTS
II. DATA P ROCESSING
With the aim to monitor changes in the seismic wave field
in response to the emplacement of CO2 and to track the
spatial expansion of the injected carbon dioxide, we operated
a seismic network around the test-site from May 2008 (before
the injection began) until June 2010. During February 2011
the network was re-equipped, extended and operated until
February 2012. The number of receivers in the network was
increased from 5 (in 2009) up to 10 receivers (in 2011), in
distances of tens of meters up to a few kilometers around
the injection site of Ketzin. One of the receivers (KTE) is
situaded only a few meters away from the injection site. (Fig
1) To retrieve estimates of the Green’s functions between the

As some of the seismometers temporarily had no GPS reception, the first task was the correction of the resulting clock
drifts. With cross-correlating seismic ambient noise measured
by two receivers, the time difference between them is easy to
obtain by measuring the time shift of the erroneous CC with
respect to a reference trace. [Sens-Schönfelder, 2008]. For
each station combination with GPS problems, the reference
trace was calculated as a mean over the CCs of days with
proper time information. Fig. 2 shows the uncorrected and the
corrected CCs of the stationpair KTF- KTO from March to
November 2011.
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(a) raw CCs

(b) corrected CCs

Fig. 2: a,b: raw and time-corrected crosscorrelations from Mar.
to Nov. 2011 of station KTF-KTO with delay times of ± 8 s
in a frequency band of 0.05 - 4.5 Hz

Fig. 4: CCs of all station pairs in a frequency range of 2-4 Hz;
waves traveling with 300 m/s are indicated with grey lines

Fig. 5: Top: Correlation values with reference trace, bottom:
velocity changes in a frequency band of 2 - 4 Hz for different
station combinations from May 2008 to November 2011
Fig. 3: Crosscorelation matrix from May 2008 to Nov. 2011
of station pair KTC-KTN in a frequency range of 0.05-4.5 Hz

Due to the fact that the injection is almost continous, we expect
a monotonic decrease of the seismic velocities. To analyse
possible velocity changes for each day, we computed stretched
versions of a reference CC in different frequency bands and
calculated correlation values between time windows in the
coda part of the streched traces and the reference trace. So far,
we can observe velocity variations with a period of approx. one
year, that indicates a seasonal influence (Fig 5), most probably
due to a varying ground water level, that overlays the effect
of the CO2 injection. To observe velocity changes due to the
CO2 , the next task will be the seperation of these effects.

The comparison of the CCs from the first and the second
network showed that re-equipping the receivers did not entail
any differences (Fig 3), except for CCs with station KTE at
low frequency bands, as the seismometer type, that was used
in 2011, had another eigenfrequency as the one, used in the
former years.
The analysis of the crosscorrelations showed that they are
asymmetric and dominated by a phase traveling with about
300 m/s (Fig. 4). Mündel et al. (2009) demonstrated that
this dominating phase comes approx. from the north, most
likely due to a large windpark situated north of the network.
Furthermore, other phases can be observed, which indicates a
sufficient reconstruction of the Green’s function.
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In the case that the injection of CO2 changes the medium
significantly, the CCs should show a variation of seismic velocities (decreasing velocities) with respect to a reference state.
In turn, a variation in velocity means a stretching of the CCs
if the variations are homogeneous in space and not too strong
to decorrelate the CCs [Sens-Schönfelder and Wegler, 2006].
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Abstract— The estimation of the Green’s function between two
points on the Earth’s surface by the cross-correlation of seismic
noise time series requires, in general, very long time series
(months to years) as well as massive normalisation. Spectral
whitening is a widely used powerful normalisation to improve the
emergence of broad-band signals in seismic noise crosscorrelations. Nevertheless, we observe spectral whitening to
depend strongly on the time window length necessarily used to
fragment very long time series. An unwanted amplification of a
persistent microseism signal is observed on the continental scale
with time windows shorter than 12 hours.

cross-correlation [1]. The task of the time domain
normalization of the time series is to suppress the effect of
strong coherent transient signals (e.g. earthquakes, instrument
irregularities) on the obtained CCF. The task of the frequency
domain normalization (spectral whitening) of the time series or
CCFs is to broaden the band of the seismic noise and to
suppress the influence of dominating narrow-band signals (e.g.
ocean-generated microseism) on the CCFs. Alternatively, all
normalization can be done after the cross-correlation by
applying time and frequency domain normalization procedures
to the CCFs prior to the stacking [2]. This presentation is
focused on a critical aspect of the spectral whitening.

I. INTRODUCTION
The estimation of Green’s functions based on seismic noise
cross-correlation functions (CCFs) evolved to an important and
widely used technique in seismology. It enables seismology to
provide high-resolution tomography studies from local to
continental scale and independent from earthquake seismicity
or active seismic sources. Nevertheless, practical experience
shows, that one has to use long time series (months to years)
and to apply extensive normalization to the seismic noise time
series to obtain CCFs which are suitable to estimate Green’s
functions. The cross-correlation of non-normalized ‘raw’
seismic noise time series produces CCFs which are in general
not suitable due to disturbing dominant signals (e.g. earthquake
waves, ocean-generated microseism) or instrumental
irregularities. The important task of the processing is to provide
an ‘equalization’ of the signals contributing to the seismic
noise in the time and frequency domain to be able to estimate
the broad-band Green’s function from the finally obtained
seismic noise cross-correlation function.

III. EFFECTS OF SPECTRAL WHITENING
We demonstrate (see also [2]) that the application of
spectral whitening amplifies unwanted monochromatic signals
in the stacked ‘long time window’ CCF under certain
circumstances. The amplification occurs if a persistent
localized source of a monochromatic signal exists and
increases with decreasing length of the time window used for
the cross-correlation due to the stacking. Such a persistent
localized monochromatic source causes very reliably also a
monochromatic signal in the ‘short time window’ CCFs, even
if a short time window length (minutes to hours) is used. The
emergence of this monochromatic signal in the CCF of seismic
noise is significantly more efficient than the emergence of the
Green’s function. Such a persistent signal is significantly
amplified in the stacked ‘long time window’ CCF even if its
amplitude is very small in the original seismic noise time series
due to the spectral whitening and stacking of the ‘short time
window’ CCFs. This implies that the length of the time
window used for the cross-correlation should not be selected
for pure practical or technical reasons.
We use one year (2004) of seismic data of several stations
of the Global Seismographic Network (GSN) in the United
States of America to illustrate and discuss this effect on a
continental scale. In this case the well-known persistent
monochromatic signal of ocean-generated microseism (period
~26 s) originating from the Gulf of Guinea [3] is amplified in
the one-year CCFs of station pairs in the USA by the spectral
whitening (Fig. 1). We use time window lengths between 1

II. DATA PROCESSING
The applied data processing underwent an evolution in the
last years [1]. For practical reasons, only short time windows of
seismic noise (typically several minutes to 24 hours) are
normalized and cross-correlated. A large amount of ‘short time
window’ CCFs is afterwards stacked to obtain a ‘long time
window’ CCF which can be used to estimate the Green’s
function. State-of-the-art is the normalization of the seismic
noise time series in the time and frequency domain prior to the
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hour and 24 hours to illustrate the significant influence of the
time window length on the magnitude of the amplification. We
state that the time window length should be at least 12 hours if
spectral whitening is used for noise interferometry on a
continental scale.
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Fig. 1. Comparison of stacked 12-month CCFs (ANMO-CCM, 7-150 s, distance 1404 km) obtained with different normalization
schemes and time window lengths. (a) CCFs obtained with the running absolute mean (ram) time domain normalization [1] with a
time window length of 24 hr (black line) and 2 hr (grey dashed line). The differences between the CCFs are rather small and can
be hardly seen in (a). (b) the same as in (a) for CCFs obtained with the ram time domain normalization and consecutive spectral
whitening (SW). The CCFs differ in their causal parts. (c) and (d) are the waveform differences between the 2 hr CCF and the 24
hr CCF in (a) and (b), respectively. The 26 s microseism signal from a localized source in the Gulf of Guinea [3] emerges in the
causal part of 12-month CCFs obtained by the spectral whitening and stacking of the CCFs obtained by cross-correlating 2 hour
time windows of seismic noise (d). (e) and (f) corresponding amplitude spectra of the CCFs in (a) and (b). The spectra of the
CCFs in (a) are nearly the same. The spectra of the CCFs in (b) show the unwanted amplification of the 26 s microseism signal in
the CCFs obtained with spectral whitening due to the short time window length of 2 hours.
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The last decade has brought advances in ambient vibration
cross-correlation. Both theory and experiment showed that the
long-term averaged cross-correlations of seismic recordings
at two spatially separated observation points corresponds to
the Green’s function of the media between these locations
[Weaver and Lobkis, 2001].
The principle of ambient vibration cross-correlation
was adopted to seismology on large scales (global to
continental) [Campillo and Paul, 2003], [Shapiro, 2004]. In
[Shapiro et al., 2005], the authors showed that the waveforms
of the cross-correlation of seismic noise is stable over time and
similar to surface waves which are excited by earthquakes near
one receiver and recorded at the other one. Therefore, tomographic analysis are performed by using this well observable
surface wave portion of the correlated wavefield.
In this work, we investigate the applicability of the method
of ambient vibration cross-correlation on the geotechnical
scale to detect structures in the shallow subsurface. Ambient
vibration cross-correlation has the advantage compared to
other geotechnical and geophysical (active) methods that it
is a low-cost, passive measurement which is also applicable
in densely populated urban environments.
As study area, we choose the Mygdonia Basin (Volvi) in
Northeastern Greece which is a sedimentary graben system
with sediment thicknesses up to 200 m. It is the location of
the EUROpean-SEISmological TEST area (EURO-SEISTEST,
[Jongmans et al., 1998]). Therefore, Volvi has the advantage
that several preliminary geophysical and geotechnical studies
have been done there (e.g. geophysical and geotechnical borehole methods, refraction seismic and surface wave inversion).
We can use the results of these measurements for comparison
with our final inversion.
In tomography, it is preferable to have many intersecting ray
paths with different azimuths. We have a limited number of
sensors, therefore we separated our installations in two groups:
a base array which remains at the same location for the whole
time of the experiment and rover stations which are moved to
a new location after several hours.
After processing the data of a one-day, small-scale (500 m
times 700 m) experiment in Volvi, we deployed a second
experiment with larger inter-station distances for a longer
recording time in the same study area in September 2011.
We installed 19 sensors on a circle with a diameter of approx-

imately 2 km as base array (seven short period and twelve
broad-band sensors). Within this circle, we deployed a smaller
second circle (about 0.7 km) with eight short period sensors
as rover stations. The recording time of the base array was
two weeks and the rover stations recorded for 8 to 15 hours
for each deployment. We benefit from the experiences gained
in the processing and the results of the first experiment. The
installation was deployed at the northern rim of the graben,
there the sediment thicknesses go from zero to several meter in
the North up to 100 m in the South. The results presented here
are from the tomographic analysis of the second experiment.
For our processing, we follow previous work by
[Bensen et al., 2007] about the analysis of ambient vibration
recordings. Some effort has been put in the evaluation of
the optimal preprocessing steps to improve the SNR of the
correlograms. We apply a simulation filter to correct for the
different instruments of the installation and a band-pass filter
from 0.1 Hz to 30 Hz. The offset is removed in global and local
(90 s) time windows, a one-bit normalization and a spectral
normalization is applied.
As already mentioned, the surface wave portion of the wavefield dominates the cross-correlation. We use the multiplefilter analysis [Dziewonski et al., 1969] to determine group
velocity dispersion curves for the surface waves which we need
to estimate travel times to perform a tomographic inversion.
For this purpose, we apply a set of Gaussian filter (0.5 Hz
to 28.5 Hz with six center frequencies per octave) to the
correlation traces. We find that the fundamental mode is not
present for inter-station paths larger than 1000 m. We therefore
decided to exclude these paths from the tomographic inversion.
Furthermore, we are able to show that the travel times lead
to velocities which are in good agreement with the expected
geological properties of the region.
In surface wave tomography, it is common practice to invert
the travel times for each frequency on a two dimensional
grid [Nolet, 1987]. In our case, the tomographic inversion is
performed on a grid of 21 times 19 nodes with an inter-node
distance of 100 m (total 2000 m times 1900 m). The ray paths
are assumed to be straight lines. This leads to a system of
linear equations which can be solved by LU-decomposition.
We apply a spatial smoothing and use 2D-Fresnel zones.
Additionally, we are able to improve our tomographic results
by rejecting data points with a misfit larger than two standard
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deviations and re-running the inversion with the remaining
data points.
Although, we have no real depth information we can use
the rule of thumb that the higher the frequency the smaller
the penetration depth [Park et al., 1999] for an interpretation
of the group-slowness maps and a first comparison with the
known geological structures. We observe a trend of decreasing
velocities towards the South at each frequency (example for
4.45 Hz see Fig. 1). The obtained change in velocity is
shifted towards the North with increasing frequencies (decreasing depth). We expect this from the increase in sediment
thicknesses and therefore the change from bedrock surface
wave velocities (around 1800 m·s−1 ) to sediment surface wave
velocities (around 300 m·s−1 ) from North to South in specific
depth layers.

Fig. 1.

[Park et al., 1999] Park, C. B., Miller, R. D., and Xia, J. (1999). MultiChannel Analysis of Surface Waves ( MASW ) prepared by. Geophysics,
64:800–808.
[Shapiro, 2004] Shapiro, N. M. (2004). Emergence of broadband Rayleigh
waves from correlations of the ambient seismic noise. Geophysical
Research Letters, 31(7):8–11.
[Shapiro et al., 2005] Shapiro, N. M., Campillo, M., Stehly, L., and Ritzwoller, M. H. (2005). High-resolution surface-wave tomography from
ambient seismic noise. Science (New York, N.Y.), 307(5715):1615–8.
[Weaver and Lobkis, 2001] Weaver, R. and Lobkis, O. (2001). Ultrasonics
without a Source: Thermal Fluctuation Correlations at MHz Frequencies.
Physical Review Letters, 87(13):1–4.

Tomographic result for 4.45 Hz

From the good agreement of tomographic results and known
geological structures, we conclude that the tomography of
travel times estimated by ambient vibration cross-correlation
is a useful passive tool for shallow site characterization on the
geotechnical scale.
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des Sciences de la Terre, Université Joseph Fourier, CNRS, Grenoble, France, Email: hillersg@ujf-grenoble.fr
† Institut de Physique du Globe de Paris, Sorbonne Paris Cité, CNRS, Paris, France
‡ Ecole et Observatoire des Sciences de la Terre, Université de Strasbourg, CNRS, Strasbourg, France
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Abstract—We report observations of systematic seismic velocity
variations in response to tidal deformations. Measurements are
made using ambient seismic wave fields recorded by (1) the 1
km deep downhole array of the Taiwan Chelungpu-fault Drilling
Project (TCDP), and (2) an array across the Calico fault (eastern
California shear zone), which is characterized by a relatively
wide damage zone. The applied methodology—noise based in-situ
acoustoelastic testing—constitutes a complementary technique to
active source experiments for imaging and monitoring rheologic
properties and strain sensitivities. In analogy to laboratory
acoustoelastic measurements, tides constitute the low frequency
deformation; velocity changes associated with different parts
of the tidal strain and strain rate protocol are resolved using
standard noise-correlation based monitoring techniques. Multiple
tests are applied to estimate the robustness of the dv/v signal
associated with tidal strains and/or strain rates. We discuss the
frequency dependence of the resolved signal as a function of
ambient wave field properties and sensitivities associated with
local wave guiding structures. The variable sensitivity of crustal
and fault damage zone materials to deformation or deformation
rates suggests different nonlinear elastic or nonelastic coupling
mechanisms, which can systematically be explored by investigating the response types of a range of materials in different
tectonic environments. Our observations are compared with
several theoretical concepts and predictions of anelastic material
behavior; we target estimates of associated in-situ nonlinear
constants from our measurements.
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des Sciences de la Terre, Université Joseph Fourier, CNRS, Grenoble, France, Email: hillersg@ujf-grenoble.fr
† Dpt. Earth Sciences, National Central University, Jhongli City, Taiwan
‡ Department of Earth Sciences, University of Southern CA, Los Angeles, USA
§ Institut de Physique du Globe de Paris, Sorbonne Paris Cité, CNRS, Paris, France

Abstract—We present results from an extensive analysis of the
high-frequency (1-10 Hz) ambient seismic wave field recorded
around 1 km depth by the vertical array of the Taiwan
Chelungpu-fault Drilling Project (TCDP). Multiple processing techniques (spectral analysis, spectral ratios, beamforming,
correlation-based polarization analysis) targeted at wave field
properties reveal the coexistence of the scattering and ballistic
propagation regime. The latter dominates the records, due to
the proximity of the recording site to the continuously acting source process associated with anthropogenic activity. We
discuss implications of the inferred wave field anatomy on
properties of noise correlation functions, and consequences for
monitoring subsurface velocity changes. Analysis of a 2-year
period shows a seasonal signal associated with local weather
patterns; precipitation-induced velocity changes on two different
time scales allow estimates of hydro-mechanical properties, and
of the hydrologic loading consisting of poroelastic and elastic
deformations.
The TCDP example is complemented by results from an
application of (microseism) noise-based techniques to image
structural properties of the San Jacinto fault zone (SJFZ) area,
southern California. The proximity of the study area to constant
near-coastal microseism excitation similarly prevents evolution
of the wave field towards a more diffuse and isotropic propagation regime. This observation is compatible with independent
estimates of the Rayleigh wave scattering mean free path derived
from a regional high-resolution tomographic image. Surface wave
arrivals in correlation functions from a regional network are
analyzed to image a velocity contrast across the SJFZ in the
Anza region at shallow depth. We show that the amplitude
decay pattern is governed by anisotropic noise propagating
directions, and discuss strategies to mitigate this artifact for
robust attenuation estimates.
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I. I NTRODUCTION

of the actual velocity change at both station sites:
∆obs,i = (∆station,i1 + ∆station,i2 ) /2,

For several earthquakes which occurred in Japan in the
past years (Fukuoka 2005, Noto Hanto 2007, Iwate-Miyagi
Nairiku 2008 [1] and three earthquakes in Niigata prefecture 2004, 2007 and 2011), we measured coseismic velocity
drops followed by postseismic recovery using Passive Image
Interferometry [2]. Additionally, we found seasonal velocity
variations in all study areas. For the different study areas, all
possible station pairs for the given set of sensors are used. In
order to get a better overview on the spatial distribution of the
observed velocity changes in the area, we develop a simple
tomography algorithm which reprojects the observations at
the different station pairs onto the single sensor locations.
Furthermore, we are interested in the actual depth distribution
of the observed velocity changes. With the exception of the
Noto Hanto earthquake, we found that the coseismic velocity
changes increase with frequency. As our technique is based
on the correlation of ambient seismic noise which is mainly
composed by surface waves (especially Rayleigh waves), this
findings suggest that the coseismic velocity changes are concentrated in the superficial layers. As our analysis of velocity
changes was performed in three different frequency ranges
(0.125 - 0.25 Hz, 0.25 - 0.5 Hz, 0.5 - 1.0 Hz), we can model the
depth distribution on the basis of three in principal independent
measurements. In the following, we will present the algorithms
and show examples of the results.

(1)

where ∆station,i1 and ∆station,i2 are the actual velocity
changes at the stations i1 and i2 which form the station pair
i. This will be a good approximation in the case where the
velocity changes in the area are rather homogeneous, but it will
lose its validity in the case of heterogeneous velocity changes.
Equations in the form of equation (1) can be written for all
station pairs and be combined to a single matrix equation
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which can be written more compactly as
~ obs = M · ∆
~ station ,
∆

(2)

~ obs of the observed velocity changes, the
using the vector ∆
~
vector ∆station of the velocity changes at the different stations
and the matrix M indicating which single stations contribute
~ station yields
to which station pair. Solving this equation for ∆
the least-squares solution of the problem:

~ station = MT M −1 MT · ∆
~ obs .
∆
(3)
An example of the application of this algorithm to the coseismic velocity changes at the Iwate-Miyagi Nairiku earthquake
is given in Fig. 1.

II. T OMOGRAPHY ALGORITHM
Our measurements at one frequency range yield the coseismic velocity changes ∆obs,i for each station pair, where
we used the abbreviation ∆ = dv/v and the index i ∈
{1, 2, . . . , NP } indicates the station pair (NP is the total
number of station pairs). The objective is now to link the
measurements of the different station pairs to the single sensor
locations. Pacheco and Snieder [3] calculated sensitivity kernels for wave scattering simulations in the case of multiply and
singly scattering media and found that these kernels are largest
at the close surroundings of the source and the sensor. We
simplify their sensitivity kernels, assuming that the observed
velocity change for a station pair corresponds to the average

Fig. 1. Left: Size of the coseismic velocity drops in the frequency range
from 0.5 to 1.0 Hz for the 2008 Iwate-Miyagi Nairiku earthquake, where each
station pair is plotted in the color corresponding to its velocity drop.
Right: The result of applying the simple tomography algorithm to the results
from the left side. The figure is interpolated between the station locations.
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The tomography algorithm confirms the results of the
different station pairs and shows the homogeneous parts of
the observed velocity changes. However, any heterogeneities
which do not lie on the single station locations cannot be
described by this algorithm.
III. M ODELING THE DEPTH DISTRIBUTION OF THE
COSEISMIC VELOCITY DROPS

The tomography algorithm yields the coseismic velocity
drops for the different stations at different frequencies. For
ICWH, the central station in the Iwate-Miyagi Nairiku area
(Fig. 1), for example, the value for ∆station is −0.05 %
(0.125 - 0.25 Hz), −0.26 % (0.25 - 0.5 Hz) and −0.49 % (0.5 1.0 Hz).
Starting from a reference shear- and pressure wave velocity
profile for the location, we model the depth distribution for
this station. As we only have three independent data points for
the inversion, it is not possible to model complicated damage
models. Therefore, we assume that the percental coseismic
damage ∆ is the same for all layers down to a depth D and
that shear and pressure wave velocities are equally affected. By
changing the original velocity profile by different values of ∆
(from −10 % to 0 %) and D (from -4000 m to 0 m), different
velocity profiles are generated. For each of these models,
the dispersion curve of the fundamental Rayleigh wave mode
vmodel (f ) is calculated and the corresponding relative velocity
change to the original model (with dispersion curve v0 (f )) by
∆model (f ) =

vmodel (f ) − v0 (f )
.
v0 (f )

Fig. 2. Misfit value for the modeling of the depth distribution at station ICWH
for the 2008 Iwate-Miyagi Nairiku earthquake. The misfit value is indicated
by the colorbar. The minimum (marked by the white cross) corresponds to
velocity changes of −2.6 % in the superficial 380 m. The white contour lines
correspond to 1.5 times the minimum misfit value.

Furthermore, we modeled the depth distribution of the coseismic velocity drops and found that they can be described
by constant relative velocity changes in the superficial several
hundred meters for the example station. The precision of this
modeling could be improved by including measurements obtained at higher frequencies. However, this is not a simple task.
The correlation between the seismic sensor pairs decreases
with frequency, degrading the reliability of the measurements
at higher frequency. Autocorrelation measurements, which
would in principle be available at higher frequencies, are prone
to effects caused by changes in the noise source.

(4)

Using these model velocity changes, a misfit m to the actual
measurements at the station ∆station is calculated for each
model by
v
u 3
u1 X
2
m=t
[∆station (fi ) − ∆model (fi )] .
(5)
3 i=1
The result of this misfit is shown in Fig. 2 for the ICWH
station. A clear trade-off is visible between models with a large
coseismic change only in the shallow subsurface and models
with only small changes which also affect very deep layers.
However, the observations are best fitted with a coseismic
change of about −2.3 % in the shallowest 380 m. Taking the
simplifications of the damage model and the small amount
of inversion data into account, this result is in fairly good
agreement with the findings of Takagi et al. [4], who measured
coseismic velocity drops of about −5 % between the surface
and a borehole station located at 260 m of depth.
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IV. C ONCLUSION
A simplified tomography algorithm was developed to reproject velocity changes determined by Passive Image Interferometry on the single seismic stations. Although this algorithm
is not able to retrieve very heterogeneous velocity change
patterns, it is successful in giving a first-order approximation
of the velocity changes at different frequency ranges.
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zone; these images are consistent with the previously identiﬁed
seismic structure.

Abstract—The present study discusses the reliability of using
migrated images reconstructed from autocorrelograms of ambient noise to extract waves scattered from a heterogeneous seismic
structure. New migrated images were reconstructed from autocorrelation functions of ambient noise at seismic stations in the
Japan subduction zone. The calculated autocorrelation functions
(ACFs) from ambient noise ﬁltered from 0.5 to 2 Hz show some
coherent signals with relatively large amplitude at both short
lapse times (less than 10 s) and long lapse times (from 10 to 50
s). The new migrated images, reconstructed from these ACFs as
zero-offset shot traces, are consistent with the well-documented
seismic structure of the area, such as a high-attenuation and
low-velocity seismic structure within the mantle wedge, and a
relatively transparent structure within the subducting Paciﬁc
slab. These results suggest that the autocorrelation functions
of ambient noise contain high-frequency (0.5–2 Hz) body wave
components.

II. DATA
Autocorrelation functions (ACFs) of ambient noise were
calculated at seismic stations of Tohoku University and the
Hi-net stations operated by the National Research Institute for
Earth Science and Disaster Prevention (NIED) with station
separations of ˜20 km. All of the ACFs were calculated from
continuous Z-component data at each station. Almost all of
the seismometers located at the Hi-net stations were installed
at the bottom of boreholes with depths of 100 m. The natural
frequency of the seismometers at the Hi-net stations was 1
Hz. All of the short-period seismometers of Tohoku University
had a natural frequency of 1 or 2 Hz, and were installed at the
surface. All the continuous data were recorded with a 100-Hz
sampling frequency. The broadband seismometers of Tohoku
University were installed in tunnels near the surface.

I. I NTRODUCTION
Seismic reﬂection surveys are commonly used in exploration geophysics to image shallow as well as deep
subsurface structures. To carry out an effective survey, a
controlled seismic source with the maximum possible energy is required. However, the various sources used for
such surveys, such as explosives or seismic vibrators, suffer
from various limitations. Therefore, seismic interferometry
has been proposed as an alternative method. In this technique, Green s functions of seismic waves between two
points are obtained using the correlation functions of ambient noise or coda waves (e.g., [Campillo and Paul (2003)];
[Schuster et al. (2003)]; [Wapenaar et al. (2004)]). This technique can be used to investigate Earth s subsurface in detail
through an analysis of the velocity boundary of seismic
waves. Surface waves can be retrieved by cross-correlating
the ambient seismic noise generated by multiple scattered
waves [Shapiro and Campillo (2004)]. A greater challenge is
the extraction of body waves from noise correlations, although some studies have observed body waves reﬂected from
subsurface interfaces from the cross-correlogram of P- and
S-coda waves ([Draganov et al. (2007)]; [Abe et al. (2007)]).
Recently, high-frequency (0.5–2 Hz) Moho-reﬂected body
waves have been successfully retrieved from the crosscorrelations of ambient noise[Poli et al. (2012)].
In previous studies, a migrated image was obtained by calculating an autocorrelogram as zero-offset shot traces of ambient noise ([Ito et al. (2012)];[Ito and Shiomi (2012)]). The
migrated images show a reﬂected wedge mantle structure and
a relatively transparent subducting slab in the Japan subduction

III. AUTOCORRELATION OF CONTINUOUS RECORDS
I express autocorrelation as a function of the lapse time τ
for velocity waveforms of continuous seismic data v(t) in the
time domain as
∫ TW
v(t)v(t + τ )dt
(1)
C(τ ) = t=0∫ TW
v(t)2 dt
t=0
where TW is the time window for the calculation of the
correlation coefﬁcient at lapse time. Filtered 1-h continuous
data within the frequency range 0.5–2 Hz are used to calculate the autocorrelation via a 1-bit correlation technique
[Campillo and Paul (2003)]. Stacked ACFs are calculated at
each station by taking the ensemble average of all the ACFs
calculated from the entire 1-h continuous data during the
analysis period.
IV. G EOGRAPHICAL FEATURES OF ACF S
The ACFs obtained for the analysis period show some
coherent signals in time with relatively large amplitude. The
ACFs represent 30-day ensemble average, and show signals at
both long lapse times of 10 to 50 s, as well as short lapse times
of 10 s. The latter correspond to the depth of the continental
Moho discontinuity. The former likely correspond to the depth
of the mantle wedge or the upper surface of the subducting
Paciﬁc Plate; these signals are clearly identiﬁed at stations
located in the back-arc side, suggesting the presence of some
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reﬂectors between the Moho and the plate boundary. In contrast, weak signals with lapse times of 20–30 s, corresponding
to the depth of the plate boundary, are detected at some stations
located in the fore-arc side. The results suggest that the ACFs
correspond to Green s functions, thereby indicating a tilting
seismic structure related to the subducting Paciﬁc slab.

wedge ﬂows with low seismic velocity of P- and S-waves were
previously identiﬁed using 3-D seismic velocity tomography
[Nakajima et al. (2009)]. The migrated images, in particular,
by general horizontal interface imaging, show the reﬂective
mantle wedge above the slab; these images are comparable
to those of the low-velocity and high-scattering attenuation
bodies previously imaged by seismic velocity and attenuation
tomography.
At a depth of 50–100 km, the slanted distribution of the
scatterers near the plate boundary between the subducting
Paciﬁc Plate and wedge mantle is well represented by dipping
interface imaging. This shows reﬂectors or scatterers along or
immediately below the plate boundary.
The large NSAs or scatterers near the Moho beneath the
continental crust are less clearly represented. This can be
attributed to the relatively small stack of samples used to
construct the migrated images, owing to the sparse seismic
network available to investigate this shallow section. If a
denser seismic network was available, with station separations
less than 5 km, as used in present study, the Moho would be
imaged by the same process.
The migrated images reconstructed from the ACFs provide the subsurface deep-reﬂected or scattered structures, as
mentioned in present study. This result suggests that ACFs
with ambient noise of 0.5–2Hz are composed of body-wave
component as well as surface wave, suggested by previous
cross-correlation studies.

V. T HREE - DIMENSIONAL DEPTH MIGRATIONS OF ACF S AS
ZERO - OFFSET SHOT TRACES
The ACFs from the vertical components should be reconstructed either from body waves emitted and striking nearvertically at the station, or from surface waves passing through
and returning to the station. Here, I assume a P-wave velocity
structure model and PP reﬂections between the stations and
the reﬂectors; accordingly, I compute a depth-migrated image
from the ACFs as zero-offset shot traces. By assuming that
the ACF amplitude at lapse time τ at a station i is obtained
from those of the reﬂected waves, I calculate the normalized
stacked amplitude (NSA) at each grid node at location x in a
three-dimensional (3-D) volume as given below.
∑N
Ci (τi )
A(x) = i
(2)
N
where τi denotes the two-way travel time between grid node
x and station i at as deﬁned by τi = 2Tp (x; xi ) ; Tp is the
P-wave travel time from the grid node to the station; N is
the number of ACFs used to calculate the NSA. The x-axis
of a Cartesian coordinate system in a positive orientation is
chosen along target proﬁles. I calculated the NSA at adapted
grid nodes by assuming PP reﬂections between the stations
and the reﬂectors.
All NSAs should be calculated from the combination of
the data obtained at the stations and the grid nodes. I then
reconstructed two migrated images with varying conditions of
incident angle and back azimuth from each grid node to each
station: (1) general horizontal interface imaging, in which it
was assumed that all the reﬂected waves from the grid nodes
to the stations have an incident angle of less than 10◦ and
no restriction of back azimuth; (2) dipping interface imaging,
in which all the reﬂected waves from the grid nodes to the
stations have an incident angle from 5◦ to 25◦ , and the back
azimuth of a grid node as a scatterer is within 20◦ from the
azimuth of the maximum inclined angle of the subducting
Paciﬁc Plate in order to image a slanted structure related to
the subducting slab while considering the incident angle to the
station and take-off angle from the grid node. All of the grid
nodes are arranged within intervals of 2 km in space.
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VI. R IGHT CONSISTENCY BETWEEN MIGRATED IMAGES
AND SEISMIC STRUCTURE

The new migrated images reconstructed from these ACFs
as zero-offset shot traces are consistent with the seismic
structure extensively document in previous studies, suggesting
the autocorrelation functions of ambient noise contain highfrequency (0.5–2 Hz) body wave components. The images
show the reﬂective structure within the mantle wedge. The
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I. I NTRODUCTION

the background medium increases with depth from 200 m/s
at the surface to 219.84 m/s at 25 m depth (representing
compacting sand). The landfill contains 48 scatterers of size
varying between 0.5 m to 1.8 m in height and 0.35 m to 3.89
m in length, randomly distributed in space and composed of 3
kinds of material e.g., plastic, glass, and metals, with VS 440
m/s, 1000 m/s and 1300 m/s, respectively.

For the last decades, municipal solid landfills have been
an intense target of investigation for Dutch organizations.
Problems such as formed methane gas and leachate emissions
need to be adequately addressed. One of the main goals
is achieving a fast stabilization of the landfill in order to
minimize the aftercare period and the hazards associated with
landfills. To achieve this, a good understanding of the chemical
and physical processes taking place in the landfill needs to
be established. A key factor to optimize the stabilization
techniques is to characterize the heterogeneity of the system
(e.g. Reichel et al., 2007). Electrical resistivity and induced
polarization methods have so far been useful to characterize
the chemical or ionic processes in the landfill, but they
generally have limited success in resolving accurately the
heterogeneities within the landfill, and hence the leachate and
gas flow paths (e.g. Jolly et al., 2011). In this vein, highresolution seismic surveys can be useful.
In the past, shallow seismic surveys have been conducted
on landfills, but they have shown inadequate results due to
noise and heavy scattering from diffractor-like objects (e.g.
De Iaco et al., 2003). However, high-resolution seismics have
the potential to provide a high-definition image of the landfill
and the scatterers in it. The latter have a major influence on the
possible flow paths. The change of the scatterers’ characteristics with the maturation of the landfill results in changes of
the flow paths. Time-lapse seismic surveys can identify such
changes. But the presence of multitude of scatterers impedes
the utilization of the advanced 4D seismic techniques, as these
techniques are based on single-scattering assumption. Another
problem for time-lapse monitoring is the non-repeatability in
seismic source positioning. To address these problems, we
propose to apply seismic interferometry (SI) using controlled
seismic sources.
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Fig. 1. (a) The landfill model used. (b) Subsurface image obtained from
migration of the recorded active source data. (c) Subsurface image obtained
from migration of the retrieved SI reflection data. The migration results have
been gained for visualization purposes. The red ellipses indicate the location
of the subsurface scatterers.

We use the landfill velocity model in a seismic forward
modelling (Thorbecke and Draganov, 2011) with a split spread
geometry. We use 120 horizontal-component receivers divided
in 5 cables each of 24, with a receiver spacing of 0.5 m. The
first source is positioned at 226 m and the first receiver at
228 m. When the source position passes 4 cable lengths (96
receivers), the passed cables are moved to the back of the line.
The modeled common-source gathers have their direct arrivals muted. They are then prestack depth-migrated using
the correct landfill velocity. Figure 1(b) shows the subsurface

II. T HE RESULTS
The municipal landfills present a favorable case for application of SI with controlled sources, as they contain many
scatterers. Figure 1(a) shows a model that mimics a landfill
body. It is 100 m long and 25 m deep. We have considered
using seismic shear waves for our synthetic study, because
shear waves offer higher resolution in soft soils and the shearwave velocity (VS ) is directly linked to the stiffness. VS of
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image with the superimposed scatterers. We see that the
shallower scatterers are imaged, but at depth the image is not
that clear. There is focused energy, but we see that it is not
at positions of the scatterers. Using only this image, we can
draw wrong conclusions about the structure of the landfill.
We apply SI by cross-correlation to the muted commonsource gathers to obtain virtual common-source gathers with
spacing between the virtual sources of 0.5 m (note that the
real source spacing is 2.0 m). Obtained virtual gathers are
normalized to their maximum amplitude. Further, we applied
wavelet deconvolution to compensate for pulse-broadening
due to the correlation and then band-pass filtered to suppress
energy outside the frequency band of the original signal. We
then use the same migration algorithm like for the active data.
The result is shown in Figure 1(c). Comparing this result (c)
with the result of active source seismic imaging (b), we see
that in (c) the shallower scatterers are better defined. The SI
dataset contained about five times more traces than the active
one, so its imaging capabilities are better. Furthermore, we see
that some of the focused deeper energy in the active-source
image is not as focused as in the SI image. This means that
the two images can be used in a complementary fashion to
distinguish between the physical scatterers and the artifacts
due to prevalent imaging algorithm (which assumes single
scattering). Focused energy present in both images represents
physically meaningful scatterers.
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lem. Because of this we model a second active dataset, in
which the source positions have random positioning errors
varying between 0 and 1 m compared to the positions of the
sources in the original survey. No changes in the landfill have
taken place. To the new dataset we apply the same processing
like the original one. Figures 2(a,b) show the obtained images
for the original and the repeat survey using the active datasets.
We can observe that due to the sources mispositioning, the
scatterers in the image from the repeat survey are not wellfocused and that a new scatterer-like event has appeared at
the shallower part at horizontal distance of 310 m and depth
of 7 m. On the other hand, the focused artifacts are quite
well imaged again. Taking the difference between the two
images, as is standard in time-lapse monitoring, would result
in a big difference. This can lead to the wrong conclusion
that there have been changes in the landfill body. Comparing
the images obtained from the SI datasets in Figures 2(c,d)
from the active datasets used for (a) and (b), respectively, we
can see that the repeatability of the imaged scatterers is much
better. The difference panel between these two images would
result in much smaller differences and thus would give us the
possibility to monitor the landfill for real changes.
III. C ONCLUSIONS
The multitude of scatterers typically present in a municipal
landfill can be a problem in usual seismic reflection surveys,
which are based on single-scattering assumption. Seismic
interferometry (SI) takes advantage of significant multiple
scattering that takes place in such a medium. Because of the
increased number of sources and hence a denser illumination
of the subsurface, the scatterers are better imaged when SI
is applied to active source data. Also some of the deeper
scatterers appear to be visible for the first time. Our results
indicate that the problem due to source irreproducibility in
time-lapse seismic imaging of the landfill can greatly be alleviated by application of SI to active-source seismic imaging.
These initial synthetic results illustrate the strong potential of
SI in seismic imaging, characterization and monitoring of the
municipal landfill, as a supplement to electrical and IP studies.
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Fig. 2. Images of the landfill obtained from prestack depth migration applied
to (a) the original active source dataset, b) the repeat active source dataset
with source non-repeatability, (c) the original SI dataset and (d) the repeat
SI dataset obtained from the repeat active source dataset with source nonrepeatability. No visualization gaining is applied to the images.

Next, we test the two methods for monitoring time-lapse
changes in the landfill. Acquisition reproducibility between
two measurement campaigns is a key requirement in timelapse seismics. Source non-repeatability is a notorious prob-
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sensors for recording the noise wavefield at 200Hz sampling
rate over a maximum aperture of 1760m for 3 days continuously. The very shallow geology consists of glaciofluvial
sediments and densely stratified sand with the ground water
table at about 3.5m below the ground. Figure 1a presents
the array configuration achieved and the corresponding virtual
array, figure 1b. The test site is located in a remote area and
thus very quiet, but multiple activities for piles testing, cars
passing by and multiple explosion in Horstwalde allow to have
a broad frequency range. We first compute the cross-spectrum
for different hours. The frequency-slowness diagram is stable
for at least 24hours of continuous recording. Exploitable
frequency ranges from 0.3 to 4Hz for the fundamental mode
(Fig. 2a) and from 0.8 to 1.7Hz for the first higher mode (Fig.
2b). The joint inversion of the fundamental and first higher
mode using a direct search algorithm [ 5] allows to obtain the
best fit Vs-profiles (Fig. 2c). Assuming SAV are dominated
by surface waves and in particular the Rayleigh, we use the
profile obtained from the inversion in forward modeling of
the ellipticity at different depths. Results are shown on figures
3a-3d. First order observation shows a discrepancy at the
fundamental frequency. This could be explained by the strong
assumption about the nature of the ambient noise.

Abstract—We investigate the H/V spectral ratio in depth as a
potential method for constraining the 1D shear wave (Vs) velocity
profile obtained from grid search, nonlinear inversion of phase
velocity dispersion curve.

I. I NTRODUCTION
Damages observed in sedimentary basins after earthquakes
are often unquantifiable. This shallow part of the Earth crust
acts as a waveguide to any incoming seismic wavefield and
thus due to the interference pattern generates site amplification. The study and understanding of those complex shallow
geological structures is thus a prerequisite for any geotechnical
activity or exploration. Characterizing such a structure using
geophysical tools is equivalent to determining the P-wave
velocity profile, the S-wave velocity profile, the stiffness and
the density. We focus here on the S-wave which is very
sensitive to the layering of the underlying material by using
seismic ambient vibrations (SAV). The H/V or Nakamura
technique is a famous example amount methods for analyzing SAV due to its simplicity and cost efficiency and is
widespreadly and globally used since the early 90ies. The
H/V method is preliminarily used to analyze resonances in
unconsolidated sedimentary structures. The interpretation of
H/V spectra in terms of Rayleigh wave ellipticity allows
potentially the derivation of 1D shear wave velocity [1].
Here we record SAV and process them similar to Refraction
microtremor (ReMi) method with the difference that sensors
are unevenly spaced. We use the co-array concept together
with the MASW principles for the phase velocity dispersion
curve determination. However, there is a high probability for
misinterpretation due to the high degree of non linearity and
non uniqueness of the inverse problem. This situation can only
be improved by taking additional information into account.
E.g. [2], [3], and [4] suggested to combine H/V spectral
ratio and dispersion curve in a joined inversion. We present an
additional possibility which uses H/V ratios measured from
3C borehole sensors at discrete points and at different depths
and use this information for the selection of the best model
candidate.

III. D ISCUSSION AND CONCLUSION
The deep geological setting is unknown to us and results
from this experiment provide a first insight into the depth and
layering of the sedimentary basin at the test site. The mismatch
between the modeled and the observed peak frequency suggests to consider all model within a certain range and choose
that which best fits the experimental H/V (w, z).
Going from a non redundant array with a limited or small number of sensors, we end up using cross-correlation concept with
high number of virtual sensors in a co-array configuration. The
frequency content of the resulting Greens function is enriched
in low frequencies content (compared to active surface wave
methods) thus providing better resolution for deeper structures.
The inversion using the neighborhood suggests that the subsurface consists mainly of two layers over half space. We use the
obtained ground profile as preliminary model for computing
the synthetic ellipticity at different depths. We then compare
the results with observed H/V (z, w). This technique add to
the opportunities presented by the used of ambient seismic
vibration. Not only it is low cost, non destructive, but also

II. DATA AND PRELIMINARY RESULTS
We carried out measurements at the TTS (Testgelände
Technische Sicherheit) of the BAM (Federal Institute for
Materials Research and Testing) in Horstwalde. It is located
approximately 50km South of Berlin. We have used a nonredundant linear array configuration of six Lennartz LE-3D 1s
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(a) Real setup

(b) Virtual setup

Fig. 1: Array configuration: (a) Real setup and (b) Virtual setup.

(a) Phase velocity dispersion curve mode 0

(b) Phase velocity dispersion curve mode 1

(c) 1D Vs profile. In black
the best fit model used
in the computation of the
Rayleigh wave ellipticity

Fig. 2: Joint inversion of the fundamental and first higher mode and the corresponding Vs-profile: (a) Mode 0. (b) Mode 1 (c)
1D shear wave velocity profile.

(a) z = 0m

(b) z = 13m

(c) z = 35m

(d) z = 42m

Fig. 3: Comparison between modeled ellipticity (blue curve) and the experimental H/V (red curve) at different depths: (a)
Receiver at the surface (b) 3C borehole at 13m depth (c) 3C borehole at 35m depth and (d) 3C borehole at 42m depth.

together with the cross-correlation concept extent the number
of (virtual) sensors in the field.
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I. I NTRODUCTION
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Numerical and laboratory experiments have shown how
cross correlations of field fluctuations recorded at two points
provide an estimate of the anti-causal and causal Green’s
functions between these points (Lobkis and Weaver, 2001;
Derode et al., 2003). Dispersive ballistic surface waves extracted by cross correlation of ambient noise measurements
are now a major tool for imaging the Earth’s crust (Campillo
and Paul, 2003; Shapiro et al., 2005). Moreover, coda waves
derived from these correlations have been used for subsurface
monitoring (Sens-Schönfelder and Wegler, 2006).
Following equation 32 of Wapenaar and Fokkema (2006),
which is an acoustic approximation to the complete elastodynamic equation, we estimate the ultrasonic Rayleigh-wave
Green’s function (G) for surface waves propagating in an
aluminum block. Strictly speaking, this expression is only
valid for acoustic media; however, Halliday and Curtis (2008)
show that G is equivalent to the Gzz component of the elastic
surface wave Green’s tensor. We investigate the accuracy of
the recovered coda.
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II. L ABORATORY MODEL AND ULTRASONIC DATA
A high-powered pulsed Nd:YAG laser generates broadband
ultrasonic waves having a central frequency of 600 kHz,
and we measure the vertical component of the displacement
at a point on the surface of an aluminum block with a
laser interferometer. The measured response is flat between
20 kHz and 20 MHz, with sensitivity on the order of parts of
angstroms. We record the wave field at each receiver position
(triangles in Fig. 1a) for 60 µs at a sample rate of 20 MS/s.
The receivers are spaced ∼1 mm apart surrounding the source
at xA (star) and the scatterers. The scatterers are 15 cylindrical
holes 1 mm in diameter and 3 cm deep.
At each receiver position, we repeat the source excitation
128 times and average the recordings to increase the signalto-noise ratio. The displacement wave fields are presented
in Fig. 1b after we apply a band-pass filter between 1002000 kHz. We mute reflections from the edge of the block,
when these arrive before t = 60µs. The arrival with the largest
amplitude is the direct Rayleigh wave, followed by scattered
Rayleigh waves with the opposite polarity caused by scattering
at the air-filled holes. We repeat the same acquisition for a
source at xB .

muted side
reflections

Fig. 1. (a) Geometry of the top of an aluminum cube with point scatterers
indicated by black dots (not to scale). The triangles indicate receiver positions,
and the stars are source positions xA and xB . Positive angle θ is clockwise
from the dashed line indicating θ=0. (b) Wave fields from a source at xA as
a function of receiver angle θ.

III. C ROSS - CORRELATION RETRIEVAL
We cross correlate the processed wave fields recorded at
each receiver from the two sources (Fig. 2a) and sum (Fig. 2b).
Following equation 32 of Wapenaar and Fokkema (2006),
each trace in the sum is weighted by the difference in angle
between the considered receiver and preceding receiver. As
prescribed by the theory, we then take a time derivative.
However, before that we time-reverse the anticausal part of
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(b)

(a)

on a surface rather than everywhere.
The exact formulation for the extraction of the full elastodynamic Green’s function requires multicomponent point forces
and double couples that excite the field fluctuations, which
are difficult to implement in laboratory and field experiments.
Halliday and Curtis (2008) justified the use of this acoustic
formulation based on its accuracy for extracting the direct
surface wave, not necessarily on scattered arrivals.
IV. C ONCLUSION
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An estimate of the wave field between two source locations
can be obtained by summing the cross correlated wave fields
measured at receiver locations enclosing the sources and
scatterers. The correlation gather computed from the recorded
wave fields shows distinct arrivals related to individual scatterers. Moreover, the stationary-phase points of these arrivals
can be used to constrain the location of scatterers (Mikesell
et al., 2012). Compared directly to the measured response at
the location of one of the two sources, the direct wave is
reconstructed accurately, but the reconstruction of the coda is
less accurate. The acoustic formulation for Green’s function
retrieval we use is justified on arguments that apply to the
direct wave only, and we attribute the reduced ability to extract
the coda to the inaccuracy of using the acoustic formulation
for scattered elastic surface waves.
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Fig. 2. (a) The cross correlations between xA and xB . We annotate the anticausal stationary-phase points for each scatterer with a star. The dashed curves
are the arrival time difference between the direct wave at xB and the scattered
arrival at xA . (b) The weighted sum of the correlations. (c) Normalized wave
fields for the directly measured G (solid) and the result from cross correlation
(dashed). Inset: The tapered wavelet used in the deconvolution (solid) and the
taper (dashed).
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Fig. 2b and sum it with the causal part to increase SNR.
Because the correlation contains an extra contribution from
the source wavelet (see Wapenaar and Fokkema (2006)), after
taking the derivative we deconvolve a tapered version of the
direct Rayleigh-wave arrival from our result using a waterlevel deconvolution (Snieder and Şafak, 2006). The tapered
wavelet used in the deconvolution is shown in the inset of
Fig. 2c.
We compare our estimate of the wave field propagating
between a source xA and a virtual receiver xB to a direct
measurement for a source at xA and a real receiver at xB
(Fig. 2c). The amplitudes of the two wave fields are normalized
with the maximum of the direct Rayleigh wave. The direct
surface wave is extracted with great accuracy. The amplitude
of the coda – relative to the direct wave – is accurately
estimated, and some arrivals in the coda are well reproduced,
while others are not. Differences between the direct estimate
of G and the result based on cross correlations are caused by
violations of the assumptions that went into the approximate
equation. Specifically in this experiment, we 1) suppress some
scattered waves when muting the side reflection, 2) violate the
far-field assumption, 3) apply an approximate deconvolution,
and 4) measure the wave field at a finite number of locations
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be retrieved from cross correlation between waves at the two
receivers in a loss-less or a lossy media. According to SanchezSesma and Campillo (2006) , the following relations hold:

Abstract—By using a close mathematical relation between the
SPAC method and seismic interferometry, I make a straightforward formulation of the SPAC method in lossy media. Analysis of
the SPAC expressions for surface waves shows that the conjecture
of Prieto et al. (2009) is not strict but approximately good for
small attenuation. This study will provide a theoretical basis
to estimate not only phase velocity but also attenuation from
analysis of ambient noises.

< u(x1 , ω)u(x2 , ω)∗ >∝ Im[G(x1 , x2 , ω)],

where Im means imaginary part, and the ensemble average is
taken with respect to different realizations of the wavefield.
Substituting equation (2) and a similar expression for the
case of x1 = x2 into equation (1), the following theoretical
relation is obtained to connect the SPAC method and seismic
interferometry:

I. I NTRODUCTION
Spatial auto-correlation (SPAC) method was proposed by
Aki (1957) to estimate sur-face-wave phase velocity from correlations of ambient noises, and has been widely used in seismology and geophysical explorations especially since 1990s
(e.g. Okada, 2003). In a different line of researches, seismic
interferometry or the noise correlation method (e.g. Campillo
and Paul, 2003; Curtis et al., 2006) has been extensively used
to estimate velocity structures and its temporal variations (e.g.
Shapiro et al., 2005; Sens-Schoenfelder and Wegler, 2006).
Mathematical relations have been known between the SPAC
method and seismic in-terferometry (e.g. Nakahara, 2006).
This is greatly helpful because new developments in either
of the methods can contribute to improving the other method.
I show that recent devel-opments in seismic interferometry
for lossy media can be used to make novel formulation of the
SPAC method in lossy media, and help understand seismic
interferometry better in turn.

< u(x1 , ω)u(x2 , ω)∗ >
< |u(x1 , ω)|2 >
Im[G(x1 , x2 , ω)]
Im[G(r, ω)]
=
=
.
Im[G(x1 , x1 , ω)]
lim Im[G(r, ω)]

C1,2 (r, ω) =

III. T WO - DIMENSIONAL ( SURFACE )

WAVES IN LOSS - LESS

AND LOSSY MEDIA

For scalar wave equation in loss-less media, Green’s function is known as
i (1)
G(r, ω) = − H0 (k0 r) ,
4

(4)

(1)

where H0 means the 0-th order Hankel function of the first
kind and k0 = ω/V0 is wavenumber for seismic velocity
V0 . Substituting this into equation (3) reproduces the original
result of Aki (1957) as:

According to Aki (1957), a normalized cross spectrum
C1,2 (r, ω)of a random scalar wavefield at two receivers at
x1 and x2 is defined as

C1,2 (r, ω) = J0 (k0 r).

(5)

For lossy media, the following type of damped wave equation can be considered:

∗

< u(x1 , ω)u(x2 , ω) >
< |u(x1 , ω)|2 >
< u(x1 , ω)u(x2 , ω)∗ >
=
< |u(x2 , ω)|2 >

(3)

r→0

II. T HEORETICAL RELATIONS BETWEEN SEISMIC
INTERFEROMETRY AND THE SPAC METHOD

C1,2 (r, ω) ≡

(2)

(

(1)

∆u(r, t) −

1 ∂ 2 u(r, t) 2κ ∂u(r, t)
+
+ κ2 u(r, t)
V02 ∂t2
V0 ∂t

)
= 0.

(6)
Here, u is the wavefield, ∆ is the Laplacian operator, and κ
stands for attenuation. Green’s function for the equation is

where < > means an ensemble average, ∗ denotes complex
conjugate, u is the scalar wavefield, ω is the angular frequency,
r = x2 − x1 , and r = |r|. For the last equality, the spatial
stationarity of the field, < |u(x1 , ω)|2 >=< |u(x2 , ω)|2 >, is
assumed.
According to theoretical developments in seismic interferometry [e.g. Wapenaar (2004); Snieder (2007), Margerin and
Sato (2011)], Green’s functions between two receivers can

(1)

iH0 ((k0 + iκ)r)
.
(7)
4
Comparing this with equation (4), a complex wave number is
found to be introduced due to absorption. Substituting equation
(7) into equation (3) leads to:
G(r, ω) = −
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[
Im

C1,2 (r, ω) =

(1)
iH0 ((k0

IV. C ONCLUSIONS
A close mathematical relation exists between the SPAC
method and seismic interferometry. Thanks to the relation, a
rather straightforward derivation of the SPAC method in lossy
media has been made. Analysis of the SPAC expressions for
surface waves shows that the conjecture of Prieto et al. (2009)
is not strict but approximately good for small attenuation. This
study provides a theoretical basis to estimate not only phase
velocity but also attenuation from analysis of ambient noises.

]
+ iκ)r)

[
]
(1)
lim Im iH0 ((k0 + iκ)r)

.

(8)

r→0

This is a formal solution, but some further manipulation is
necessary to understand this relation better. Here, I analyze
the relation by imposing a small-attenuation assumption of
k0 À κ, and the far-field approximation. For the case, Green’s
function is:
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Fig. 1.

Substitution of equations (9) and (10) into equation (3) leads
to the following equation:

Plots of equations (8), (11) and (12) for (κ/k0 ) = 0.1.
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[
(
)
]
2κ
κ
C1,2 (r, ω) ≈ exp(−κr) J0 (k0 r) 1 +
+
Y0 (k0 r)
πk0
2k0
(11)
where J0 and Y0 mean the 0-th order Bessel function of the
first kind and the second kind, respectively. This equation can
be compared with the following relation,
C1,2 (r, ω) = J0 (k0 r) exp(−κr).

Equation (8)
Equation (11)
Prieto et al.

0.8

Taking the limit of r → 0 in equation (7) , I obtain the
following :
[
( )]
1
2 κ
lim [ImG0 (r, ω)] ≈ − 1 −
r→0
4
π k0

κ=0.1k0

1

iH ((k0 + iκ)r)
G(r, ω) = − 0
[√ 4
]
{
i
π}
2
=−
exp i(k0 + iκ)r −
.
4
π(k0 + iκ)r
4
(9)

(12)

which was conjectured by Prieto et al. (2009) and has been recently used in passive attenuation tomography. Here, equation
(12) is shown to be obtained by taking a limit of (κ/k0 ) → 0
in [ ] of equation (11). Therefore, equation (12) turns out to
be an approximated form of the SPAC expression for lossy
media under assumptions of large separation distances and
weak attenuation.
In Figure 1, I show the validity of equations (11) and
(12) for (κ/k0 ) = 0.1. A strict expression (equation (8)) is
shown by a solid curve. Equations (11) and (12) are shown by
broken and dotted curves, respectively. Equation (11) almost
matches the strict expression except for around zero in the
normalized separation. This is because Y0 term in equation (11)
tends to negative infinity around zero. On the other hand, the
conjecture by Prieto et al. (2009) of equation (12) shows a
slight difference. But the difference is at most 5% in amplitude.
Therefore, Prieto et al. (2009) is judged to give a simple and
good approximation for weak attenuation. The above results
were described in detail in Nakahara (2012).
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were cooled to 0 ◦ C in a climate chamber at the beginning and
then heated up to 50 ◦ C in 5 K steps, following by cooling
in the same manner. The temperature was kept at least 24
h to avoid gradients in the samples. After each temperature
step ultrasonic measurements have been perfomed on each
sample in both configurations (MR1 and MR2, switching the
sensors to work as transmitter/receiver) using standard US
equipment (12 bit amplitude resolution, 1 MHz sample rate,
5000 samples, 144 stacks, 4 to 8 repetitions). Two entire
heating/cooling cycles have been performed so far.

Abstract—Ultrasonic methods are valuable tools for quality assessment and structural imaging of concrete. In such applications,
accurate and reliable determination of ultrasonic wave velocities
is essential, as they are affected by various experimental and
environmental factors. In this research coda wave interferometry
(CWI) was used to determine the influence of temperature (0
to 50 ◦ C) on ultrasonic wave velocity in concrete samples. A
resolution of better than 10−4 was achieved in the measurement
of relative velocity changes. Reversibility and repeatability were
taken into account. In addition the benefit of newly developed
permanently embedded sensors was evaluated. The presented
results can be used to interpret and refine data from ultrasonic
monitoring systems.

I. I NTRODUCTION
Ultrasonic velocity measurement is a frequently used
method to estimate strength properties and to detect damageinduced changes in materials. Temperature is known to have
an influence on ultrasonic pulse velocity of solid concrete. For
many applications, including the investigation of lab samples
in a controlled environment, this effect seems to be negligible
(e. g. in the range of 10 − 30 ◦ C according to the current DIN
EN 12504-4:2004). The same holds for ultrasonic echo measurements. Only if there are large temperature variations (e.g.
freeze/thaw or in case of fire hazards) the velocity changes
significantly in time of flight measurements currently used.
Upcoming monitoring applications using ultrasonic methods
do detect changes that are small by degree or spatial extension, as well as slow processes as alkali-silica reaction
(ASR) require a more detailed insight into the temperature
influence on velocity so to avoid misinterpretations and to
correct measurements. This study describes experiments on
concrete specimen in the temperature range of 0 to 50 ◦ C with
embedded ultrasonic sensors. The study is described in more
detail in [Niederleithinger and Wunderlich (2012)]. Temperature effects in ultrasonic monitoring of real constructions have
already seen by [Larose et al.l (2006)].

Fig. 1. Sample ES1 to ES3 in climate chamber. Embedded ultrasonic sensor
shown in lower right insert

III. E VALUATION
The temperature induced velocity variations were evaluated
by the stretching algorithm introduced to coda wave interferometry by [Sens-Schoenfelder and Wegler (2006)]. The signal
hi at a specific temperature step i, stretched by an assumed
relative velocity variation ν, is crosscorrelated with a reference
trace h0 using:

II. E XPERIMENTS
The experiments were carried out using three samples (ES1,
ES2, ES3) made of standard concrete ((CEM I 32,5R, C30/37,
water cement ratio 0.52) with a size of 40 · 15 · 15 cm3
(Figure 1). The samples have been equipped each with two
embedded ultrasonic transceivers, producing mainly longitudinal waves with a peak frequency of 60 kHz, butv were forced
to work around 100 kHz. The samples have been more than
three months old at the beginning of the measurements. They

RT
CC(ν) = qR 0
T
0

hi (t(1 − ν))h0 (t)
RT
h2i (t(1 − ν)) 0 h20 (t)

(1)

ν is varied in small steps in a reasonable range to find
the maximum correlation CC. This process is repeated for
all repetitions of the measurements to get an idea of the
standard deviation of the results. The measurments at 0 ◦ C
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at the beginning have been used as reference for an entire
heating/cooling cycle. Figure 2 shows the correlation result
for sample ES1, configuration MR1 at 0 ◦ C of the first heating
cycle. The maximum correlation coefficients vary between 1
and 0.7 for each cycle. It turned out that the resolution of the
determied velocity variations is in the same range (2 · 10− 5)
as published by [Larose and Hall (2009)].
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Fig. 4. Temperature variation of the ultrasonic velocity for sample ES1,
configuration MR1.

increases towards higher temperatures and recovers partially
during cooling. Small anomalies are visible around room
temperature, probably due to moisture issues of the climate
chamber. However, there was no significant weight change
during the meassurements. Figure 4 shows the evaluated
velocity variation. In the first cycle the velocity decreases
during heating by almost 4 %. After cooling there is a
remaining velocity drop of about 1 %. Some kind of hysteresis
was expected due to ongoing hardening, but this would have
resulted in a velocity increase. As we don’t expect permanent
damage due to the temperature variations imposed we think
that the velocity drop is due to cracks generated by shrinking
or similar effects. We will have to perform more experiments
for verification. In the second cycle the heating curve almost
matches the one of the first cycle (on a lower level), while
during recooling we experience a smaller hysteresis than in
the first cycle. This supports the idea of relating the hysteresis
to some kind of early age chenge effect.

Fig. 2. Correlation of six measuremenst at 25 ◦ C on sample ES1, configuration MR1, to the corresponding reference trace at 0 ◦ C. Maximum correlation
of 0,91 at a relative velocity change ν of -0,01.
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25

Fig. 3. Max. correlation coefficients for each temperature step for sample
ES1, configuration MR1. Second cycle contains some repetitions.

IV. R ESULTS
The acquired data have been evaluated for all samples
configurations and repetitions using the procedure described
above. The following discussion is limited to sample ES1,
configuration MR1, but all other data are similar. The data
for all temperature steps of each heating/cooling cycle are
well correlated to to the respective reference data (0 ◦ C ).
The peak correlation values are shown in Figure 3. The
number of temperature steps is different for both cycles as
some measurements have been repeated. The decorrelation
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those between vertical ones (ZZ), and those between radial
and vertical ones (RZ). Here, we define radial and transverse
components for each station pair. We then obtained the CCFs
of the records between every pair of stations.

Abstract—Seismic interferometry has now been applied for
exploration of Earth’s interior at scales ranging from local
to global. Most of the studies used surface wave propagation.
Recently some studies focussed on body wave propagation in
local and regional scales but not in global scale. In this study,
we succeeded in extraction of body wave propagation using
seismic hum from 5 to 30 mHz. These results show clear body
wave propagations (P, S, SS, ScS, etc). Amplitude ratios between
observed surface waves and body waves suggest that the observed
wave field cannot be approximated by Green’s functions. The
differences are caused by break down of equipartition between
modes with different radial order, because their sources were
distributed only on the Earth’s surface.

I. I NTRODUCTION
Shapiro et al. (2005) performed a cross-correlation analysis of long sequences of ambient seismic noise at around
0.1 Hz to obtain a group-velocity map of Rayleigh waves
in southern California. This method is now referred to as
”ambient noise tomography”. The tomographic method has
now been applied at scales ranging from local to global scale
[Nishida et. al (2009)].
The cross-correlation functions (CCFs) contained not only
surface waves but also body waves. There were studies of
body wave propagation revealed by seismic interferometry in
local and regional scales. One is body wave extraction using
ambient noise (10 km scale [Roux 2005], and 500 km scale
[Poli et al. (2012)]), and another is that using seismic coda
[Tonegawa et al. (2009)]. However, there is still no study in
global scale. In this study, we analyzed 3 components of
seismograms for extraction of global body-wave propagation
by seismic interferometry.

Fig. 1.

Station distribution.

III. O BSERVED CROSS - CORRELATION FUNCTIONS
If homogeneous and isotropic sources as a stationary
stochastic process, the display of the cross-correlation functions between two stations as a function of their separation
distance should indicate seismic wave propagations as the
Green’s function [Snieder (2004)]. Fig. 2 shows stacked CCFs
bandpass filtered from 5 to 30 mHz every one degree. The
CCFs (RR, ZZ and RZ) show Rayleigh wave, P, S and SS
propagation. The CCFs (TT) show Love wave, S and ScS.
Although these phase identifications seem to suggest that
the observed wave field can be approximated by Green’s
functions, observed amplitude ratios between surface waves
and body waves are different from those of corresponding
Green’s functions.

II. DATA
IV. C OMPARISON WITH SYNTHETICS

We analyzed continuous sampling records in a time period from 2004 to 2011 at 349 stations with 3 components
of broadband seismometers (STS-1Z, STS2, STS2.5) at the
lowest ground noise levels (Fig. 1). We used data of the
International Federation of Digital Seismographic Networks
(FSDN) stations and F-net stations. For each station, the
whole record is divided into about 2.8 hour segments with an
overlap of 1.4 hour. In order to avoid effects of earthquakes,
we discard all the seismically disturbed segments and noisy
segments. We calculated CCFs between every pair of different
stations for their common record segments at periods from
5 to 30 mHz for the 8 years. We calculated CCFs between
transverse components (TT), those between radial ones (RR),

For discussion about the difference between observed CCFs
and Green’s functions, we calculated synthetic CCFs with
an assumption of the spatially homogeneous and isotropic
sources. We slightly modified a theory [Nishida et al. (2008)]
of random surface pressure sources to random surface traction
sources.
We estimated reference source models of effective pressure
and effective surface shear-traction by fitting of the synthetics
to the observed CCFs. Here, we simply assumed spatially
homogeneous sources, although strong heterogeneity of the
source distribution causes apparent phase velocity anomalies.
This is because dominance of long wavelength structure of the
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source distribution (angular degree ≤ 3) does not affect the
CCFs significantly [Nishida et al. (2008)].
With the source models, we obtain synthetic CCFs. The synthetics explain observed CCFs including the amplitude ratio.
This result suggests that the CCFs cannot be approximated by
Green’s functions. The difference is caused by break down
of equipartition between modes with different radial order,
because the sources were distributed only on the Earth’s surface. Calculation of synthetics with appropriate assumptions
is crucial for body-wave survey by seismic interferometry in
particular in low frequency.
R EFERENCES
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A

Abstract—Numerous monitoring applications make use of
seismic coda waves to evaluate velocity changes in the Earth. This
raises the question of the spatial sensitivity of coda-wave-based
measurements. Here, we investigate the depth sensitivity of coda
waves to local velocity perturbations using two-dimensional numerical wave-field simulations. We calculate the impulse response
at the surface before and after a slight perturbation of the velocity
within a thin layer at depth is introduced. We perform parametric
analysis of the observed apparent relative velocity changes, εobs ,
versus the depth of the thin perturbed layer. Through the
analysis of the decay of εobs , we can discriminate two different
regimes: one for a shallow perturbation and the other for a deep
perturbation. We interpret the first regime as the footprint of
the one-dimensional depth sensitivity of the fundamental mode
surface waves. For perturbations at greater depths, we propose a
model based on multiple scattering of body waves in the bulk. For
intermediate depths, we show that the depth sensitivity of coda
waves can be modeled as a combination of bulk-wave sensitivity
and surface-wave sensitivity. The transition between those two
regimes is governed by mode conversions due to scattering. We
indicate the importance of surface waves for the sensitivity of
coda waves at shallow depths and at early times in the coda. At
later times, bulk waves clearly dominate the depth sensitivity and
offer the possibility of monitoring changes at depths below the
sensitivity of the surface waves. Based on the transition between
the two regimes, we can discriminate a change that occurs at the
surface from a change that occurs at depth. This is illustrated
for shallow depth perturbations through an example from lunar
data.
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Fig. 1. A. Medium with von-Karman correlation function. The correlation
distance is a ≈ λ0 . x and z are typically 50λ0 ×50λ0 . B. Configuration for
the study of depth sensitivity. A medium of dimension x, z contains a thin
layer (h) with a small velocity perturbation at depth d (note that the thickness
of h is exaggerated for better visualization).

When analyzing the apparent relative velocity changes
εobs versus the depth of the perturbed layer in Figure 2,
we observe a decrease of εobs with depth, which testifies
to reduced sensitivity of our measurements to changes at
greater depths. We can discriminate two different regimes
of sensitivity: for shallow and deep perturbed layers. Their
separation is marked in Figure 2 with the chain black line. In
the first regime, which concerns the early part of the slope,
the sensitivity of εobs decays rapidly with depth, until a
depth of approximately half the central wavelength λ0 . In the
second regime, which concerns the later part of the slope, the
slower decay results in a deeper sensitivity.

To study the sensitivity of coda waves to velocity perturbations at depth, we perform numerical simulations of seismic
waves in a heterogeneous 2D elastic medium (von-Karman
correlation function) without intrinsic attenuation (Figure 1A).
The scattering is weakly anisotropic but the medium itself does
not show any preferential direction.
In this background velocity model, we introduce a small
velocity perturbation dv
v in a layer of thickness h at depth
d, as shown in Figure 1B.

We interpret the rapid decay (shallow perturbed layers) as
the footprint of the vertical depth sensitivity of the fundamental
mode of the surface waves. For perturbations at greater depths
(deep perturbed layers), we propose a model based on 2D
diffusion of body waves. We show that we can model the
apparent relative velocity changes εBulk and εSurf , computed
for the bulk and surface wave sensitivities, according to:

We run a first experiment with an initial model vp , and
then a second with a perturbed velocity vp0 in a layer. When
comparing the coda of the seismograms, we can see that
the perturbed seismogram lags behind in time with respect
to the unperturbed seismogram, while the shape of the
wave train remains largely unchanged. We quantify these
time lags with the stretching technique (Lobkis and Weaver
2003; Sens-Schönfelder and Wegler 2006) and refer to
them as apparent relative velocity changes. We repeat the
experiments for varying depth positions of the perturbed layer.

εtheo (d, t) = α(t)εSurf (d) + (1 − α(t))εBulk (d, t),

(1)

where εtheo (d, t) is the modeled relative velocity change and
α the fitting parameter, or the partition coefficient.
To study the depth penetration of surface-wave energy independent of bulk waves, we propagate a pulse in a homogeneous
medium with a constant background velocity. This medium

64

−3

4

surface wave
sensitivity

εobs

std dev
Data
(1−α)εBulk

3
εobs

3

1

x 10

ε

theo

2
2

2D diffusion
sensitivity

1
0
1

0
0

1

100
200
depth (m)

2
depth (km)

3

0.8

σ=5%
σ=10%
σ=15%
σ=20%
σ=30%

0.6
0.4
0.2
0
0

300

10

20

30
t/t*

40

50

60

Fig. 3.
Evolution of the partition coefficients for different degrees of
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Fig. 2. Apparent relative velocity changes with depth of the perturbed layer
averaged over ten realizations (σ = 20%). We can discriminate two different
regimes of sensitivity for a shallow and a deep perturbed layer marked by
the black chain line. The modeled data (red) εtheo (d = 4 km, t = 3.6 s)
for the depth sensitivity of coda waves fit very well the observations. Inset:
importance of the surface waves to describe the depth sensitivity, as the bulk
regime (1 − α)εBulk alone cannot account for the steep slope at short times.
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does not allow conversion scattering into bulk waves.
To model the depth sensitivity of the bulk waves, we relate
the apparent relative velocity changes to a local velocity
perturbation using the sensitivity kernel introduced by Pacheco
and Snieder (2005):
Rt
p(S, r0 , u)p(r0 , R, t − u)du
(2)
K(S, R, r0 , t) = 0
p(S, R, t)
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Fig. 4. Apparent relative velocity changes εobs versus time in the coda. A.
for a layer at shallow depth (20 m) and B. for a layer at great depth (1500 m).

where S and R are the positions of the source and the receiver,
r0 is the position of the local velocity variation, t is the
center of the time interval in the coda where the stretching
is evaluated, and p(a, b, t) is the probability that the wave has
travelled from a to b during time t. We describe the intensity
propagator in Equation (2) with the radiative transfer equation
solution (Sato 1993; Paasschens 1997):

the depth sensitivity for about six mean free times. For later
times, the bulk waves dominate.
Another very interesting point is, that from the time dependence of the relative velocity change in the coda, we can
discriminate a change that occurs at the surface from a change
that occurs at depth as shown in Figure 4.

e−ct/`
δ(ct − r)
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2πr
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We conduct analyses for different degrees of heterogeneity
in the model, different percentages of velocity change within
the layer, and different times in the coda. A very interesting
result is shown in Figure 3. We here study the evolution of
the partition coefficients for different degrees of heterogeneity
and plot it versus the time normalized by the transport free
time t? = `? /c. The crossing point of the partition coefficients
for surface waves and bulk waves coincides quite well for all
of the different heterogeneities. The surface waves dominate
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Abstract—We compute seismic noise cross-correlation functions on the active volcano Piton de la Fournaise, La Reunion
Island. With the stretching method, we determine the relative
seismic velocity variations and the corresponding coherence value
from June 2010 to December 2010. During this period one
major eruption occurred in October 2010. We use a least-square
inversion to locate the the relative velocity changes associated to
this eruption in space. In a complementary approach, we study
the decorrelation that we observe during the eruption. We use the
imaging method “LOCADIFF” to locate the maximal physical
change.

K(s1,s2,x,t)

0.04

0.02

0

On the active volcano Piton de la Fournaise (PdF),
Brenguier et al. 2008, e.g., have shown that relative seismic
velocity changes obtained from the cross-correlations of
ambient seismic noise work as precursors of volcanic
eruptions. We calculate the seismic velocity changes and the
respective coherence value for an eruptive period in 2010 for
630 station pairs with the stretching technique (Lobkis et al.
2003, Sens-Schnfelder et al. 2006). We notice that velocity
changes mostly affect station pairs close to the eruption. For
these station pairs we also observe a decorrelation prior and
during the eruption. In the past there has been work done
(Duputel et al. 2009, Brenguier et al. 2008) to locate the
velocity changes using a simple geometrical regionalization.
We use a diffusive kernel as shown in Figure 1 introduced by
Pacheco and Snieder (2005) to perform an inversion in space
of the velocity changes.
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Fig. 1.
Spatial representation of the sensitivity kernel. The two peaks
correspond to the position of the station pair.
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As a complementary approach to the inversion of relative
velocity changes, we use the waveform decorrelation to
locate the region of maximal physical change in the medium
in a probabilistic sense according to an imaging technique
described by Larose et al. 2010 and Rossetto et al. 2011.
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We show that both approaches allow us to localize an area
of change that coincides with superficial observations during
the eruption period itsself.
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Fig. 2. Model obtained from the inversion of the apparent velocity variations
during the eruption.
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function traces instead of just one. This is required to combine
measurements from before and after the eruption in October
2010 which permanently altered the medium and thus reduced
the similarity of correlation functions.
The different reference traces are obtained by averaging
NCFs in different time intervals, e.g. before and after the
October eruption. Ideally the measurements with different
references result in similar dv/v curves that are offset with
respect to each other to place the reference states at dv/v=0. To
combine these measurements we calculate weighted averages
of the offset-corrected dv/v curves. The offsets between the
reference states are estimated by shifting the correlation panels
(see figure 2) to obtain maximum similarity. For more than two
reference traces self consistent offsets are obtained with a least
squares optimization. The advantage of this approach is that
the reference traces are not averaged over different states of
the medium and thus provide good estimates for ”close” states
and acceptable dv/v estimates for distant states. Combining
multiple reference traces provides good estimates everywhere.
In the examples shown here we use two reference traces
obtained by averaging the NCFs from May till September 2010
and November 2010 till February 2011 to obtain precise and
comparable estimates of dv/v before and after the eruption in
October 2010. This analysis has been done at two different
frequency bands 0.4 Hz - 0.8 Hz and 0.8 Hz - 1.5 Hz and
averaging the NCFs on a 3 days moving window. This results
in 108 dv/v curves for all possible station pairs.
The results of all the pair-wise measurements are combined
together in a simple tomographic algorithm based on a deltalike kernel that assign sensitivities only to the positions of the
stations as suggested by [4].

Abstract—Exploiting the capability of noise based Passive
Image Interferometry to detect small velocity changes in an
elastic medium we showed that before the eruption of Piton de
la Fournaise Volcano in October 2010 a clear variation of this
parameter has been observed. Our preliminary results, obtained
adopting an innovative approach to the velocity change estimation
that makes use of multiple reference traces, clearly indicate the
capability of the seismic noise correlation method to improve
our understanding of the eruption process and related stress
redistributions to advance our ability to forecast an upcoming
eruption.

I. I NTRODUCTION
Piton de la Fournaise volcano is a shield volcano on the
eastern side of La Réunion island (a French department) in the
Indian Ocean. It is currently one of the most active volcanoes
in the world and was among the first volcanos studied with
noise based monitoring [1], [2]. In our study we focus on the
eruption that took place at 14th October 2010 and lasted till
the 30th December of the same year. The network deployed
on the volcano within the “Undervolc” project and the point
of eruption are reported in figure 1.

III. R ESULTS & C ONCLUSIONS
The velocity changes that are observed with NCFs from
station pairs are inverted for the ”real” velocity changes at the
15 stations assuming that the change measured from a pair
is the average of the changes in the vicinity of the stations.
To assess the performance of the model we test the variance
the residuals of the our model with heterogeneous velocity
changes (A) against a model with a spatially homogeneous
velocity change (B). Figure 4 shows the variance evolution
with time for the two models. In the vicinity of the July
which was chosen as reference state the variance of both
models is close to zero as the relative velocity changes are
zero themselves. Outside this period the residuals of model

Fig. 1. Seismic network of the UnderVolc network [2]. Circle, approximate
location of eruption in Oct. 2010

II. V ELOCITY CHANGE ESTIMATE
The “observed” apparent velocity change (dv/v) has been
estimated from the noise correlation functions (NCF) with an
important change with respect to the usual stretching method
[3]: It consist in the use of multiple reference correlation
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Fig. 4. Sum of squared residuals for model A with heterogeneous changes
(lower light gray curve) and model B with homogeneous changes. Dots at
bottom indicate dates where model A describes the data significantly better
than model B despite the larger degree of freedom.

Fig. 2. Velocity change estimation for station pair UV5-UV12. Top panel:
Color indicates average correlation with the reference traces. The line along
the maximum gives the velocity change. Bottom panel: Velocity change and
mean correlation with the references.

of the eruption on October 14th the volcanic tremor hinders
the convergence of the NCF and no velocity changes can be
estimated. As a third feature, a permanent velocity change is
observed after the eruption. Three stations exhibit a significant
drop of velocities. The station with the largest drop is UV12
which is closest to the eruption followed by stations UV5 and
UV15. Despite the offset cased by the eruption the curves
appear to pick up the trend that is visible in the time prior to
the eruption. This changes in December when another minor
eruption took place.
The results indicate the susceptibility of the velocity change
measurements to various processes in the volcanic edifice.

A are clearly smaller than the residuals of model B with
a homogeneous change. To take into account the effect of
the additional degrees of freedom introduced by allowing the
velocity change to be heterogeneous we perform an F-test with
a 95% significance level. As indicated in figure 4 the heterogeneous velocity change provides a significant improvement
of the data description outside the reference period. This leads
to the conclusion that the underlying velocity change is indeed
heterogeneous.
Station number 12, the most close to the eruption point,
clearly doesn’t recover after the eruption showing a permanent
change in the medium.
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Result of the inversion for station-wise velocity changes.

IV. D ISCUSSION
The velocity changes shown in figure 3 show three main
features. The first feature is a continuous long term evolution
until middle of September. This trend is similar at all stations
but with different amplitudes. In September the long term
evolution is interrupted by a sudden velocity change at all
the stations (second feature). This is coincident with a dike
injection documented in GPS data. For most of the stations the
velocity decreases sharply with variable offset. An exception
is station UV1 that shows an increase in velocity. This station
in located in the very west of the array. After the beginning
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Abstract—We use two different techniques to investigate the
region between Antofagasta and Arica in northern Chile for
crustal velocity changes at the M7.0 Tocopilla Earthquake. The
first method is testing for phase shifts in receiver functions. This
method would have the advantage that the way of the scattered
wave is known; a disadvantage would be that it depends on
earthquake records. We cannot find any variations exceeding
the noise level of our dataset at the time of the earthquake near
Tocopilla in the receiver functions. Data are further analyzed
with the help of cross- and auto-correlation technique of ambient
seismic noise and passive image interferometry. Compared to
the first method it has the advantage of regularly available
correlation functions (e.g. 1 per day). In the auto-correlation
technique we observed a sudden drop in velocity at the time of
the Tocopilla earthquake which was returning to normal over a
period of ten days. The lack of long-time variations may be due
to the depth of the earthquake.
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Fig. 1. Time shifts with error bars over delay time of analyzed phase.
Stations are coded by marker type and color (black: stations started operation
before 01.01.2007, gray: after 01.01.2007), event regions are represented by
fill type of markers (see legend, R1: South Sandwich Islands, R2, R3: Mexico).
The different methods are displayed with a horizontal offset of 0.1 s. The yaxis is broken at −0.25 s and 0.25 s. Data points with an absolute value
larger than 0.25 s are displayed at a constant value at the top respectively the
bottom without error bars. The dotted line represents expected time shifts if
the medium would be subject to a homogeneous velocity decrease of 5‰.

I. R ECEIVER FUNCTION STUDIES
Data for both methods were taken from the 19 broadband
stations of the Integrated Plate Boundary Observatory Chile
(IPOC) operated by GFZ and Institut de Physique du Globe
de Paris (IPGP) since 2006 [1]. In the neighborhood of the
seismic stations an M7.0 earthquake occurred near Tocopilla
on 14 November 2007. Other studies have shown that in
the course of such earthquakes seismic velocities may be
changing [2]. Temporal variations have even been found in
receiver functions for the Parkfield M6.0 and San Simeon
M6.5 earthquakes [3].
Receiver functions for all IPOC stations were calculated
for teleseismic events with a magnitude larger than M5.5
and an epicentral distance between 27° and 93° in the time
period from March 2006 to February 2012. For comparing
different receiver functions we selected three seismic active
regions with dense event distribution to reduce the effect of
the dependence of the receiver functions on the epicentral
distance and on the back-azimuth. We compared in a first
step every individual receiver function with the mean of all
receiver functions in selected 1 s time windows. Three different
methods were used to determine the phase positions. This
results in a series of time shift values for each method and
phase for each station-region pair. These series can be divided
into two populations with values of receiver functions before
the Tocopilla event and values of receiver functions after
the Tocopilla event. Finally we calculate the time shift with
error between the population after and before the Tocopilla
earthquake. Generally it can be observed that there is a high

fluctuation in the measurements resulting in a high error which
often is higher than the calculated mean time shift (see figure
1). Looking at all the analyzed time shifts it has to be noticed
that there is no evidence for any change in the Earth’s crust
in the data using the receiver function method. The event-toevent phase fluctuations in the receiver functions are too high
and therefore a clear trend cannot be discovered.
II. PASSIVE IMAGE INTERFEROMETRY
We calculated day-wise cross-correlation functions (CCFs)
of the Z component between all station pairs and autocorrelation functions (ACFs) of the Z component for the
IPOC stations. In order to eliminate the influence of local
and teleseismic earthquakes we prepared the data with the
following steps (for details of single steps, see [4]): Data are
filtered in the frequency range from 0.01 to 1 Hz for CCFs.
Data for ACFs are filtered between 4 and 6 Hz to analyze
a strong signal at 5 Hz. Signals larger than 10 times the
noise at quiet periods are considered earthquakes or other
disturbing signals and cut. Spectral whitening is applied to
broaden the spectra for calculating CCFs. Finally data are
normalized by a 1-bit transformation. After the preparation the
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Fig. 2. Similarity matrix for cross-correlation and auto-correlation of ambient noise. Different frequency bands, lag time windows and time periods are used
for the two plots (see text). Correlation factors for different days and stretching factors are displayed in shades of gray. The largest correlation factors for each
day are connected by a line. In a homogeneous medium these determined stretching factors equal the negative velocity variation. The day of the occurrence
of the Tocopilla earthquake is marked by a vertical line. A velocity drop of around 5‰ following the Tocopilla main shock is clearly visible in the bottom
panel.

earthquakes. In contrast the analysis of the auto-correlation
of station PB03 suggests a temporary velocity drop of up to
5‰ for around 10 days. The auto-correlations of the other
stations do show only a smaller velocity drop or none at all.
The absence of long-time velocity variations could be due to
the lack of a sufficient amount of rock damage in shallow
depth caused by the 40 km deep earthquake.

daily correlation functions (CFs) were calculated in frequency
domain by multiplying the Fourier spectra.
For the analysis of the correlation functions for seismic
velocity variations a stretching technique was used (see e.g.
[5]). First a reference CF is calculated - in our case the mean
of all CFs in the analyzed time period. Then the individual
CFs are stretched and compressed and the correlation factor
in a specific time window between the stretched CF and the
reference CF is calculated for each stretching factor. The
stretching factor which results in the highest similarity can be
determined for all individual CFs. In a homogeneous medium
the stretching factor equals the negative relative velocity
variation −dv/v. For the stretching of cross-correlations of
PB03 and PB04 we chose a lag time window of −50 s to
−100 s as input into the stretching method. This time window
follows the direct surface wave at −20 s and includes multiple
scattered waves thus minimizing the influence of noise source
variability and maximizing the travel time in the medium and
the sensitivity for velocity variations. Because the signal is
very small in this time window the CCFs had to be averaged
over 10 days. For the stretching of auto-correlations of station
PB03 we chose a time window between 5 s and 10 s.
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In figure 2 the results are displayed for station pair PB03PB04 and for station PB03. We analyzed the time period
January 2007 to December 2008 respectively October 2007 to
February 2008 around the Tocopilla event. We cannot observe
a velocity variation caused by the Tocopilla earthquake in the
cross-correlation data not only for the station pair PB03-PB04
but for all station pairs. Other studies (e.g. [2]) show long-time
variations of the seismic velocity caused by relatively shallow
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Abstract—We image the velocity structure beneath Mexico
city using both Rayleigh wave dispersion curves analysis and
measures of the spectral ratio of the horizontal components over
the vertical component (H/V). The H/V spectral ratio calculation
allows to identify the propagation mode detected through the
dispersion analysis and thus to perform a reliable inversion.
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I. I NTRODUCTION
The valley of Mexico is the result of an extensive deformation of the Mexican volcanic belt since late Miocene.
Soft Quartenary lake sediments recover the basin and account
for a part of the amplification and long duration of seismic
signals [Singh et al., 1995; Shapiro et al., 2002]. We seek to
better characterize the surface waves propagation within the
sedimentary basin since the amplification and the long duration
of the recorded seismic signals are not yet fully understood and
remain key issues for the hazard assessment in this populated
area.
We use seismic noise cross-correlations to image the structure below Mexico city. However in such complex structure,
the energy is not always carried by the fundamental mode of
the Rayleigh waves. Therefore, to perform reliable inversion
of the velocity structure, we need to identify the dominant
mode of propagation. In this study we present a new strategy
for modes identification based on a measure of H/V spectral
ratios.
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Fig. 1. Period-velocity diagram used for the identification of the Rayleigh
wave and for the group velocity measurement computed between stations
COAC ESTA (a) located outside the sedimentary basin and MIXC-ESTA
(b) located within the sedimentary basin of the valley of Mexico. The black
dashed curves represent the dominant energy level. On the maps isodepths of
the quaternary sedimentary basin (the lake bed) are indicated. Red triangles
show the seismic stations.

II. DATA PROCESSING AND NOISE CROSS CORRELATION
We reconstruct Rayleigh waves from cross-correlations of
ambient seismic noise recorded at 19 broad-band stations of
the MesoAmerica Seismic Experiment (MASE) and Valley
of Mexico Experiment (VMEX). The cross-correlations are
computed over 2 years of noise records for the 8 MASE
stations and over 1 year for the 11 VMEX stations. We use
surface waves with sufficient signal-to-noise ratio to measure
group velocity dispersion curves at period between 0.5 and 3
seconds, which are sensitive to the structure of the basin.

III. D ISPERSION OF R AYLEIGH WAVES FROM NOISE
CROSS - CORRELATION
We measure the dispersion of the group velocity of the
reconstructed Rayleigh waves in the time-frequency domain.
For paths outside the valley of Mexico, the fundamental mode
of Rayleigh waves travels at 1.5 km/s at period T = 2s
(Figure 2a). For paths within the soft quaternary sediments

72

basin, the maximum energy is observed at velocities higher
than expected for the fundamental mode from in-situ measures
(e.g. Chávez-Garcı́a and Bard [1994]), i.e. 0.9 km/s for
T = 2s (Figure 2b). This observation suggests the importance
of higher modes as the main vectors of energy in such complex
structures.
Velocity models were then inverted using a neighbourhood
algorithm developed by [Wathelet, 2008] and implemented in
the GEOPSY software. The highest energy dispersion curves
of the cross-correlations were inverted assuming that they
correspond either to the fundamental mode or the first higher
mode. Two different velocity models were thus obtain for each
path between pair of stations.
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IV. I DENTIFYING THE DOMINANT MODE OF SURFACE
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To identify the modes of the surface waves and to test
the validity of the velocity models we use H/V spectral ratio
measured on seismic coda. In diffuse fields such as the late
coda, the H/V spectral ratio is a characteristic of the structure
beneath the station. We processed several events i.e. large and
distant earthquakes as well as regional events, to ensure that
the observed H/V is stable. We compare the observed values
with the theoretical H/V for the velocity model deduced from
surface wave dispersion when assuming a particular mode.
Theoretical H/V ratios are computed under the hypothesis of
equipartition of a diffuse field in a layered medium following
[Margerin et al., 2009] and [Sánchez-Sesma et al., 2011].
Figure presents (1) the theoretical H/V ratio computed
for two velocity models for the MIXC-ESTA path assuming
respectively that the dominant mode is the fundamental mode
and the first higher mode of the Rayleigh wave and (2) the
averaged H/V ratio measured over three seismic codas. For
MIXC station the fit between the observed H/V ratio and the
computed ratio under the first higher mode assumption is good.
This indicates that the dominant mode of the Rayleigh wave
is the first higher mode. For ESTA station, the observed H/V
ratio differs from the two computed ratios. The differences
between the observed and computed H/V arise from the fact
that the observed H/V is a local measure at each station
while the computed H/V is obtained from the average velocity
model between two stations. Nonetheless the comparison
of the modelled dispersion and H/V ratio allow for mode
identification, and consequently to recover the velocity model
of the structure.
We conclude on the predominance of higher modes in our
observations. The excitation of higher modes is key element
of explanation for the long duration and amplification of the
seismic signals observed in the Valley of Mexico.
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Fig. 2. Comparison between the observed H/V spectral ratios for MIXC and
ESTA stations indicated by the black line in (a) and (b) respectively, and the
calculated H / V spectral ratios for the MIXC-ESTA stations path from the
two different velocity models assuming respectively that the dominant mode is
the fundamental mode (green curve) or the first higher mode of the Rayleigh
wave (red curve).
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Abstract—In disordered media, standard imaging techniques,
usually based on the coherent waves, fail to work. The coherent
wave, strongly attenuated by the scattering on the heterogeneities
is not usable or at great cost on sensitivity. However, we observe
a strong sensitivity of multiply scattered coda waves to small
changes occuring in the medium. Taking this into consideration
yields to differential imaging, consisting in imaging the differences
between two states of the physical system. We focus on a
technique called Locadiff that produces a differential image,
based on the analysis of coda waveforms correlations. Several
aspects of this technique will be discussed, using 2D Finite
Difference simulations and experiments in concrete.

Fig. 1. Example of a wave record. The first oscillations are created by the
direct wave while the long lasting last oscillations are due to the partial waves
multiply scattered in the medium. This part of the signal is called the coda.

I. T HE L OCADIFF TECHNIQUE
Signals recorded in disorded media display a long lasting
part that is called the coda. The technique we present rely
on the sensitivity of coda waves to weak local changes in the
medium. This change can be, for instance, a local modification
in the scattering properties of the medium. Such changes are
quantified by computing the correlation between waveforms
recorded at different dates, over a time window containing a
few oscillations. A scattering change results in a decorrelation
between these signals, growing with the coda time. It has been
shown in [Pacheco and Snieder, 2005] that a regional velocity
change results in an effective stretching of the signals.
The observed system is equipped with several sources
and receivers such that each pair provides an independant
measurement of the effect of the change. These effects need
to be combined to reconstruct a map of the change using
an inversion. The corresponding direct problem predicts the
observed decorrelation along coda time, according to the
position of the source and the receiver, the position and the
strength of the change. This description involves a sensitivity
kernel based on an intensity propagation model. The inversion
procedure uses the kernel and the experimental data to estimate
the amount of change anywhere in the system.
There are several types of inversion procedure, each of them
based on assumptions concerning the final result. A simple
approach is to assume that there is only a change at a single
position, leading to a χ2 algorithm [Rossetto et al., 2011].
The standard error minimization algorithm of Tarantola-Valette
has already been used [Froment, 2011] with seismic velocity
changes data. When measuring scattering power, the result is
necessarily positive, so we can use a least square non-negative

algorithm or more recently discovered algorithms from the
family of compressed sensing.
II. A PPLICATION TO CONCRETE
We present an experiment made in a concrete block,
using ultrasonic transducers in the 500kHz range
[Larose et al., 2010].
An important fact about sensitivity of waves to changes
in a scattering medium is that the waveforms are much
more sensitive to scattering changes than the intensity. As
a consequence, differential imaging techniques in frequency
ranges up to the MHz scale (acoustics, ultrasound) will be
much more feasible than optical differential imaging, which
lies in the range of hundreds of THz.
The comparison of two waveforms can be performed in several ways. Looking for a maximum correlation by stretching
one of the waveforms will allow to compare velocities. The
relative accuracy of such comparison is of the order of 10−5
[Larose and Hall, 2008]. The technique using the relative velocity changes is usually called Coda Wave Interferometry.
The comparison of the waveforms is made here by computing the bare correlation. Note that in this case, a global time
stretch might be necessary to compensate thermal fluctuations
but the relative velocity change is dropped before mathematical treatment.
In concrete the frequency range (100 kHz – 1 MHz)
corresponds to wavelengths of the order of centimeter to
millimeter. This is the scale at which the relevant defects have
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to be detected. In a first approach, we used a diffusive propagation model for the computation of the sensitivity kernel.
We showed that this kernel, first introduced by Pacheco and
Snieder [Pacheco and Snieder, 2005], has analytical solutions
in 2D and 3D.
We have performed the measurements on several systems.
Our laboratory experiments have been performed on a block
of concrete of size 1 m×1 m×0.25 m. On this system we have
tested the sensitivity to a change made with a drill, during a
series of records of waveforms, as shown on the Figure 2. On
this figure, the decorrelation (One minus the correlation) is
shown. The higher the decorrelation, the more the waveforms
are different, therefore the decorrelation can be used as a
distance between waveforms. This technique can be extended
to seismology using direct seismic records or ambient noise
stacks as reconstruction of the Green’s function

Fig. 3.
Result map using the χ2 algorithm presented in
[Rossetto et al., 2011]. We display the mismatch function on the top
surface of the block, where the devices are installed. The dark regions have
a high χ2 (high mismatch) and the white region the lowest χ2 . The cross
marks the position of the actual drilled hole. (From Ref [Larose et al., 2010])

Fig. 2. Effect of a drill on the correlation for three different source receiver
pairs set up on concrete block. The correlation is computed between the
records at date t = 0 and at date t on the same coda time window.

Fig. 4.
Result map using the χ2 algorithm presented in
[Rossetto et al., 2011]. We display the mismatch function on the bottom
surface of the block, opposite to the side where the devices are installed.
The dark regions have a high χ2 (high mismatch) and the white region the
lowest χ2 . The cross marks the position of the actual drilled hole.

From the measurement of decorrelations, we compute the
mismatch χ2 (x) for every position x of the defect. The mismatch compares the decorrelation obtained from the transport
model if the defect is located precisely in x and the data
obtained experimentally. We display on the Figure 3 the
mismatch function for all positions in an experiment where
the defect was located on the same surface as the devices, and
on the Figure 4 the same map but for a defect located on the
opposite side of the block. In both cases, the defect is located
correctly and with a good accuracy.

isotropic scattering [Sato, 1993]. These two transport models
have been confronted to Finite Difference simulations of the
acoustical wave equation in a two dimensional medium with
soft scatterers. The schematic setup for the direct problem is
shown on the figure 5. Our results showed that the radiative
transfer solution is necessary to describe the decorrelation
induced by a change located close to the sensors (Figure 6).
The diffusive model remains valid when the change is far away
from the sensors (Figure 7).

III. T RANSPORT MODELS
When we compare the measured decorrelations to the ones
provided by the model, we implicitely assume that these latter
decorrelations are exact. Their accuracy relies, however, on
the precision of the transport model. The results presented
in the previous section have been obtained using a purely
diffusive model (with a reflection of the waves on the sides of
the block). The diffusion approach is very accurate for large
coda times and large distances between the defect and the
devices. At shorter times and for closer defects, the diffusion
approximation can yield large errors in the kernel. Another
transport model must then be used.
In two dimensions, we have compared the diffusion approximation to the radiative transfer solution. There exists an exact
solution of the radiative transfer in two dimensions, and for

Fig. 5. Schematic setup for the study of the direct problem S is the source,
R the receiver and the new defect is the blue dot.
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then the problem is expressed as

1.4

LΣ = K

decorrelation (%)

1.2

where L is the Locadiff kernel (P × N matrix), Σ is the scattering change (P dimensional vector) and K is the measured
decorrelation (N dimensional vector). In practice P  N and
this equation has an infinite number of solutions. Nevertheless,
it is possible to find certain kinds of solutions by imposing constraints. The Tarantola-Vallette inversion provides, for instance
an error-minimization solution [Tarantola and Valette, 1982].
This inversion technique has already been used to produce a
map of the relative velocity [Froment, 2011].
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Fig. 6. Values of the kernel element for d = 8`? and x = h = 0.5`? . This
is a near field situation illustrating that in this setup the radiative transfer is
a more accurate transport model than the diffusion.

0.7

decorrelation (%)

0.6

Full Waveform data
Diffusion
Radiative Transfer

[Froment, 2011] Froment, B. (2011). Utilisation du bruit sismique ambiant
dans le suivi temporel de structures géologiques. PhD thesis, Université
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Fig. 7. Values of the kernel element for x = d/2 = 4`? and several values
of h. This is a far field situation illustrating that in this setup the radiative
transfer is rather equivalent to the diffusive transport model.

IV. I MPROVING THE INVERSION
We have shown the results of the mismatch measured by
the χ2 value between the experimental data and the expected
decorrelation computed using the transport model. This is a
very rough inversion method based on the assumption that only
a single change occured in the medium. If several changes
appear simultaneously, the χ2 technique will only locate the
strongest one or, if the scatterers have similar scattering
cross-sections, the averaged position of the scatterers. If the
scatterers are far apart, the χ2 minimum will be located
between them at a position where no defect appeared. It is
therefore quite difficult to interpret the results of this inversion
if nothing is a priori known concerning the evolution of the
medium.
Two weak scatterers located far apart from each other give,
according to the first Born approximation, two decorrelation
that simply add to each other. In a medium where the defects
are punctual, weak and where the distance between them is
at least one transport mean free path, the problem is linear
and can be expressed as a under-determined linear equation.
If we have P volume elements and N source-receiver pairs,

76

Seismic interferometry by midpoint integration
Elmer Ruigrok∗ , Carlos Almagro Vidal† , Kees Wapenaar†
∗ Department

of Geoscience and Engineering, Delft University of Technology, Delft, Netherlands, Email: e.n.ruigrok@tudelft.nl
† Department of Geoscience and Engineering, Delft University of Technology, Delft, Netherlands

Abstract—With seismic interferometry reflections can be retrieved between station positions. In the classical form, the
reflections are retrieved by an integration over sources. For a
specific dataset, however, the actual source distribution might
not be sufficient to approximate the source integral. Yet, there
might be a dense distribution of receivers allowing integration
over the receiver domain. We rewrite the source integral to an
integration over midpoints. With this formulation, a reflection
can be retrieved even in the limiting case of only a single source.
However, with respect to the classical formulation, an additional
stationary-phase analysis is required.
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With seismic interferometry reflections can be retrieved
between station positions. In the classical form (e.g., Wapenaar and Fokkema (2006)) the reflections are retrieved by
an integration over sources or by using a highly-scattered
wavefield (e.g., Derode et al. (2003)). For specific configurations, the actual source distribution might not be sufficient
to approximate the source integral, nor might there be enough
scattering. When the velocity model is known, still only a
few sources could suffice to build a structural image using
seismic interferometry (e.g., Schuster et al. (2004)). However,
to find more quantitative information about the medium it is
desirable to obtain reflections at a few different offsets. In
this abstract we show that, for specific settings, it is possible
to retrieve high-quality reflections, using only one, or a few,
sources. We take advantage of the availability of a wellsampled receiver array and write an interferometric relation
that employs an integration over midpoints instead of over
sources. The midpoints are defined between virtual-source and
actual receiver locations. As an example, we apply the method
to core-reflected phases.

CMB

*

Fig. 1. A global-scale configuration for seismic interferometry by midpoint
integration (MSI). The location of sources (stars) and receivers (triangles)
is given in degrees with respect to the southernmost station in the array of
receivers. The source leading to a P KP and P KP P cP arrival at the array
is at the other side of the globe.

is approximately radially symmetric, m − h ≥ φ1 and m +
h ≤ φn for a range of m, we can evaluate the following
interferometric relation
Z
X((m − h), φs , −t) ∗ XY ((m + h), φs , t)dm ∝
∂S1

Y ((m̆ + h), (m̆ − h), t), (1)
where the asterisk ∗ denotes a temporal convolution and a
proportionality sign is used since we have left out all the
amplitude terms. X((m − h), φs , t) denotes a phase observed
at location (m − h) (one of the receivers in the array) due to
a source at φs and XY is a free-surface multiple of X. ∂S1
is the line segment of midpoints over which is integrated.
By evaluating the left-hand side of equation 1 we retrieve
Y ((m̆ + h), (m̆ − h), t), which is the response of phase Y for
a source at (m̆ − h) and a receiver at (m̆ + h). If the retrieved
phase is a primary reflection or a turning wave (refraction), it
has its reflection point or turning point below the stationary
midpoint m̆. When we denote the integrand of equation 1 with
I, m̆ is the location where dI/dm = 0. Hence, m̆ can directly
be estimated from the crosscorrelated data. If X in equation 1
is substituted by phase P and XY by P P we would retrieve
P within the array. We would retrieve P cP within the array

II. SI BY MIDPOINT INTEGRATION
In this abstract we only consider a 2D configuration (Fig.
1). Assume we have one large array of receivers. E.g., a line
of receivers from the USArray (Levander, 2003). We use the
location of the southernmost receiver in the array φ1 as the
reference point. Thus, φ1 is at 0◦ . The northernmost station is
at location φn . An arbitrary station within the array is denoted
with φi . We consider a source at φs that is either relatively
close to the array, or a source that is at the other side of the
globe. Both sources lead to reflection travel paths within the
array. The precise location of the sources is not relevant. We
define midpoint m as a location within the array and the offset
h as the distance from m along the array, where a northwards
direction is taken as positive. If the medium of consideration
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by substituting X with P cP or P KP and XY with P cP P cP
or P KP P cP (Fig. 1).
Relation 1 also holds for finding phases with midpoints in
between two (similarly oriented) arrays of receivers. In this
case, a range of m is chosen in between the arrays, for which
m − h coincides with locations in array 1 and m + h coincides
with locations in array 2.
In the following, application of equation 1 and a subsequent
stationary-phase analysis to find m̆, we will call midpoint
seismic interferometry (MSI).
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Fig. 2.
A numerical illustration of seismic interferometry by midpoint
integration (MSI). The left and middle panels depict arrival times of different
phases, measured at an array of receivers (Fig. 1), induced by (a)&(b) a source
near the array and (d)&(e) a source at the other side of the globe. (c)&(f)
depict the correlation panels for the application of MSI to the responses on the
left-hand side, for an offset of 7 and 5◦ , respectively. From these correlation
panels, a response for midpoint location (m̆) is retrieved by integration over
midpoint

We illustrate equation 1 numerically using the configuration
as depicted in Fig. 1. We do not take exactly the same source
positions as indicated on Fig. 1, however. We consider a wellsampled array of stations from φ=0 to φ=20◦ . A source at
φ=−11◦ , at a depth of 200 km, occurs at t=0. The sourcetime function (STF) is a delta pulse. Figs. 2(a) and (b) are
the traveltimes of the forward modeled responses at the array,
time-windowed around P cP and P cP P cP , respectively. We
aim to retrieve P cP within the array with h=7◦ . For this offset,
the integral (equation 1) can be evaluated between ∼7 and
∼ 13◦ . Note that the midpoint limits are not exactly 7 and
13◦ due to the (unknown) depth of the source. Computing the
integrand of equation 1 results in Fig. 2(c). From this integrand
we determine m̆, which equals 9.84◦ . Evaluating the integral
would give a pulse at t(m̆)=519.62 s, and two minor pulses
at later times, which are due to the edges of the integration
line. The latter pulses could be suppressed by tapering the
integrand. The main pulse retrieved is the response that would
be found if there was a delta-pulse source at φ=2.84◦ and
the P cP phase was measured at φ=16.84◦ . Indeed, raytracing
P cP for an epicentral distance of 14◦ from a source at the
Earth’s surface gives an arrival time of 519.62 s. Using the
same source, we could repeat the upper procedure to find P cP
at different offsets and midpoints. However, by using only one
source we cannot retrieve P cP at more than one offset per
midpoint.
To find one more offset (h=5◦ ), midpoint combination we
use the response from a distant source (φ=−160◦ ) as illustrated
in Fig. 2(c)-(e).

We illustrated MSI for a global-scale setting, with the aim
of retrieving reflections. MSI can also be used for retrieving
multiple reflections and turning waves. Furthermore, MSI can
be applied in an exploration-scale setting, for updating a clear
reflection, when there is a good receiver network, but there is
only a limited amount of (natural) sources. E.g., for monitoring
it would be advantageous to use only limited time windows of
noise. A noise source might be stationary within this limited
time window, allowing the implementation of MSI. Similarly,
MSI can be applied to short time windows of microbaroms
(Fricke et al., 2011) to retrieve stratospheric or thermospheric
refractions within a infrasound receiver network. The refractions would be used to monitor conditions in the stratosphere
and thermosphere.
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IV. D ISCUSSION
The correlation integral (equation 1) can be evaluated for
varying h. The possible range depends on the configuration.
Consequently, for a range of midpoints, the response of phase
Y would be obtained, for a different offset at each midpoint.
This dataset in h and m can directly be imaged using a
prestack migration when the velocity model is known.
A reflector can be characterized by repeating an MSI
procedure as illustrated in Section III for a few sources. After
application to a few sources, per midpoint reflection information can be obtained for varying offset. The traveltime-vsoffset and amplitude-vs-offset curves can be used to quantify
the impedance contrast (e.g., Castagna (1993)).
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Seismic anisotropy plays a key role in the study of strain
and stress fields in the earth. That is explained by its origin
at large scale, in particular the alignment of crystallographic
axis of anisotropic minerals, when subject to strain field or the
aligned cracks, inclusions, under the influence of a stress field
that determines the orientation. Another cause of large scale
anisotropy and specifically transverse isotropy, is also periodic
thin-layers, for wavelengths that are significantly larger than
the layer thicknesses. Therefore temporal change of seismic
anisotropy informs us about the change in orientation of cracks
in seismogenic zones and thus the variation of the stress field.
In this study we measure the spatio-temporal variations of
seismic wave polarizations by the cross-correlation of seismic
ambient noise recorded at two different stations, in order to
deduce the spatio-temporal variations of seismic anisotropy.
In fact, this method was used to measure the variations in
seismic wave velocities associated with activities of earthquakes and volcanos (Brenguier et al. , 2008). But it is
also a reliable method for monitoring physical parameters in
seismogenic zones (Durand et al. , 2011).
Thanks to advances in numerical methods and the improvement of computer performances, the first numerical simulations of seismic wave propagation in a 3-D anisotropic medium
were carried out by the code RegSEM based on a Spectral
Element Method (Cupillard et al. , 2012).
The cross-correlation technique was applied to synthetic
seismograms computed in an HTI medium (Horizontal Transverse Isotropy) characterized by a ±20% anisotropy and a
uniform distribution of sources. Then the code ORA (Optimal
Rotation Algorithm) (Roux , 2009), was applied to the crosscorrelation tensor calculated between each two stations. This
code calculates the polarization angles of quasi-Rayleigh and
quasi-Love waves. Thus we observe the azimuthal variations
of the polarization angles of surface waves. We note that in
the real case, it is the direction of anisotropy that varies,
however the direction of the source incidence and the locations
of stations are fixed. Base on this idea the spatial variations
of seismic anisotropy measured by these synthetic tests are
equivalent to the temporal variations of the seismic anisotropy
in the real case.
The results show that the variation of the direction of
seismic anisotropy from −15◦ to +15◦ with respect to a
certain pair of stations may induce a maximum variation of
the horizontal polarization of surface waves of 30◦ , along the
direction of this pair of stations. Therefore, it is now possible
to explain the large, rapid and very localized variations of

surface waves horizontal polarization observed by Durand et
al. (2011) during the Parkfield earthquake of 2004.

Fig. 1. This graph represents the variation of the polarization anomaly angle
ψw as a function of ψi , the angle between the direction of the source and the
direction of anisotropy. The polarization anomaly angle is computed by ORA,
for different aligned source/pair of stations where ψi varies from −90 to +90,
in the ±20% anisotropic medium. It shows that the effect of anisotropy
increases when the direction of the source ψi approaches ±15, where the
maximum polarization anomaly angle is reached. Two hypothesis are possible
for the decreasing part of the curve: it is either at small ψi the effect seems
to be smaller, but this is only due to small values of ψi and the need of
small angle of rotation to follow the fast axis, either the effect of anisotropy
only increases when ψi is closer to the specific angles ±15. All angles are
clockwise. We deduce, from these measurements, that the wave polarization
rotates in order to be close to the fast axis - horizontal direction.
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Green’s Function Retrieval and Energy Conservation
for an Obstacle of Arbitrary Shape in 2-D Space
Haruo SATO
Tohoku University, Sendai, Japan, Email: satoharuo@m.tohoku.ac.jp

In the homogeneous medium, wave field at receiver A is
P
(1)
al Hl (k0 rAj )eilθAj for the source B and wave field
P
(1)
at receiver B is
bl Hl (k0 rBj )eilθBj for the source A.
Therefore, outside of the scattering obstacle, the total Green’s
function is written by a double series of Hankel functions as
b A , xB , ω) = −i H (1) (k0 rAB )
G(x
4 0
(1)
(1)
+ iHl (k0 rAj )Flm (ω)Hm
(k0 rBj )eilθAj +imθBj , (3)

Abstract—When a scattering obstacle and two receivers are
illuminated by uncorrelated noise sources distributed over a
large circle enclosing them, the Green’s function between two
receivers can be retrieved from their cross-correlation function.
We derive a constraint for the functional form of the Green’s
function for an obstacle of arbitrary shape in 2-D space. Then
we show that the derived constraint is equivalent to that for the
energy conservation. The relation obtained is a generalized form
of the optical theorem in the scattering theory.

I. INTRODUCTION

where the Einstein’s convention is used. The source receiver
reciprocity requires Flm = Fml . This is an extension of
(Sánchez-Sesma et al., 2006, eq. (4)) for a cylindrical obstacle
to an arbitrary shape obstacle and an explicit representation of
(Wapenaar et al., 2010, eq. (6)) in 2-D space. The Green’s
b xB , ω) satisfies the radiation condition in the
function G(x,
b xB , ω) − ∂r G(x, xB , ω)) = 0.
far field limr→∞ r(ik0 G(x,
Expansion coefficients Flm can be derived by solving the
boundary condition for Lj ; here, however, we seek the
constraint for Flm without solving the boundary condition
problem.

When random waves are in the equipartition state, the
Green’s function between two points can be retrieved from
their cross-correlation function (CCF). In seismology, this
method has been often applied to ambient noise to measure
the velocity structure of the earth (e.g. Aki, 1957; Campillo
and Paul, 2003). When discrete scatterers are illuminated
by uncorrelated noise sources, the Green’s function retrieval
condition is found to be equivalent to the optical theorem (e.g.
Wapenaar et al., 2010; Snieder and Fleury, 2010; Margerin and
Sato, 011a,b).
Here, we study the case that a single obstacle with arbitrary
shape and two receivers are illuminated by uncorrelated noise
sources which are distributed on a large circle enclosing
them in 2-D space. Writing the Green’s function by using
a double series expansion by Hankel functions, we derive the
necessary condition for the expansion coefficients to establish
the Green’s function retrieval from the CCF of random waves.
Then, we show the same condition can be derived from the
energy conservation.

III. G REEN ’ S F UNCTION R ETRIEVAL
We imagine an ensemble of stationary random noise sources
{N } randomly and uniformly distributed on a circle with
a large radius R enclosing the obstacle j and receivers,
where noise sources are uncorrelated each other and R 
1/k0 , L, rAj , rBj . We may consider that random waves at the
obstacle and two receivers are in the equipartition state. The
ensemble average of the CCF of random waves at receivers A
and B is
Z ∞
_
1
dω e−iωτ I(xA , xB , ω)S N (ω) ,
hCu (xA , xB , τ )i =
2π −∞
(4)

II. G REEN ’ S F UNCTION FOR S CALAR WAVES
In 2-D space, for external force N , real scalar wave field
u(x, t) is governed by
[∆ −

1 2
∂ ]u (x, t) + Lj (∂t2 , x)u (x, t) = N (x, t),
V02 t

_

(1)

where S N (ω) is the power spectral density of noise source.
The line integral of noise sources
I
b (xA , x, ω)∗ G
b (xB , x, ω) dl(x) (5)
I(xA , xB , ω) ≡
G

where V0 is the background velocity and Lj represents a
bounded obstacle (scatterer) j with dimension L located near
the origin. In the angular frequency domain, the Green’s
function obeys

R

means that random waves radiated from different segments on
the circle are uncorrelated.
When the following relation
I
b (xA , x, ω)∗ G
b (xB , x, ω) dl(x)
G

b A , xB , ω) + Lj (−ω 2 , x)G(x
b A , xB , ω)
[∆ + k02 ]G(x
= δ(xA − xB ),

(2)

where k0 = ω/V0 . In the case of Lj = 0, the
Green’s function satisfying the radiation condition in the
b 0 (xA , xB , ω) = −i H (1) (k0 rAB ).
far field is given by G
0
4

R

=
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i
∗
[G (xA , xB , ω) − G (xA , xB , ω) ]
2k0

(6)

holds good, the lag time derivative of the CCF is written as
an anti-symmetrized sum of the retarded Green’s functions:
Z
V0 ∞ 0
d
dτ
hCu (xA , xB , τ )i =
dτ
2 −∞
× [G (xA , xB , τ − τ 0 ) − G (xA , xB , −τ − τ 0 )] SN (τ 0 ) ,
(7)

V. S CATTERING F ORMULATION
Let us place the obstacle j at the origin and the source B
and the receiver x in the far field: k0 rBj  1 and k0 rxj  1.
Then, we can rewrite (3) in the standard form of the scattering
theory as
ik0 rxj
b 0 (Bj),
b
b 0 (xB) + e√
flm eilθxj +im(θBj +π) G
G(xB)
≈G
rxj
(13)

where SN (τ 0 ) is the autocorrelation function of noise source.
The relation (6) is necessary for the Green’s function retrieval.
b 0 , performing
Using the Graf’s addition theorem in G
the angular integral, and using the asymptotic behavior
(2)
(1)
Hm (k0 R)Hm (k0 R) ≈ 2/(πk0 R) for k0 R  1, we obtain
I
i b
∗
∗b
b
b
[G(AB) − G(AB)
]
dl(x)G(Ax)
G(Bx) =
2k0
R
1 −ilθAj +imθBj (2)
(1)
+
e
Hl (k0 rAj )Hm
(k0 rBj )
2k0
∗
∗
× [−(−1)m Fl,−m
− (−1)l Fm,−l + 8Fln
Fmn ], (8)

where θBj + π means the angle of the incident ray
from the source B, and scattering amplitude flm =
p
32/(πk0 )e3iπ/4 (−i)l im Flm . The condition (9) is written as
p
∗
∗
ifl,−m
eiπ/4 − ifm,−l e−iπ/4 = 2πk0 fln
fmn .
(14)
Especially in the case of a cylindrical obstacle, flm = δl,−m fl .
The condition (9) becomes
r
fl
πk0
Im √ =
|fl |2 .
(15)
2
i
This is the most conventional form of the optical theorem.

b B , x, ω) to G(Bx).
b
where we have abbreviated G(x
In order
to establish the relation (6), we require the following relation:
∗
∗
(−1)m Fl,−m
+ (−1)l Fm,−l = 8Fln
Fmn .
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This is the necessary condition for the Green’s function
retrieval. In the following, we will see that this is a generalized
form of the optical theorem.
IV. E NERGY C ONSERVATION
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where n is the outgoing normal unit vector of the circle.
Perform the integral using the wave equation (2), we have
I
iωV02 b
∗
b
ci (G(xB))n
b
[G(BB) − G(BB)
],
dl(x) M
i =
2
R
(11)
which is the imaginary part of the return Green’s function.
On the other hand, using the radiation condition in the far
field for (3), and setting A = B in (8), we have
I
ωV02 b
∗
ci (G(xB))n
b
b
dl M
[G(BB) − G(BB)
]
i =i
2
R
ωV02 (2)
(1)
+
Hl (k0 rBj )Hm
(k0 rBj )ei(−l+m)θBj
2
∗
∗
× [−(−1)m Fl,−m
− (−1)l Fm,−l + 8Fln
Fmn ].
(12)
Comparing this result with (11), we find the relation (9) is
necessary for the energy conservation.
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Abstract—In fact nearly 70 % of earth’s surface is covered by
the oceans. Hence, it is promising to modify approved methods
of seismological survey to application for offshore devices. This
study will extend the efforts of the former IPY project to analyze
crustal and upper mantle conditions at the western Barents Sea.
Due to the small number of ocean bottom seismometers different
source types are used for interferometry procedures. Along main
axes, given by network geometry, fundamental Rayleigh modes of
events near appropriate great circle will be correlated. Resulting
waveforms will be analyzed and yield specific dispersion data to
input profile inversion models from the lithosphere. Furthermore,
seismic ambient noise correlations will be calculated for each
possible inter-station path with the aim to characterize lateral
variations in shear wave velocities.

I. I NTRODUCTION
In this study, data from 10 ocean bottom seismic broadband
stations (OBS) from IPY project (4th International Polar Year,
[Czuba et al. (2011)])is used. These stations were located
between the Knipovitch Ridge and Bear Island at western
Barents Sea (Fig. 1). The region marks an early Eocene pullapart basin which is developed between two dextral continental
strike-slip zones. The continuing rifting in this setting causes

Fig. 2.
Hourly mean values of the absolute signal level on station
records. Plotted are the normalized amplitudes versus station depth. Clearly at
shallower depths seismometers show more noise ratios caused by permanent
effects like weather, sea current, and close surf regions.

a continental breakup and the ultra-slow spreading Knipovich
Ridge [Libak et al. (2012)].
All OBS were deployed on September 2007 and recorded
continuously for about 330 days until recovery in August 2008.
Their station depths varies from 325 m at the most northeastern station (mesopelagic zone) to 2570 m in the west
(bathypelagic zone). A special focus is put on the vertical
component of the seismometer records to restrict investigation
on dispersion analysis on Rayleigh waves.
II. N OISE LEVEL OVERVIEW
As the operational depths varies the type of main noise
sources is slightly different between stations and it can result
in reduced signal coherence. A basic estimation to evidence
the variable main sources is to plot the hourly mean absolute
signal level (MASL) of each single station for the complete
record as shown in Figure 2. Here the stations depths are
plotted over the normalized amplitudes of MASL. At shallower
depths the records show clearly more noise ratios comparable
to seismic event mean amplitudes caused by permanent effects
like weather, sea current, and close coastal regions. Obviously,
there is also a seasonal effect on records at this depth zone.

Fig. 1. Network overview of 10 ocean bottom broadband seismometers
deployed in western Barents Sea between August 2007 and September 2008.
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Fig. 3.
side).

Possible path configuration for fundamental Rayleigh mode correlations (left hand side) and ambient noise cross-correlation procedure (right hand

With greater depths high amplitude periods become more
singular and are related to definable phenomena, such as storm
fronts (plateaus) and seismic events (peaks).

IV. O UTLOOK
Currently, as in early phase of this study, I look forward
to image the lithospheric structure along profiles and lateral
variations at a region of significant differences between the
eastern and the western part. The expected results are intended
to complete our view on crustal and upper mantle conditions
and to give a further fundament to future projects.

III. I NTERFEROMETRIC PROCEDURES
To capture the full capability of interferometric methods
different source types will be used. The basic concept is to
correlate simultaneous seismic records of two different stations
to achieve signal similarities. Same signals at different stations
will correlate singularly at signal velocity dependent lag times.
Hence, signal modification caused by the transfer function
between each station pair can be extracted directly from the
cross-correlation without specification of any source signal.
Therefore, it is eligible to proceed with fundamental Rayleigh
mode correlations of selected earthquakes as well as the noise
correlation of regional dominant sources.
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A. Fundamental Rayleigh mode correlation
With the requirement of direct wave propagation between
two seismic stations the application of surface wave signals
from earthquake close to great circle, defined by relative
station position, is approximately useful. Consequently, the
network geometry implicates a number of profiles including
three or four seismic stations [Meier et al. (2004)]. Continuing
this profiles along great circles permits several seismic events
as possible input source signals for correlation during record
time.
B. Noise correlation
It was already shown by [Harmon, Forsyth, Webb (2007)]
that ambient seismic noise can be employed to determine
group and phase velocities using OBS in regional arrays.
The correlation method is comparable to studies at onshore
networks like at [Bensen et al. (2007)] but with the additional
appearance of acoustical signal from water layer. Furthermore,
regional bathymetry may influence effectiveness due to scattering of energy and loss of coherence.
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Abstract—Using seismic interferometry, we analyze the seismic
noise wavefield around the city of Landau, Germany. The crosscorrelation functions (CCFs) are investigated with respect to
signals which might contain information on the underground
and its temporal variations. The used data set comes from the
TIMO2-project (TIMO: Deep Structure of the Central Upper
Rhine Graben). Since the summer of 2009, seismic stations
have been installed especially to detect induced seismicity in the
region of Landau. The obtained CCFs are dominated by signals
with frequencies between 0.4 and 0.8 Hz which are strongly
asymmetric. We will present the results of the ongoing work
to characterize and identify the source(s) of these signals.
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We analyze seismic broadband data of the TIMO2 project
(TIMO: Deep Structure of the Central Upper Rhine Graben)
with seismic stations located in the area of the city of Landau
in the Palatinate in southwestern Germany (figure 1).
The ground motion velocity recordings from July 2009 until
September 2012 of ten three-component stations of the TIMO2
project are investigated. The maximum interstation distance
of these ten stations is about 16.2 km (TMO20-TMO57),
the minimum interstation distance is about 1.8 km (TMO50TMO53). The instruments are broadband as well as shortperiod sensors and are a part of the KArlsruhe BroadBand
Array (KABBA). TIMO2 is the second project phase of
TIMO and started in July 2009. Within TIMO2 we study
not only the lower lithosphere and the upper mantle but
also the microseismicity in the surroundings of geothermal
power plants in Landau and Insheim using passive seismic
monitoring techniques. TIMO2 is a cooperation with the State
Geological Survey of Rhineland-Palatinate, and it contributes
to the project MAGS (Microseismic Activity of Geothermal
Systems) which is financed by the Federal Ministry for the
Environment and coordinated by the BGR (Federal Institute
for Geosciences and Natural Resources), Hannover.
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Fig. 1. TIMO2-network of the KIT around Landau. The triangles indicate
seismic stations. The framed triangles mark the ten stations that are used for
this study.

II. DATA PROCESSING

a zerophase 0.01 Hz high-pass filter is applied to the time
series. Then, the instrument response is removed. Possible low
frequency artefacts caused by the removal of the instrument
response are eliminated by applying a zerophase 0.1 Hz highpass filter. In a last step of the preprocessing, the sampling
rate is set to 100 Hz.
For the calculation of the linear CCFs in the frequencydomain, the one-day long time series are segmented into 20minutes long time windows with an overlap of 200 seconds.
Then, the 20-minutes long segments of the time series are

The processing scheme of the data is divided into three
main steps: the preprocessing, the calculation of the crosscorrelation functions (CCFs) with short time windows (20
minutes) and the subsequent normalization of the CCFs
[Groos et al. (2012)].
As the waveform data of all TIMO2-stations are stored in files
on a daily basis at the KABBA data center, the preprocessing
is applied to one-day long time series. At first, the mean value
and the linear trend are removed from the data. Afterwards,
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cross-correlated for every pair of stations. Afterwards, every
CCF is normalized in the frequency domain by spectral
whitening after [Brenguier et al. (2008)]. Finally the CCFs are
stacked.

The dominating 0.4 - 0.8 Hz signals also occur over long time
periods of several months.
−3

1

III. T HE DOMINATING 0.4 - 0.8 H Z SIGNALS

0.8

The acausal part of the CCFs of the 45 possible station
combinations of the ten analyzed stations is dominated by
signals with frequencies between 0.4 Hz and 0.8 Hz (figure
2). As the signals are identified predominantly in the acausal
part of the CCFs it might be an indicator for a propagation
of these signals in a roughly west-east-direction. Figure 2,
where the CCFs are plotted against the interstation distance,
also shows that there is no distinct moveout of the signals
related to the interstation distance. Thus, the source of the
signal is either placed at the inner part of the station network
or the signal arrives from outside of the station network at a
particular angle.
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Fig. 3. Stacked CCF of the 20-minutes long time series segments of only
one day (June, 27th 2011) of the vertical component of the stations TMO53
and TMO57 (interstation distance: about 11.5 km). The CCFs are spectral
whitened. Afterwards, a band-pass filter from 0.2 - 0.8 Hz is applied to the
CCFs. Finally, the CCFs are stacked (number of stacked CCFs = 87). In the
acausal part of the CCF two signals can be identified: one faster propagating
signal fs at timelag -15 seconds with a dominant frequency of about 0.4 Hz
and one slower signal ss at timelag -40 seconds with a dominant frequency
of about 0.5 Hz.
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For a better understanding of these signals, we will locate their
source(s) and then determine the type of source.
It is also planned to eliminate the asymmetric dominating
0.4 - 0.8 Hz signals to hopefully be able to identify symmetric
signals in the CCFs. In a next step, this might provide
informations on the underground.
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Fig. 2. 45 CCFs with a maximum timelag of ±100 seconds plotted as a
function of the interstation distance. In the time period of 14 days from June,
27th 2011 to July, 10th 2011 the CCFs of the vertical component of the time
series are calculated and then spectral whitened. After stacking (the number
of stacks equals 1218), a band-pass filter from 0.2 - 0.8 Hz is applied to each
CCF. The CCFs are strongly asymmetric with signals predominantly in the
acausal part.

In addition, stacking the CCFs of one station pair of only one
day already reveals these signals with frequencies above the
ocean-generated microseismic noise and below 1 Hz (figure 3).
Figure 3 shows the CCF of the stations TMO53 and TMO57,
which are placed about 11.5 km apart from each other. In the
acausal part of this CCF two signals can be identified: a faster
one at timelag -15 seconds (fs) with a dominant frequency
of ∼0.4 Hz and a slower one at timelag -40 seconds (ss)
with a dominant frequency of ∼0.5 Hz. The apparent velocity
of signal ss between TMO53 and TMO57 is about 300 m/s,
between TMO20 and TMO57 it is about 330 m/s. Signal fs
propagates with an apparent velocity of about 800 m/s between
the stations TMO53 and TMO57.

87

Temporal change in shear velocity and polarization
anisotropy related to the 2011 M9.0 Tohoku-Oki
earthquake examined using KiK-net vertical array
data
∗ Tohoku

Ryota Takagi∗ , Tomomi Okada∗
University, Japan, Email: r-takagi@aob.gp.tohoku.ac.jp

depths of boreholes are 100-300 m at 117 stations and the
other stations have deeper boreholes. We selected earthquake
records for which the epicentral distance is smaller than 300
km, the signal-to-noise ratio is larger than 3, and the maximum
accelerations at both the borehole sensor and the surface sensor
are smaller than 50 gal.
Since each sensor has three orthogonal components, we
can compose waveforms for any polarization direction. After
applying a second-order Butterworth filter with a passing
frequency band of 4 to 16 Hz, we composed the waveforms
for both the bottom and the surface sensors for the same
polarization angle by rotating the two horizontal components
data from 0 ° to 180 ° at intervals of 5 °. We then computed
a CCF (cross-correlation function). The time window starts
from twice the S wave travel time and has a length of 10.24 s.
In order to enhance temporal resolution, we interpolated CCFs
with a sampling frequency of 25.6 kHz.

Abstract—The M9.0 Tohoku-Oki earthquake took place off NE
Japan, which is covered by a dense seismic network. In particular,
KiK-net observed the strong motions of the main shock and
numerous aftershocks both on the ground and at the bottom of
boreholes at a depth of a few hundred meters. We applied crosscorrelation analysis to the coda part of a seismogram observed
by KiK-net and estimated not only the temporal change in shear
velocity but also the change in polarization anisotropy between
the bottom of the borehole and the ground. The shear velocity was
suddenly reduced by 5 to 10% after the Tohoku-Oki earthquake
over a wide area of NE Japan, which is consistent with the results
of a previous study. Although some stations also reveal a change
in polarization anisotropy, the polarization anisotropy change is
smaller than the velocity change. The fast direction did not show
change at almost all of stations, which may suggest that the static
stress change due to the coseismic slip on the Pacific plate is not
large enough to change the direction of polarization anisotropy
and/or deviatoric stress in the land area of NE Japan. However,
anisotropy amplitude changes were observed at considerable
stations. The static stress change might affect the anisotropy
amplitude.
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I. I NTRODUCTION
On 11 March 2011, the M9.0 Tohoku-Oki earthquake occurred near the nationwide KiK-net network. KiK-net observes
strong motions both on the ground and at the bottom of
boreholes. An advantage of KiK-net is an availability of
both sensors as a vertical array. Cross-correlation analysis
of earthquake data observed by vertical array can confirm
a velocity change between the bottom of the borehole and
the surface [Sawazaki et al. (2009)]. In addition, the crosscorrelation of vertical array has the ability to directly measure
polarization anisotropy [Miyazawa et al. (2008)]. The great
M9.0 earthquake may change velocity structure and/or stress
field in land area. Nakata and Snieder [2011] reported a
coseismic velocity change after the Tohoku-Oki earthquake
based on deconvolution analysis of KiK-net data. In this study,
we investigated the temporal change not only in seismic velocity but also in polarization anisotropy using cross-corraltion
analysis of KiK-net vertical array data.
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Fig. 1.
10 event moving average of cross-correlation functions for NS
direction at FKSH14 before and after the Tohoku-Oki earthquake (gray arrow).

III. R ESULT
Figure 1 shows the 10 event moving averages of crosscorrelation functions aligned according to average event date.
The peak time has obvious offset at the Tohoku-Oki earthquake. In order to measure the travel time shifts, we used

II. DATA AND M ETHOD
We analyzed the earthquake records observed by 135 KiKnet stations in NE Japan from 2000 to December 2011. The
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Fig. 2. (a) Relationship between PGA and relative velocity change, dv/v. (b) Relationship between the maximum dynamic strain and the travel time shift,
dt. (c) The travel time shifts at five stations according to the depth of the boreholes. (d) Counted number of stations on hard rock sites according to angle
between the fast direction and the horizontal compressional axis of the static stress change. Dark gray bars show the number of the stations at which anisotropy
amplitude increase and light gray bars show the number of the stations at which anisotropy amplitude decrease. If a station is in shaded area, the change in
anisotropy amplitude fits expectation. (e) Similar plots as (d), but for soft rock sites.

cross-correlation between the moving averages of CCFs and a
reference CCF. The reference is the average over all events
and all polarization angles. Using the travel time shifts of
all polarization directions, we estimated coseismic change of
shear velocity and polarization anisotropy.
Shear velocity decreases were observed in wide area in
NE Japan. The magnitude of velocity reduction is 5-10%.
In contrast, change in polarization anisotropy is small. Fast
direction did not change at almost all of the stations. However,
some anisotropy amplitude were observed and seems to be
distributed in wider area.

Second, we discuss the anisotropy change. The observed
anisotropies may be dominated by stress anisotropy because
the fast directions are consistent to the regional stress field.
However, the fast directions did not change after the TohokuOki earthquake regardless of static stress change due to
coseismic slip. This result suggests that the static stress change
is not sufficient to change principle axis of stress field and
direction of polarization anisotropy in land area. However, if
compressional axis of the static stress change is parallel to
fast direction, anisotropy amplitude is expected to increase.
On the other hand, if compressional axis is parallel to fast
direction, anisotropy amplitude is expected to decrease. At
hard rock site, 64% stations fit this expectation (Figure 2d and
2e). Therefore, the static stress change might affect anisotropy
amplitude especially at hard rock site.

IV. D ISCUSSION
First, we discuss the velocity change. Since our observation
focuses on near surface layer, the velocity reduction might
be caused by the strong motion. Figure 2a and 2b show the
relationship between the velocity change and peak ground
acceleration and the relationship between the time shift and
dynamic strain. Correlation between the velocity change and
PGA is weak. However, stronger correlation exists between
the time shift and dynamic strain. This fact suggests that
dynamic strain is a better indicator of strong motion for
velocity reduction rather than acceleration. In addition, the
existence of correlation with time shift rather than velocity
change implies a vertically inhomogeneous velocity change.
Actually, at relatively adjacent five stations with comparable
dynamic strains, the time shits are almost constant regardless
of different borehole depths (Figure 2c). Therefore, we can
consider that the major velocity decrease is localized in
shallow layer up to 100 m at least at the five stations.
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IV. T EMPORAL VARIATION

Abstract—We present temporal changes of shear wave velocity
and anisotropy, which is associated with the 2011 Tohoku-Oki
earthquake, within the marine sedimentary layer at outer rise
region in the northwestern Pacific Ocean. The specific features
of our study are that (1) our attempt for detecting temporal
variation of subsurface structure is based on seafloor observation,
(2) temporal variations obtained in our study are estimated
by using shear wave reflections from the bottom of marine
sedimentary layer, and (3) the degree of shear wave velocity
change seems to be varied as a function of polarization direction.

For temporal variations, the travel time also shows a coseismic velocity reduction of 2%, with slightly reduced
anisotropy, within the layer. The change gradually recovered
to pre-earthquake conditions through 4 months after the earthquake, although recovery was not complete during the period
of the observation. Such coseismic changes can be explained
either by increases of crack density and crack sphericity within
the suddenly stressed sedimentary layer or by channeling and
networking of water flow in the strongly shaken sedimentary
layer.

I. I NTRODUCTION
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II. D EPLOYMENT AND RECORDS

Fig. 1.

In this study, we used ambient seismic noise recorded
on 1-year continuous records of broadband ocean bottom
seismometers (BBOBSs) that are deployed on outer rise of
the Japan Trench. The observation period contains the time
of the 2011 great Tohoku-Oki earthquake (Mw9.0), and the
distance between the observation location and the source area
of the earthquake is 200-400 km. This condition potentially
allows us to estimate temporal variations of seismic structure
underneath the seafloor.

Amplitude

Detection of temporal variations of subsurface seismic structure potentially provides information on time-dependent processes occurring within the Earth. Using auto/cross-correlation
functions derived from seismic ambient noise, several studies
have detected temporal variations of seismic structure and their
relaxations, which are associated with large earthquakes and
volcanic eruptions.
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As a result for the structure below the BBOBS sites, autocorrelating ambient seismic noise, we found persistent reflections of S waves from the bottom of a 350-m thick marine
sedimentary layer. The two-way travel times of reflected S
waves, which vary as a function of the polarization direction,
indicate a velocity anisotropy of 1.7% in the sedimentary
layer. The fast direction is estimated to be trench-parallel,
possibly due to cracks or normal faults formed by bending
of the plate in the outer rise.

Fig. 2. Temporal variations of travel times of S reflections for fast and slow
polarization directions.
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Abstract—Seismological analysis of microseismic events are a
main source of information on orientation, volume, and evolution
of the geothermal reservoir. The primary object of the presented
work is to test and, if possible, verify Passive Image Intereferrometry for geothermal application having typically small, local
networks. Noise data from German Continental Deep Drilling
Programme (”Kontinentale Tiefbohrung” KTB) and the GeneSys
project are analysed with respect to changes in seismic velocity
as a response to fluid injection into the subsurface.

I. I NTRODUCTION
For the utilisation of deep geothermal energy hot fluids
from the subsurface are extraced and later re-injected. Except
for hydothermal sites, the fluid paths have to be created by
opening preexisting fractures deploying hydraulic stimulation.
Assuming this injection of fluid with a very high pressure
results in a change of seismic velocity, we use Passive Image Intereferrometry (PII) to monitor the temporal variation
of seismic velocity from hydraulic stimulation at the KTB
(stimulation experiment in 2000) and also at the GeneSys
project. Maeda et al. (2010) demonstrated that PII can be used
to monitor velocity changes associated with the fluid migration
into a geothermal site.
The first processing step is the calculation of one Green’s
Function (GF) per day from autocorrelation (ACF) for individual stations and crosscorrelation (CCF) for station pairs.
Following Snieder et al. (2002) a change dv/v in seismic velocity v produces a time-shift dt (Coda wave intereferrometry).
The second step is to construct a reference GF for each station
configuration by averaging all day GFs. This reference GF is
mulitplied with a set of time-changes resulting in a set of
reference GFs, each representing a different time- and thus
velocity change. For every day the GF is correlated to this set
of reference traces with the maximum correlation coefficient
giving the respective velocity change.

Fig. 1. Location of the German Continental Deep Drilling Programme (KTB)
at a map of geothermal installations (left) and the station network (right).

and test PII for a small, local network (maximum distance
between stations is about 21 km) and high frequency noise, we
first analysed data from this KTB2000 experiment. The dataset
contained 107 days of continuous data covering the 60 days
of stimulation and 20 days before and after the stimulation.
Fig. 2 shows two examples of calculated velocity changes. The
injection period is marked as well as the times of the three
larges microseismic events (dashed lines, two at almost the
same time). At the left panel the autocorrelation for station I04
is depicted. Obviously, with the occurence of the two of the
strongest events the correlation between Green’s Function per
day and the reference trace decreases immediately (markers
light gray to whtite). For the station pair I01 - I02, dv/v is
less steady and tends to decrease with the occurence of these
two events.

II. KTB
The ”German Continental Deep Drilling Programme”
(KTB) site is located in the southeast of Germany (Fig. 1).
Here, a change in seismic velocity has been observed by
Bokelmann and Harjes (2000) by applying shear wave splitting
to seismic borehole data from the stimulation experiment in
1994. In 2000 (July to November) a second stimulation experiment was performed featuring 4,000 m2 of water injected
at a flow rate of 0.5 -1.2 l/s [Baisch et al. (2002)]. Seismicity
was monitored with a temporal seismic network consisting of
40 stations (1 Hz), of which 30 could be processed. To adjust

Fig. 2. Calculated velocity changes for autocorrelation of station I04 (left
panel) and crosscorrelation between stations I01 and I02 (right panel) both
in a frequency band of 0,4 - 10 Hz for a lag time of 0 -10 s. Injection period
and occurence of the three larges microseismic events (dashed lines, two at
almost the same time) are marked. Darker colors indicate a better correlation
(R) of day and reference trace.
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III. G ENE S YS
The algorithms developed for KTB data are applied to
ambient seismic noise data recorded within the GeneSys
project in Hannover. With GeneSys the BGR would like to
demonstrate the feasibility of generating geothermal heat from
sedimentary rocks in the North German Basin .
During the massive hydraulic stimulation in May 2011 a

IV. D ISCUSSION
We applied Passive Image Intereferrometry to seismic noise
data from two hydraulic stimulation experiments: KTB2000
and GeneSys. At the current state of work for neither of these
two data sets significant velocity changes can be observed that
might be connected to the stimulation. For KTB this might be
a result of not having a long enough period of undisturbed
data from before, respectively after the injection to calculate a
reliable baseline. Thus, for GeneSys night time data from the
whole year were used. However, a velocity change was not
observeable, too. Now the next step is to further analyse the
data to come to the conclusion whether PII might be a tool
for reservoir characterisation or not.
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Fig. 3. Location of the GeneSys project at a map of geothermal installations
(left) and the station network (right).
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total of 20,000 m2 of fresh water were injected at a depth of
3,700 m. The injection rate was as high as 90 l/s (maximum
downhole preassure 470 bar) [Bischof et al. (2011)]. As the
site is near to urban areas, the injection was paused during
night time for noise protection. A local network (Fig. 3) was
installed consisting of four surface stations at a distance of
4 km around the bohrehole, four downole stations (100 m)
at 1 km distance and three central stations (surface, 180 m,
100 m). Despite the dense network, having a detection level
of M = 0.5 [Bischof et al. (2012)], no seismic events from the
reservoir could be registered. Thus, standard seismological
analyses can not be used to get information on the reservoir’s
orientation, extend, or temporal development.
Data from thw whole year 2011 were analysed to have a
sufficiently long period before, respectively after the stimulation. Only data from night time are used because during
the stimulation the pumps in the center of network were
working at daytime. However, neither the autocorrelation (Fig.
4 left panel) nor the crosscorrelation (same figure, right
panel) show any significant velocity change during or after
the massive stimulation. In both examples velocity changes
fluctuate around a zero.
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Fig. 4. Calculated velocity changes for autocorrelation of station HAN2 (left
panel) and crosscorrelation of stations HAN0 and HAN2 (right panel) both at
a frequency band of 5 - 20 Hz for a lag time of 0 -15 s. Injection period was
the last week of May (day of year 125 - 131). Darker colors indicate a better
correlation (R) of day and reference trace.
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The cross-correlation of seismic ambient noise at a pair
of stations equals to the derivative of the Green function
between those two points. Several approaches have been used
to demonstrated this equality; e.g. with the acoustic-wave
treatment of Weaver and Lobkis (2001) with the assumption
of equipartition of the energy over all the modes, or in the
framework of seismic waves the approach of Sanchez-Sesma
and Campillo (2006) also considering the repartitioning of the
energy. Snieder (2004) used the approach of the stationary
phase and Wapenaar (2004) validated the same results using
the reciprocity theorem. All of these approaches mentioned
earlier make the assumption that the energy in the media
is equipartitioned over all modes either by a homogenous
distribution of sources or by a highly scattering medium or
both. On earth those assumptions are only partially valid. We
know that observed surface-wave ambient noise is primarily
generated at the Earth’s surface, and predominantly in the
oceans, via storms and the coupling of the oceans with the
solid Earth (e.g., Stehly et al (2006)), with most energy
occurring at periods between 5 s and 20 s. Nevertheless,
the high correlation between ambient-noise tomography and
results based on other methods (e.g., Shapiro et al (2005);
Stehly et al (2009)) suggests that real-world conditions often
are sufficient for the successful application of the ambientnoise method. The impact of non-ideal conditions on the
common assumptions behind ambient-noise tomography has
been the subject of several recent theoretical and numerical
studies. For example, Tromp et al (2010) investigated the
effects of uneven source distribution in terms of the actual
sensitivity kernels and Tsai (2009) studied the theoretical
accuracy of the method in a realistic medium. Weaver et
al (2009) and Froment et al, (2010) used a model with
a ring of sources around two stations to investigate crosscorrelation measurements when the intensity of the sources
varies azimuthally.
Using cross-correlation computations with data from the
USArray by Ekström et al, (2009) our aim will be here
to investigate the effects of non-equipartitioned energy on
cross-correlation on a massive dataset. More precisely our
approach will be based on observations and modeling experiments. We propose to characterize the non-uniformity of
the ambient wave-field across USArray by systematic analysis of cross-correlation functions; to assess the impact of

Normalized amplitude

this non-uniformity on estimates of phase velocity using a
forward-modeling approach; and to investigate approaches for
incorporating our improved knowledge of the wave-field into
techniques for estimation of phase-velocity maps, to increase
their accuracy.
A visual manifestation of the effects of uneven source
distribution is the difference between the causal (positive
time) and acausal (negative time) parts of the time-domain
cross-correlation function. Cross-correlation functions from
USArray often show strong differences between the causal
and acausal parts of the correlations, most dramatically in
amplitude, but also in phase. Figure 1 shows two relatively
symmetric examples.
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Fig. 1. Cross-correlated signal filtered between 15s and 25s periods. The
causal part in blue and the acausal in red are plot one on each other to see
the difference of amplitude and phase. The left figure is the cross-correlation
of one year recored at the stations H17 and H10, the right figure is the crosscorrelation of one year recored at the stations H17 and B17

The cross-correlation functions have been filtered between
15 s and 25 s and the dominant arrivals (at around 180 s in the
left example, around 150 s in the right) are in phase. While this
symmetry is suggestive of ‘advantageous’ conditions existing
for making an accurate velocity measurement, this cannot be
ascertained from data for a single station pair.
Figure 2 shows the same cross-correlation functions as in
Figure 1, but filtered at 35-45 s.
Here the differences in amplitude and phase between the
causal and the acausal parts are large. In both panels of Figure
8, the difference in phase is about 5 s, which translates into
a difference in speed of 0.1 km/s or 3%. The difference
indicates that any phase-velocity measurements made from
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Fig. 2. Cross-correlated signal filtered between 35s and 45s periods. The
causal part in blue and the acausal in red are plot one on each other to see
the difference of amplitude and phase. The left figure is the cross-correlation
of one year recored at the stations H17 and H10, the right figure is the crosscorrelation of one year recored at the stations H17 and B17

azimuthal variations in SNR indicate that the incoming energy
is unevenly distributed. Where the SNR is lower than 40, the
causal and acausal parts show similar SNR values, suggesting
some level of symmetry. This analysis represents one means
for mapping deviations from the theoretical assumptions made
in data processing that we intend to explore more fully.
We propose to use empirical approaches such as the one
just outlined to describe and document azimuthal variations
in the cross-correlation functions geographically across the
footprint of USArray. Such characterization is important as a
first step because the length scales over which such variations
change will influence the extent to which simple azimuthal
averaging schemes can be used to improve estimates of local
velocity Aki (1957). Even when the remote sources of noise
are well defined, the relevant noise field at the station pair will
have propagated through complex structure before reaching
the stations, and will also be modified by local structure. In
a region with large velocity contrasts, such as, for example,
for short-period Love waves in Wyoming (see Figure 3), we
may anticipate significant local variations in the noise field
caused by scattering due to local structure. Conversely, at
longer periods, it seems plausible that the character of the
noise field changes more gradually, making it more amenable
to local averaging schemes. While recognizing the possibility
of encountering significant complexity, our objective will be to
quantify in a systematic fashion the azimuthal variation of the
apparent noise-source distribution. Once we have estimated
these variations, we propose to use the results of recent
theoretical and modeling studies (e.g., Froment et al, (2010);
Tsai (2009, 2010); Weaver et al (2009)) to model and predict
the influence of the noise distribution on the cross-correlation
functions. Good agreement here will allow us to use these
theoretical and model results to assess and predict the impact
of the nonuniform noise distribution on our estimates of
phase velocity derived from the cross-correlation functions.
The results and conclusions from such modeling can then be
used in the tomographic modeling of velocities.

these data using common assumptions, including from the
folded cross-correlation functions, will have large uncertainties
and, potentially, a significant bias. These observations lead
to two practical questions that we propose to address: (1)
How significant are the biases caused by the non-ideal wave
field when processed for phase-velocity measurements and
tomographic maps?, and (2) Can such biases be minimized
through data selection or the application of corrections and
weighting, or through modified techniques?
We propose to characterize first the asymmetries that are
present in the cross-correlation functions for USArray data at
different frequencies and in different locations. As an example,
we show in Figure 3 all stations in our data base contributing
to at least one cross-correlation dispersion curve that samples
Wyoming.
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Fig. 3. Stations contributing to at least one-cross-correlation dispersion curve
sampling Wyoming.

We compute signal-to-noise (SNR) ratios for the causal
and acausal parts of the cross-correlation functions for these
stations, and then plot the SNR values as a function of the
inter-station azimuth (Fig 4)).
For the causal part, we observe peaks with values around
40 at azimuths of 125 and 225, and corresponding peaks
(caused by the reversed station pair) at 45 and 305. These
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Currently there is strong interest in monitoring
temporal changes in seismic wave velocity in
various geological settings. These settings can
range from volcano monitoring to reservoir
monitoring amongst others.
Green’s functions are often used to monitor
temporal variations in seismic velocity as their
arrival times contain information about velocity
changes. The velocities can be measured through
the cross correlation of Green’s functions for a
given pair of stations. Correlation of ambient noise
is typically used for Green’s function retrieval.
The great advantage of using noise is that noise
is continuous in time and there are no natural
explosive or repeatable sources required (Campillo
and Paul, 2003; Shapiro and Campillo, 2004).

Fig. 1.

Temporal and spatial variations of non-uniformly
distributed noise sources may lead to apparent
changes in Green’s functions. This could lead to
a misinterpretation of temporal changes in wave
velocity, which are merely artefacts.

Seismic arrays deployed in Ireland

The aims of this project are to find out how
do the Green’s functions correlate with spatial and
temporal variability of the noise sources and what
the minimum trace length of noise is required for
the Green’s functions to converge. The expected
outcome of the project is therefore an assessment of
the degree to which velocity variations are caused
by changes in the sources. Hence, these conditions
can be considered when this method is used in a
different location.

Ireland is a good location in which to study
these effects, as it is tectonically very quiet and is
relatively close to large noise sources in the North
Atlantic. The spatial and temporal distribution of
noise sources are being tracked using seismic arrays
deployed in Ireland under a sister project (called
WaveObs). Concurrently, in this project, we are
searching for temporal variations in wave velocity
using noise correlation and comparing them to the
temporal/spatial distribution of the noise sources
as determined under the WaveObs project. The
seismic arrays deployed in Ireland are presented in
figure 1.
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the complex coherency, ρ, is defined,
h
i
E Ĉxy (ω)
ρ(r, ω) ≡ r h
ir h
i,
E Ĉxx (ω) E Ĉyy (ω)

Abstract—Whitening of recordings of ambient seismic noise
prior to crosscorrelation is widely employed. We evaluate how
the real part of the cross-spectrum behaves as a function of
distance for whitened recordings. We show that it is proportional
to a Bessel function for distances larger than approximately one
fourth of a wavelength.

(1)

where E[Ĉxy (ω)] denotes the ensemble average of Ĉxy (ω)
and r = |x − y|. For a spatially and temporally stochastic
wavefield, the averaged complex coherency coincides
with

 the
rω
(Aki,
0th order Bessel function of the first kind, J0 c(ω)
1957; Okada, 2003). Azimuthal averaging is over all x and y
for which |x − y| = r and c(ω) denotes the wave velocity as
function of angular frequency.
Spectral whitening of recordings involves normalization
of the cross-spectra prior to ensemble averaging. This is
mathematically expressed by,


Ĉxy (ω)
.
q
(2)
γ(r, ω) ≡ E  q
Ĉxx (ω) Ĉyy (ω)

I. I NTRODUCTION
Over the last decade the field exploiting ambient seismic
noise has rapidly developed. Much attention has been paid to
the preprocessing of data, which includes spectral whitening.
Whitening of the spectra prior to cross-correlation turns out
to be very effective (Seats et al., 2012). Researchers estimating attenuation based on seismic interferometric (SI) measurements of surface waves also employ spectral whitening
(Lawrence and Prieto, 2011; Weemstra et al., 2012).
The methodology of these attenuation studies is based on the
derivation of the normalized spatial autocorrelation (SPAC) by
Aki (1957). He shows that, given a stationary wavefield over
a laterally homogenous medium, the azimuthally averaged
cross-spectrum coincides with a Bessel function. Investigators estimating subsurface attenuation generally fit a damped
Bessel function to the real part of the normalized azimuthally
averaged coherency (Lawrence and Prieto, 2011; Weemstra
et al., 2012).
An apparent inconsistency between their results and the
theoretical framework associated with the SPAC-method appears however: they require the real part of the normalized
azimuthally averaged coherency to be fit by a downscaled
version of the damped Bessel function instead of a damped
Bessel function (Lawrence, 2012; Weemstra et al., 2012). We
show that this discrepancy is due to the difference between the
normalization employed by the SPAC-method and the implicit
normalization associated with spectral whitening.

where γ is dubbed the “whitened complex coherency”.
Clearly, expression 2 is different from the one for ρ.
Nevertheless, the azimuthal average of γ is used successfully
to map subsurface attenuation (Lawrence and Prieto, 2011;
Weemstra et al., 2012). These investigators fit a damped
Bessel function to the azimuthal average of γ for individual
frequencies. They therefore obtain an estimation of the quality
factor Q as function of frequency. Their procedure requires
multiplication of the damped Bessel function with a factor
of proportionality P (ω) however. Weemstra et al. (2012) find
that P generally varies smoothly with frequency but can have
values between 0.4 and 0.8.

III. A SIMPLE MODEL
We use a very simple (ray-based) model to evaluate the
difference between ρ and γ. We assume an isotropic, nonattenuating subsurface and a homogeneous distribution of N
sources fixed at locations sj . The imprint of each of these
sources at any location x is described by the frequency-domain


(1) rjx ω
where
two-dimensional Green’s function, i.e. 4ı H0
c(ω)

II. T HEORY
We define the frequency domain crosscorrelation for recordings u(x) and u(y), captured at surface locations x and y,
as Ĉxy (ω), where ω is the angular frequency. The expression
used for calculating the SPAC (e.g. Aki, 1957; Okada, 2003)
is dubbed the “averaged complex coherency” and is obtained
by azimuthal averaging of complex coherencies associated
with individual station pairs. For an individual station pair

(1)

H0 is a Hankel function of the first kind of order zero and rjx
the distance between source sj and x. The total displacement
at x is therefore given by,


N
ıX
rjx ω
ıφj (ω) (1)
u(x, ω) =
Aj (ω)e
H0
(3)
4 j=1
c(ω)
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Fig. 1. The real (black) and imaginary (gray) parts of ρ and γ are represented by the solid dots and triangles, respectively. Note that the imaginary parts of
γ (gray triangles) are barely recognizable as they are largely overprinted by the imaginary parts of ρ. The Bessel functions that best fit ℜ[ρ] and ℜ[γ] are
represented by the dashed and solid curve, respectively.

where the amplitude of the source at sj is denoted Aj and
its phase φj . We assume the phases φj to be random. We
define a “realization” such, that for a each source φj is
(randomly) different between different realizations. Different
realizations are therefore analogous to different time-windows
where source phases are assumed to have changed (randomly)
from one time-window to the next. Ensemble averages are
computed over different realizations.
Because we prescribe a homogeneous distribution of
sources, azimuthal averaging becomes redundant and we can
simply evaluate the real part of ρ and γ instead of that of their
azimuthal average. We compute ρ and γ at intervals of 200
meters for a frequency of 0.25 Hz and prescribe a velocity of
750 m/s. The amplitudes Aj are assumed constant between
both different realizations and different sources. Ensemble
averages are calculated over 5000 realizations.

include closely spaced stations while fitting a damped Bessel
function.
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IV. R ESULTS
Figure 1 shows the behavior of ρ and γ up to a distance of
10 km. A Bessel function is fit
 (solid line) in the sense
 to ℜ[ρ]
rω
is minimized for varying
that the L1-norm ℜ[γ] − J0 c(ω)
c(ω). Similarly, we fit a Bessel function
 to ℜ[γ] (dashed
rω
for varying c(ω)
line) minimizing ℜ[γ] − P (ω)J0 c(ω)
and P (ω). Expectedly, in both cases the prescribed velocity is
successfully recovered. More interestingly, the behavior of γ is
well approximated by a downscaled Bessel function except for
distances shorter than ∼ 1/4 of a wavelength. We show that
this behavior can be explained by the so-called “cross-terms”
(which are explained in detail by Wapenaar et al., 2010).
This result implies that researchers interested in constraining
attenuation using ambient noise surface waves should not
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R: Postseismic recoveries (described by a logarithmic
model).
S: Seasonal velocity variations (described by a cosine term
with a period of one year).
In detail, we used




2π t
t − t0
dv
·H(t− t0 )+ F ·cos
= A+ C ·ln
+ϕ ,
v
τ
1 year

INTRODUCTION

Passive Image Interferometry [1] consists of two steps:
Firstly, the elastic Green’s function between two seismometers
is constructed using the cross-correlation of seismic noise.
Then, in a second step, the Green’s functions obtained for
different periods are treated as earthquake doublets and Coda
Wave Interferometry is used to extract a temporal variation in
seismic velocity. This technique was applied to several large,
crustal earthquakes in Japan. Wegler and Sens-Schönfelder [2]
and Wegler et al. [3] observed a sudden decrease of seismic
velocity after the 2004 mid Niigata prefecture earthquake,
Japan. Ohmi et al. [4] [5] and Nakahara et al.[6] applying
the same technique observed coseismic velocity drops for the
2007 off south Niigata prefecture earthquake, the 2007 off
Noto peninsula earthquake, and the 2005 Fukuoka earthquake,
respectively. Takagi et al. [7] and Hobiger et al. [8] reported of
velocity drops associated with the 2008 Iwate-Miyagi Nairiku
earthquake in Japan.
Here, using Passive Image Interferometry and Hi-Net data,
we systematically analyzed velocity changes of the Earth’s
crust associated with all five shallow earthquakes with moment
magnitude larger than 6.5, which occurred on shore in Japan
between 2000 and 2010 (Fukuoka 2005, Noto Hanto 2007,
Iwate-Miyagi Nairiku 2008 and two earthquakes in Niigata
prefecture 2004 and 2007).
II. O BSERVED

where A is a constant offset and C a parameter describing the
coseismic velocity change and the postseismic recovery with
a time constant τ . F is the amplitude of seasonal velocity
variations and ϕ their phase. t0 is the date of the earthquake
and H(t − t0 ) the Heaviside function.
Some example velocity variation curves obtained by the
9-component analysis of the Noto Peninsula are shown in
figure 1. Hobiger et al [8] show an example for the Southern
Iwate event. Velocity variation curves for the other large
crustal earthquakes in Japan are similar. In the Niigata region,
the data set contains three different earthquakes, so that the
recovery processes are perturbed after each event. Observed
coseismic velocity drops depend on frequency, where typically
the largest drops can be observed using the highest frequency
band of 0.5 - 1.0 Hz. The largest coseismic drops are in
the order of 0.5% for the analyzed earthquakes. Postseismic
recovery is fast in the first half year after the earthquake,
but then the further increase becomes much slower, so that
typically seismic velocity does not completely recover within
the observation period. This behavior can be modeled with
a logarithmic recovery model. The amplitudes of observed
seasonal variations in seismic velocity are at least one order of
magnitude smaller than the largest observed coseismic velocity
drops, but the effect can still clearly be observed for many
station pairs.

TEMPORAL VELOCITY VARIATIONS

The Green’s functions have been constructed using ambient
seismic noise for all 9 possible component combinations
of all pairs of three-component sensors in three frequency
ranges between 0.125 to 1.0 Hz. More details on the data
processing and example figures of constructed long term
and short term Green’s functions for the 2008 Iwate-Miyagi
Nairiku earthquake are given in [8]. The sum of all daily
correlation functions serves as a reference correlation function
for the respective station pair. We used the coda part of
the correlation functions to search for changes in the short
term Green’s functions compared to the long term (reference)
Green’s functions and inverted for velocity variations using
the stretching technique.
The observed velocity variation curves were fitted by model
curves consisting of [8]:
D: Coseismic velocity drops.

III. C ONCLUSION
Systematic analysis of temporal velocity variations associated with five large crustal earthquakes in Japan showed
that all earthquakes caused coseismic velocity drops in the
respective source regions. This drop is followed by a postseismic recovery, which can be described by a logarithmic
model. However, the time constant of recovery is much larger
than the observation period. Additionally to temporal velocity
variations associated with the five large earthquakes, we also
observe a seasonal oscillation in seismic velocity.
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Fig. 1. Example velocity variation curves for different station pairs of the Noto Peninsula at different frequency ranges compared with the respective fitted
model curves in gray. Using Akaike’s Information Criterion, the significant properties of the velocity variation curves have been determined (D: coseismic
velocity drop; R: postseismic recovery; S: seasonal velocity variations) and are indicated above each curve. The vertical gray lines indicate the date of the
earthquake, the thickness of the lines corresponds to the number of days over which the data have been averaged to stabilize the Green’s functions.
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