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Seismic interferometry application to improve seismic re  ection 
signals affected by ice-plate  exural noise

Seismic interferometry based on cross-correlation of traces 
recorded at diff erent positions makes it possible to recover 

new Green’s functions and to obtain signals as if sources were 
placed at the receiver positions. Th is case history describes 
results obtained using sea-bottom hydrophone signals 
recorded in shallow water below the ice plate in an Alaska 
seismic survey. Th e aim was to simulate new shots at the 
sea-bottom receiver positions and to redatum the surface-
generated seismic signals below the ice layer. Th e application 
was performed and the method investigated to attenuate the 
strong noise due to dispersive wave modes (mainly fl exural 
waves) which propagate in the ice layer.

Introduction
Th e data of a 2D refl ection seismic experiment in Alaska on 
the ice plate were strongly contaminated by surface-gener-
ated fl exural-wave noise (Davidson et al., 2008). Th is noise 
is highly dispersive and variable with thickness and physical 
properties of the fl oating ice-plate (Rendleman and Levin, 
1990; Beresford-Smith and Rango, 1988; Henley, 2004; Del 
Molino et al., 2008). We investigate the use of seismic inter-
ferometry (SI) to synthesize new refl ection wavefi elds, less 
contaminated by the surface-generated ice noise and describe 
the operational aspects encountered during the interferom-
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etry processing. Data analysis and processing include the fol-
lowing basic steps: analysis and editing of the data obtained 
with a light vibrator (minivib) source at the ice surface, with 
preliminary interpretation of the signal and noise wavefi elds; 
study of the fl exural waves propagating in the ice layer by 
analytical and numerical simulations, and comparison be-
tween synthetic data and real data; application of SI, with 
synthetic and real on-ice data, for signal redatuming at the 
sea bottom where OBS receivers were used. Th anks to the 
available acquisition geometry, the approach allowed com-
parison of signal and noise for results obtained with diff erent 
typologies and combinations of signals from diff erent receiv-
ers. Other processing steps to improve the interferometry 
results included signal deconvolution, energy time gating 
in the reference trace, and calculation of reciprocal source-
receiver “folded” results. An interferometry iteration test was 
also tried to further mitigate the surface-generated noise. 
To gain perspective about the capability of conventional ac-
quisition geometry in conventional Arctic surveys, we per-
formed real-sources selection tests to verify the sensitivity of 
the method to spatial sampling by undersampling sources 
with variable intervals and by setting maximum off sets in the 
representation integrals used to calculate the interferometry 
signals. Th e interferometry processing was repeated to gener-

Figure 1. (a) Experiment recording layout and (b) main wavefi elds in the on-ice experiment, including guided fl exural ice waves (FIW), 
shallow water reverberations and primary seismic refl ections (R).
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the top of the ice. Under-ice OBS data are less contaminated 
by fl exural waves, and refl ections are more evident in the 
seismic traces. Diff erent signal-to-noise ratios between OBS 
hydrophones and OBS geophones, both on the sea bottom, 
can be observed. As the distance between these sensors and 
the fl oating ice is the same, the lower data quality of the OBS 
geophones data could be explained by diff erent coupling with 
fl uid and sea-bottom sediments. Figure 4 maps the noise am-
plitude for variable recording depth/off sets. Th e amplitudes, 
measured in signals calculated with numerical simulation be-
low ice and with variable off set, show (a) amplitude of fl ex-
ural waves and (b) the ratio of the amplitude of fl exural waves 
with the amplitude of water waves. Th is example shows that 
the relative noise amplitude rapidly decays at increasing water 
depths. However, a few meters below the ice plate, the noise 
component is still important in the seismic recordings.

Motivation and conditions for interferometry
Seismic interferometry calculated in the on-ice seismic explo-
ration geometry allows us to obtain, under stationary-phase 
illumination conditions, new shots for each receiver points. 
Th e representation between receivers at y and x can be ex-
pressed in the frequency domain, apart from a scaling opera-
tor/factor, by the correlation integral (Bakulin and Calvert, 
2006; Wapenaar and Fokkema, 2006)

SI(x,y, ) = 
D
 G(x,u, )G* (y,u, )du            (1)

where  is the angular frequency and G is the Fourier fre-
quency transform of the recorded seismic signal (in our case 
the sweep-correlated traces). Th e integration is performed 
over the surface source domain D (2D source line), and the 
superscript “*” denotes complex conjugate. Th e motivation 
for using Equation 1 is to improve the noisy results of the 
on-ice seismic experiment (i.e., the noise after wavefi eld re-

ate redatumed shot gathers for all traces; the processing fl ow 
included the analysis of the prestack common-off set inter-
ferometry data, CDP velocity analysis, and stacking of the 
data to reduce fl exural-wave noise. For these applications, we 
compare conventional refl ection seismic and interferometry 
results which have diff erent folds. Finally, we processed the 
noisy data by eigenimage selection and dispersion analysis to 
estimate and subtract the fl exural noise, and used the SVD 
data in combination with seismic interferometry to improve 
the seismic refl ection sections.

Recording geometry
Th e data were acquired on seasonal fl oating ice in Alaska. 
Th e geometry was designed to acquire multicomponent geo-
phone and hydrophone data with high spatial sampling, us-
ing surface vibrator sources at the top of the fl oating ice be-
tween the recording stations, and sweeping in the frequency 
range 6–128 Hz. Both sources and receivers (OBS, surface 
geophones, and hydrophones in the water column 15 ft be-
low ice top) were spaced at intervals of 5 m along a fi xed 2D 
seismic line of approximately 4 km (Davidson et al., 2008). 
Th e layout of the receivers at the surface and sea-bottom is 
shown in Figure 1a.

Th ese dense acquisition parameters were designed to miti-
gate spatial-aliasing eff ects for low-velocity wavefi elds, such 
as dispersive low-frequency fl exural guided waves (Yang and 
Yates, 1995a and 1995b), and are also benefi cial for interfer-
ometry processing (Metha et al., 2008).

Flexural ice noise
Preliminary data analysis evaluated the signal and noise 
characteristics. Raw data show fl exural waves that strongly 
interfere with and mask the refl ections. Figure 1b schemati-
cally shows the fl exural wavefi elds generated at the surface 
and propagating in the ice plate. Figure 2 shows the typical 
noise cone produced by fl exural surface wavefi elds propagat-
ing in the on-ice experiment. Th e wave-mode analysis in-
cluded the analytic representation of fl exural waves in thin 
unloaded and fl uid-loaded plates (Crighton, 1979; Yang and 
Yates, 1995a and 1995b). Th e analytic solutions were used to 
validate the numerical simulations, and the synthetic signals 
were compared to the real on-ice data. Th e numerical solu-
tions were calculated by a fi nite-diff erence elastic code, with 
an ice-fl uid-formation model with suitable grid/dimensions 
to reproduce fl exural noise and calculate wave propagation 
for SI. Figure 3 shows the noise dispersion properties repre-
sented by spectral content versus signal time delay calculated 
by Gabor-transforming a sample trace containing the fl ex-
ural signal at a fi xed off set of 200 m using synthetic fl exural 
signals simulated by numerical modeling (a) and using real 
signals measured in the on-ice test and dominated by fl exural 
noise (b). Th e results are in good agreement with the theo-
retical ones.

As the distance between the sensor used below the fl oat-
ing ice and the fl oating ice (where the seismic source is locat-
ed) increases, the fl exural-wave amplitudes decrease. Flexural-
wave amplitudes are more apparent on the data recorded on 

Figure 2. Raw on-ice data with strong fl exural wave contamination.
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datuming at the sea bottom typically can be lower than the 
noise at the surface).

Figure 1b illustrates the main wavefi elds of the on-ice 
interferometry experiment, in which the data obtained by 
the surface real sources are processed to obtain interferom-
etry source signals redatumed at the sea bottom. Th e meth-
od was applied to real on-ice data and to synthetic data for 
comparison and validation. Th e survey geometry adopted for 
the on-ice test (diff erent type of sensor deployed in diff erent 
positions) is suited to obtain several interferometry represen-
tations by receiver combinations. In this test, several sea-bot-
tom receiver stations are missing. Th is is not favorable for the 
fold in the stacking of the interferometric refl ections because 
it means several SI sources are missing with a resulting de-
crease in the fold for the CDP refl ection stacking.

Interferometry data processing
Figure 5 is an example of interferometry results obtained 
with the sea-bottom hydrophones. In Figure 5b, the raw fi eld 
data acquired with a light vibrator are compared with (c) the 
interferometry common-shot gather simulating a shot with 
the source at the sea-bottom hydrophone and recorded by 
sea-bottom hydrophones. Continuity of the refl ections and 
reduced fl exural-wave contamination can be observed in the 
interferometric data (c) with a global signal improvement 
with respect to the real original fi eld data (b).

Th e on-ice interferometry application included process-
ing tests with signal deconvolution (Snieder et al., 2004). We 
applied reference-trace deconvolution to improve the signals 
and mitigate artifacts as the anticausal events. Th e aim of the 
reference deconvolution in the on-ice survey was also to miti-

gate the shallow reverberations and fi ltering eff ects (Figure 
1b) in the cross-correlated source terms of the interferometry 
(Vasconcelos and Snieder, 2008). Th is was done by calculat-
ing the deconvolved signal * (y,u, ) and using it in Equa-
tion 1 in place of the reference trace G*, where  is obtained 
by fi ltering G by a reference-signal deconvolution operator 
(say, whitening the spectrum of G). Th e approach is similar 
to that used to calculate the one-sided pilot deconvolution to 
recover the signature of the pilot signal in drill-bit seismic-
while-drilling data (Poletto and Miranda, 2004). Figure 6 
compares (a) interferometry results before deconvolution and 
(b) interferometry results after deconvolution. In the decon-
volved signals, we observe an improvement in the refl ections, 
even if the mitigation of the fl exural noise and artifact is only 
partial. As this procedure uses mainly the energy of the direct 
signals in the seismic traces, it is similar to time-gating the 
energy of the reference trace (Bakulin et al., 2007).

Moreover, we tested the concept and method of stacking 
the interferometry signal and the time reversed of the recipro-
cal interferometry signal to obtain “folded” data, based on the 
reciprocity of the time-reversed correlation function (Wape-
naar and Fokkema) to reinforce the interferometry result. Th e 
analysis of the examples shows that the “folded” results im-
prove in some cases with respect to the “unfolded” ones, but 
not for all positions of the redatumed sources (depending on 
local illumination conditions from real sources for the direct 
and reciprocal geometry). Iterative interferometry processing 
was also tested, to tentatively increment the redatuming ef-
fects at the sea bottom. Th e results indicate that higher-order 
(second- or third-order) operators obtained by repeating the 
SI procedure may easily cause exceeding frequency distor-

Figure 3. Dispersion properties in raw data with strong fl exural wave contamination. Th e panels represent the time-frequency curves for traces 
at 200-m off set from the source. (a) Synthetic numerical signal calculated with ice plate, water-loaded and formation model. (b) Corresponding 
real geophone signals measured at the ice surface.
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Figure 5. (a) Interferometry sources redatumed at the sea-bottom hydrophones. (b) Original and (c) interferometry signal. Th e improvement in 
the refl ections can be seen in the interferometry results.

Figure 4. Simulated attenuation with depth below ice for fl exural wavefi elds. (a) Flexural wave amplitude (relative plot with respect to max). 
(b) Flexural- and water-wave amplitude ratio.

tions with high monochromatic components in the outputs.

Undersampling sources
In the fi eld on-ice experiment, the acquisition geometry was 
designed with a dense spatial sampling rate with a 5-m source 
interval. To evaluate the interferometric data quality versus 
real shots/stations redundancy, several tests of data decima-
tion were performed. Larger and larger shot intervals were 
utilized to evaluate the sea-bottom-calculated shot quality 
versus decimation. Positions of the real sources with respect 

to the redatumed shot position were also considered. Other 
tests utilizing input data with diff erent minimum off set were 
performed. We undersampled the real sources to simulate 
the conditions of a standard survey, which usually has larger 
source intervals. Th e undersampled results obtained with the 
signals of the sea-bottom hydrophones are compared to the 
complete ones obtained with 5-m source spacing. We used 
undersampling intervals of 10 m, 20 m, 30 m, and 40 m. 
Moreover, we calculated the representation integrals results 
with diff erent shift positions of the real undersampled sourc-
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es with respect to the sea-bottom-calculated 
one. Th e tests show that the interferometry 
signal of the given 2D data set is sensitive to 
source undersampling using standard seismic 
acquisition parameters (Metha et al.). Th e ef-
fect is related to the shallow depth of the sea-
bottom hydrophones, and the results are sen-
sitive to the source-receiver off set variations 
comparable to the water depth (~6–10 m), for 
their response in source-signal recording. In 
the undersampled data, we typically observe 
lower noise-mitigation and lower refl ection-
signal continuity and strength with respect 
to the fi nely sampled result obtained with all 
sources of the complete data set.

Figure 7 shows an example of undersam-
pled deconvolved interferometry results with 
(a) real-source spacing of 5 m and (b) real-
source spacing of 30 m in the 2D line. In these 

Figure 6. (a) Conventional and (b) deconvolved interferometry results.

Figure 7. 
Interferometry 
results obtained 
(a) with 5-m 
real-source 
interval and 
(b) 30-m 
undersampled 
real-source 
interval.
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fi gures, the interferometry trace is aligned with a real source. 
Data are band-pass fi ltered (18–66 Hz).

Processing confi rmed the importance of the near-off set 
traces in the geometry of the survey (Metha et al.). We tested 
the interferometry algorithm by selecting only a part of the 
input shot gathers of the hydrophone signal. Th e selection of 
the real-sources gathers for a given reference trace was per-
formed with the maximum/minimum off set criterion. We 
tested the partial interferometry stacking with maximum/
minimum off sets of 500, 300, and 100 m. As expected, the 
analysis shows that the method is mainly sensitive to near-
off set traces. Th e contribution of the far-off set traces is lower, 
and good interferometry results are obtained also with short 
source-receiver off set conditions. In general, the results show 
that the 2D method is sensitive to undersampling sources by 
using large source intervals. Th e results also show that near-
off set sources are important and good results are obtained 
also with maximum off sets of a few hundred meters.

Active noise removal and interferometry
Similar to attenuation methods for scattered ground-roll sur-
face waves (Halliday et al., 2010), we perform active noise re-
moval by analysis of the dispersive fl exural noise, SVD noise 

Figure 8. (a) Original data. (b) Noise subtraction by SVD dispersion analysis and interferometry (modifi ed after Bellezza et al.). Data are not 
band-pass fi ltered. Th ese results show a remarkable improvement in the refl ection signals.

estimation, and removal applied in conjunction with seismic 
interferometry. Th e procedure is described in more detail 
by Bellezza et al. (submitted to 2011 EAGE Annual Meet-
ing). Th e original seismic data and the corresponding SVD-
interferometry results are shown in Figures 8a and 8b, re-
spectively (after Bellezza et al.). Th e noise-removal procedure 
signifi cantly improves the refl ections, and was applied on a 
sample interval of data of the seismic line. Th e SVD method 
improves noise mitigation, and can be useful for application 
in conjunction with interferometry when using less-dense 
distributions of sources of standard acquisition geometries.

Prestack signal analysis and data stacking
To evaluate the quality of the results of interferometric data 
processing along the seismic line, the output traces have been 
organized in common-off set gathers. Figure 9 compares (a) 
real and (b) interferometry common-off set gathers (off set 
250 m). As expected from the acquisition geometry, both the 
number and the location of the seismic traces are diff erent 
in the two data sets. It is remarkable that the interferomet-
ric data, being redatumed at the sea bottom, are not seri-
ously contaminated by the fl exural waves as occurs for the 
real hydrophone data where the source is on the top of the 
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fl oating ice. However, it is interesting that the 
continuity and fl uctuation of signals diff er in 
some local regions because of variation in sta-
tionary coverage conditions by real sources for 
interferometry.

Stacking used both traditional hydrophone 
data and interferometry data redatumed at the 
sea-bottom hydrophones and recorded by the 
sea-bottom hydrophone. A relevant point is 
that the stacking fold coverage is not the same 
for these two data sets. Th is has to be taken into 
account for reliable data comparison. Th ese two 
data sets underwent the same processing fl ow. 
Because several receiver stations (sea-bottom 
hydrophones) were missing, the stacks of the 
original fi eld on-ice data and of the interfero-
metric results diff er. Normally, the positions 
of the receivers are regular and the positions of 
shot points are not the same (due to logistic rea-
sons). Conversely, in this survey the shot-point 
geometry is more regular than the sea-bottom 
receiver geometry (hydrophones and OBS). In 
this survey, 284 receivers (equal to 71% of the 
400 expected in the half part of the 4-km line) 
were used; while, in the same line section, 368 
shot points (equal to 92% of the 400 expected) 
were acquired. Th is caused a diff erence in the 
fold (higher for the traditional stack). Figure 
10 compares (a) the traditional stack and (b) 
the interferometric stack. Th e corresponding 
spectral analyses are on top. Th e interferomet-
ric stack section has improved SNR and better 
defi ned horizons, due to the higher frequency 
content as shown by the average spectra.

Discussion and conclusion
Th is case history describes a test which proved 
that interferometry can be successfully applied 
to on-ice data to mitigate the fl exural noise 
from fl oating ice. Application of interferometry 
to the on-ice data set improved SNR and sub-
stantially attenuated fl exural waves. Th e best 
results are obtained by hydrophone receivers 
at the sea bottom. Th e good quality of the re-
sults is confi rmed by real and synthetic tests, 
and supported by theoretical and numerical 
analysis of the dispersion characteristics of the 
fl exural waves, including the characterization 
of the wave modes of the signals in the ice sheet 
and formation.

Processing of interferometry data, focused 
at improving data quality, includes diff erent ap-
proaches which are tested by using the on-ice 
data. Data deconvolution, signal gating, and 
the proper use of reciprocal folded signal are 
proved to be eff ective for refl ection signal de-

Figure 10. (a) Traditional stack compared to (b) seismic interferometry stack shown 
in a CDP interval. Corresponding amplitude spectra are plotted at the top.

Figure 9. Common-off set gathers at 250 m: (a) real data and (b) interferometry 
signals.
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tection and mitigation of the artifact of the interferometry 
method. Maximum-off set source tests showed that the main 
contribution to the reconstructed data comes from near-off -
set sources.

Undersampling of the sources evaluated the best compro-
mise between quality and costs for the use of this technology 
on production data. Th e results show that interferometry, by 
using shallow recordings, is sensitive to intersource distance. 
Higher source distances can cause poorer refl ected signals 
with respect to the densely spaced acquisition of this test sur-
vey. However, we are in a 2D geometry and the eff ect for 
interferometry has to be properly evaluated with an increased 
coverage typical of 3D surveys.
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