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eflection images from ambient seismic noise
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ABSTRACT

One application of seismic interferometry is to retrieve the
impulse response �Green’s function� from crosscorrelation of
ambient seismic noise. Various researchers show results for
retrieving the surface-wave part of the Green’s function.
However, reflection retrieval has proven more challenging.
We crosscorrelate ambient seismic noise, recorded along
eight parallel lines in the Sirte basin east of Ajdabeya, Libya,
to obtain shot gathers that contain reflections. We take advan-
tage of geophone groups to suppress part of the undesired sur-
face-wave noise and apply frequency-wavenumber filtering
before crosscorrelation to suppress surface waves further.Af-
ter comparing the retrieved results with data from an active
seismic exploration survey along the same lines, we use the
retrieved reflection data to obtain a migrated reflection image
of the subsurface.

INTRODUCTION

Since the beginning of this century, seismic interferometry has
apidly become popular in a variety of applications �for an extensive
verview, see Wapenaar et al. 2008 and Schuster 2009�. One of the
ost intriguing applications of the method is retrieving the seismic

mpulse response �Green’s function� from crosscorrelation of dif-
use wavefields, where the diffuse fields can result in a closed system
rom random multiple scattering inside the system or from the sys-
em’s boundaries �Weaver and Lobkis, 2001� or in an open system
rom a random distribution of noise sources, e.g., ambient seismic
oise �Campillo and Paul, 2003�.

The earth is a closed system, but the wavefield is usually far from
iffuse. The diffusivity depends on observation points, season, dura-
ion of observation, complexity of the medium, frequencies of inter-
st, and wave type �e.g., Okada, 2003; Stehly et al., 2006; Pedersen
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t al., 2007; Picozzi et al., 2009�. At smaller scales, an extra compli-
ation is that the encompassing system is not closed. Heuristic argu-
ents using the fundamental properties of reciprocity and time-re-

ersal invariance �Derode et al., 2003� and stationary-phase analysis
f the crosscorrelation integral �Snieder, 2004� have been used to ex-
lain that in the presence of enough random sources and/or scatter-
rs, Green’s function retrieval by crosscorrelation is possible in open
ystems. Researchers have been able to retrieve the surface-wave
art of the Green’s function from ambient-noise correlations �e.g.,
hapiro and Campillo, 2004; Sabra et al., 2005a�. This information
as been used for regional tomographic imaging �Sabra et al., 2005b;
hapiro et al., 2005� and monitoring changes in volcanic interiors
Sens-Schönfelder and Wegler, 2006; Brenguier et al., 2008�.

Seismic surface-wave retrieval is quite robust, which may be ex-
lained by the fact that surface waves are the strongest events in the
mbient noise. Nevertheless, the resolution power of surface-wave
ata in the depth direction usually is insufficient for seismic explora-
ion. It is much more desirable to retrieve reflection data, which al-
ow the extraction of velocity information and construction of depth
mages with higher resolution.

A classic analysis shows that the 1D depth-dependent variations
esulting from the earth’s layering can be resolved from the autocor-
elation of the transmission response of a deeply buried noise source
Claerbout, 1968�. In the first decades after this idea was conceived,
pplications were rare �Scherbaum, 1987a, 1987b; Daneshvar et al.,
995�. Using the Green’s theorem together with signal-processing
asics, the 1D method was extended for a 3D layered earth �Wap-
naar et al., 2002� and subsequently generalized to a theory that de-
cribes recovery of the full 3D Green’s function �surface waves and
eflected waves� from noise correlations �Wapenaar, 2004�.

The latter theory shows that, for observation points at the earth’s
urface, the surface-wave part of the Green’s function is retrieved
rom ambient-noise sources located at or near the surface, whereas
eflection-response retrieval requires a distribution of noise sources
n the depths below the receivers �see Ravi Kumar and Bostock,
006, for an example with teleseismic arrivals, i.e., transient sourc-
s, in a 1D medium�. Reflected waves from noise are more challeng-
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A64 Draganov et al.
ng to retrieve than surface waves because reflection amplitudes de-
ay more rapidly with distance and the demands on the distribution
f the ambient-noise sources are more severe. In general, surface-
ave noise drowns out the subtle body-wave noise required for im-

ging subsurface structures with high resolution.
Nevertheless, there is evidence that reflections can be retrieved

Draganov et al., 2007�. In the following, we show how we obtain
ody-wave reflections from behind the masquerading surface-wave
oise and use this information to retrieve reflection profiles and a
seudo-3D reflection image of the earth’s subsurface. Retrieval of
eflections from ambient seismic noise may have applications in ex-
loration in frontier regions, in areas with difficult terrain condi-
ions, in naturally sensitive areas, in permanent monitoring for reser-
oir production, and in CO2 sequestration surveillance.

x (km)

y (km)

15

10

5

0 1
2

3

L8L1

Easting

N
or

th
in

g

igure 1. Geometry of the field survey. The thin gray lines represent
he geophone lines; the thick gray line indicates a traffic road inter-
ecting the survey lines.
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igure 2. �a� First 10 s from an arbitrary ambient-noise record. The
ate surface waves. �b� Amplitude spectrum of the panel in �a� afte
races. �c� The panel in �a� after frequency-wavenumber and band-pa
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FIELD GEOMETRY AND INITIAL PROCESSING

Data were acquired by Shell in the northeastern part of the Sirte
asin, east of Ajdabeya, Libya. The acquisition geometry consisted
f eight parallel lines �L1–L8� of about 20 km with a separation dis-
ance of 500 m �Figure 1�. Each line consisted of approximately 400
eceiver channels placed 50 m apart. Each receiver channel repre-
ented the center of a group of 48 vertical-component geophones.
he geophone patterns were designed such that surface waves with

he most dominant wavenumbers were suppressed in inline and
rossline directions. To maximize the amount of registered energy
rom the presumed subsurface sources, it is best to record for a long
ime. In our case, noise was recorded for an approximately 11-hour
eriod. Because of restrictions imposed by the recording equipment,
he data were stored in about 900 time windows of 47 s �ambient-
oise records�. Figure 2a shows the first 10 s from an arbitrary ambi-
nt-noise record along one of the lines. This recording is dominated
y strong remnants of spatially coherent surface waves that were not
uppressed by the geophone groups and were excited randomly in
ime by traffic along a road bisecting the survey around 14 km at its
orthern section �see Figure 1�.

When we retrieve reflections, we want to suppress surface waves
s much as possible. Frequency and frequency-wavenumber analy-
is reveals that the most energetic part of the surface waves is con-
entrated mainly below 6 Hz. Furthermore, the frequency spectrum
n Figure 2b shows significant spectral notches and peaks above
4 Hz, which may complicate our analysis. Therefore, for further
rocessing, we select the energy between 6 and 24 Hz with a band-
ass filter.

Next, striving to bring forward possible retrieved reflections and
inimize cross-terms between surface waves and body waves, we

emove the remaining direct inline surface waves, traveling with an
pproximately constant velocity in this frequency band, with a fre-
uency-wavenumber filter. Figure 2c shows the panel from Figure
a after filtering. The surface-wave energy has been reduced signifi-
antly. To ensure that each ambient-noise record contributes equally
hen retrieving the Green’s function, we energy normalize each

race in each ambient-noise record.

RETRIEVAL OF REFLECTION
PROFILES AND A

PSEUDO-3D IMAGE

We apply seismic interferometry to the record-
ed ambient noise using the relation �Wapenaar,
2004�

�Gp,q�xA,xB,t��Gp,q�xA,xB,� t���a�t�

��
i

N

� p
i �xA,� t���q

i �xB,t� . �1�

Here, Gp,q�xA,xB,�t� denote the causal and time-
reversed Green’s tensors between positions xB
and xA, t denotes time, � p�q�

i represents the compo-
nent of the particle velocity recorded in the xp�q�

direction �p,q�1,2,3� in the ith ambient-noise
record, a�t� stands for the autocorrelation of the
source time function of the noise sources, and the
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Reflection images from seismic noise A65
sterisk denotes convolution. The sum on the right-hand side is car-
ied out over all N available ambient-noise records. The relation is
erived assuming that the noise sources are uncorrelated and illumi-
ate the observation points from all directions and that the recorded
oise can be described as an ergodic random process.

Relation 1 states that the sum over time of crosscorrelations of
oise records at a receiver pair approximates the sum of the causal
nd time-reversed Green’s function between the two receivers, con-
olved with the autocorrelation of the noise. The Green’s function
ncludes the desired reflection response. Thus, to retrieve the reflec-
ion response for a virtual source position, we fix one trace at a time
fixed xB� and correlate this trace with all other traces from one re-
eiver line �variable xA� to obtain a correlation panel. Repeating this
rocess for all N�900 ambient-noise records from the chosen line
nd summing the resulting N correlation panels, we obtain the left-
and side of equation 1. To extract the Green’s function from this re-
ult, we must remove the imprint of the autocorrelation of the source
ime function a�t�. This is done by deconvolving with a wavelet ex-
racted from the autocorrelation trace using a narrow window around
ero time.

The ambient-noise sources in the subsurface are not optimally
homogeneously� distributed, so some parts of the Green’s function
re retrieved only in the causal part of the correlation result and oth-
rs in the acausal part. To obtain a more accurate Green’s function,
he retrieved time-advanced and time-retarded parts are summed.
he final result is a retrieved common-shot gather. It is the response
f a virtual source at xB observed by receivers at xA.
Figure 3a shows a retrieved common-shot gather along line L4 for

virtual source located at 1 km. We observe approximately hyper-
olic events associated with reflections around 0.15, 0.3, and 0.4 s,
s well as several events between 0.7 and 1.1 s.
he same reflection events can be observed in an
ctive-source common-shot gather, where the vi-
roseis source has been placed at approximately
he same location �Figure 3b highlighted in red�.
o make the comparison easier, the shot gather in
igure 3b is shown after frequency-wavenumber
ltering to remove some remnant surface waves.
igure 3a and b is further band-pass filtered be-

ween 9 and 18 Hz to equalize the frequency con-
ents. Still, we can see that the reflections in the
ctive-source gather result from waves with high-
r frequencies.

If the body waves in the recorded noise have
ower frequencies, the resulting retrieved reflec-
ions will exhibit the same lower frequencies.
ome linear inclined events can be seen on the
etrieved common-shot gather. These events can
e a result of aliasing �compare to similar events
n the active-source gather�, but they also may,
n part, be a result of correlation of road-traffic
urface waves propagating in directions different
rom the inline direction. If surface waves have
ropagated in such directions, the inline fre-
uency-wavenumber � f-k� filter that we use will
ot remove them.

We repeat the crosscorrelation procedure by
hoosing the virtual-source position at every re-
eiver channel along each of the eight lines, re-
rieving about 3200 shot gathers. The obtained
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irtual reflection data allow us to construct an image of the subsur-
ace. The large separation between the lines �500 m� does not allow
he use of a full 3D migration procedure. Instead, we process each
ine separately using 2D schemes.

First, we obtain poststack time-migrated images of the subsurface
see Figure 4a� by following a standard processing scheme consist-
ng of statics correction �to a mean sea level�, common-midpoint
orting, interactive velocity analysis, normal-moveout correction,
tacking, and phase-shift time migration �Claerbout, 1985; Yilmaz,
999�. From a priori information, we know that the subsurface in this
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ed. Events at times earlier than the direct-wave arrival have been
uted.
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A66 Draganov et al.
rea exhibits mild lateral variations of the seismic properties. The
elocities are estimated at every 500 m along each line from the re-
ection events in the retrieved data, using a standard velocity-analy-
is method �Yilmaz, 1999�.

To establish the robustness of the retrieved reflections, we com-
are the retrieved time-migrated results to results from the active
urvey �Figure 4b�. The active-source image has been band-pass fil-
ered to try to match the frequency content of the retrieved data
hence, the seemingly discontinuous line of the earth’s surface�.
evertheless, the amplitude spectra of the two results are different,
hich might come from the generally lower-frequency character of

he retrieved shot gathers.
Comparing the two time-migrated sections, in particular, we ob-

erve two shallow marker events around 0.1 and 0.8 s. These reflec-
ion events coincide in both images. In addition, there are several
ther coinciding coherent events. The apparent jump of the shallow-
st marker event at horizontal distance around x�3 km might be
aused by incorrect velocity picking. At times beyond 1 s, events in
he passive image lose their spatial coherence and cannot be identi-
ed unambiguously with reflections in the active image. Thus, as we
ould expect, it seems harder to extract deeper reflections because
f the larger geometric spreading of body waves. Having longer
ecords of the ambient seismic noise �days, weeks� might solve this
roblem because potentially we would record waves from more sub-
urface sources and consequently improve the stacking power and il-
umination of the ambient-noise data.

Even though during the velocity analysis we picked velocities
uch that energy from multiple reflection paths is suppressed, there
ppears to be some remnant multiple energy in the left part of the im-
ge from the ambient-noise data in Figure 4a around 1 s. This event
s absent in the active image �Figure 4b� where an additional pro-
essing step was applied to suppress multiple reflections. We show
he comparison until 12.15 km along the line. No coherent events
ould be seen at locations closer to the traffic road around 14 km.
espite our best efforts, strong surface-wave remnants remain at

hese locations, obscuring possible retrieved reflections and conse-
uently making velocity picking very hard.

Having validated the authenticity of the retrieved shallow marker
vents, we proceed to obtain structural information. For this pur-
ose, we apply 2D prestack depth migration to the retrieved shot
ecords along the eight lines. We use a constant-gradient velocity
odel as a first approximation of the picked velocities from the re-

rieved data. The eight depth-migrated sections are interpolated lin-
arly to give an impression of the 3D structure of the earth below the
urveyed area �see Figure 5�. We can appreciate several imaged re-

x

y

z

igure 5. Apseudo-3D image giving an impression of the subsurface
elow the survey lines. The pseudo-3D image from Figure 5 played
long the y-axis starting from line L1. Figure enhanced online. �DOI:
ttp://dx.doi.org/10.1190/1.3193529.1�
Downloaded 19 Dec 2009 to 80.101.129.111. Redistribution subject to
ectors, e.g., the reflectors at 0.18, 0.4, and 0.55 km. The ancillary
nline video follows the imaged reflectors in x-z profiles along the

y-axis in Figure 5, starting from line L1.

CONCLUSIONS

We have applied seismic interferometry to ambient seismic noise
ecorded along eight lines in a desert area in Libya and correlated
bout 11 hours of noise to retrieve virtual shot gathers. These shot
athers, compared with shot gathers from active data recorded with
ources located at the same positions, reveal several correctly re-
rieved reflections. The retrieved shot gathers, processed using a
tandard seismic processing flow to obtain poststack time-migrated
eflection images, were validated against a poststack time-migrated
mage obtained from the active data. Good agreement between them
as found for two-way traveltimes up to 1 s. Furthermore, we
restack depth-migrated the retrieved shot gathers to construct a
seudo-3D depth image of the subsurface below the eight lines. Re-
rieval of reflection images from ambient seismic noise has potential
or seismic exploration, reservoir production monitoring, and CO2

equestration surveillance.
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