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Abstract: Seismic surveys are typically performed in uncontrolled environments. Moving vehicles,
animals or humans, including faulty recording instruments, pipelines and oil production well pumps
can degrade the quality of the recorded seismic data with broadband coherent noise. The efficient
attenuation of coherent noise in seismic data is therefore of high importance for high quality seismic
images. Coherent noise suppression is particularly challenging in an ocean bottom cable seismic data
since the level of noise recorded by the hydrophone and geophone sensors vary considerably. This
becomes even more challenging when the hydrophone and vertical geophone data are to be summed
for enhanced multiple attenuation without introduction of artefacts in the data. In this work, we
present a procedure that effectively suppressed coherent noise in a 4-C seismic data from the Niger
Delta, based on the application of a spatial filter in the frequency-offset domain, with additional shear
leakage noise removal on the vertical geophone data.
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INTRODUCTION

The Niger Delta is one of the most prolific hydrocarbon provinces (Cobbold et al., 2009) and has
significant seismic imaging challenges. In an attempt to solve some of these seismic problems in a shallow
marine environment in the area, a 4-C ocean bottom cable seismic acquisition was carried out. The acquisition
sensors comprised a single hydrophone (pressure detector) and 3-C geophone (particle motion detector). The
3-C geophone is oriented in such a way that one component, called the Z-component, records the velocity of
particle motion in the vertical direction, and the other two components record the X- and Y-components of
the velocity of ground motion. This arrangement resulted in the acquisition of the full waveform comprising
both compressional waves (P-waves, detected primarily by the hydrophone and vertical geophone component)
and shear waves (S-waves, detected by the X- and Y-component geophones). However, the immediate objective
of the acquisition was imaging of the P-wave data; the S-wave data were to be kept for future imaging work.

From seismic processing view point, ocean bottom cable seismic data produce better quality images of the
subsurface when compared to streamer data, because the hydrophone and vertical geophone data in an ocean
bottom cable seismic data can be combined in the processing to effectively attenuate water column
reverberations and ghosts, which would not be achieved with a streamer data. Although dual sensor summation
is very effective in multiple suppression in an ocean bottom cable data (Loewenthal et al., 1985, Barr and
Sanders, 1989; Draggoset and Barr, 1994; Paffenholz and Barr, 1995; Ball and Corrigan, 1996; Soubaras, 1996,
Bale, 1998), the summation process would be effective if one is able to adequately suppress coherent noise
in the individual hydrophone and vertical geophone dataset prior to the summation, since the magnitude and
type of noise recorded by the hydrophone and geophone sensors vary greatly. The challenge to the geophysicist
is to be able to process the individual hydrophone and vertical geophone data up to the level where they can
conveniently be combined for effective multiple suppression. This work presents a procedure that effectively
suppressed coherent noise in the hydrophone and vertical geophone datasets from a 4-C ocean bottom cable
seismic data acquired recently in the Niger Delta.
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Several methods are in the literature on the suppression of coherent noise in seismic data. For example,
Henley (1999), using a set of ProMAX modules, demonstrated linear coherent noise attenuation by transforming
a set of input traces in the horizontal distance and travel-time (X-T) domain to the radial trace domain where
noise was filtered out from the data before transforming back to the X-T domain. Arkasse et al., (2006), also
performed coherent noise attenuation in a 2-D seismic data using eigen filter, a method that was based on the
assumption that seismic data is made up of a series of waveforms which describe the apparent dips including
those representative of the seismic signals and the coherent noise. Zhang and Trad (2002) introduced a hybrid
two-step approach to attenuate high amplitude noise in seismic gathers by first calculating the 1D wavelet
transform of the data and then applying a 2D wavelet frame denoising filtering to remove coherent and random
noise. This method only partially attenuated strong coherent noise in the data. In the present work, we used
a set of ProMAX modules to attenuate coherent noise by the application of a spatial filter in the F-X domain. 

Data Acquisition and Geometry:
Fig. 1 shows the acquisition geometry for the 4-C data. Four receiver line segments of 6 km cable each,

making up two receiver lines of 12 km length each, separated at 200 m from each other was laid on the ocean
bottom. Each receiver line segment had a total of 960 channels, spaced at 25 m apart. Eight source lines of
25 m separation were then laid between each pair of receiver lines, to make a swath of the recording. Shots
were taken at 50 m interval along each source line at a depth of 4.5 m inside the water.

Fig. 1: Acquisiton geometry for the 4-C data

When the recording in swath 1, for example, is completed, the northern most receiver line is moved into
position as the southern most receiver line for swath 2, and shots are taken. This shooting methodology was
carried on until the entire survey was acquired.

Data quality:
Generally, the geophone data were noisier than the hydrophone data (Fig. 2), although spectral analyses

of the raw data (Fig. 3) showed that the hydrophone data have higher amplitude (Hoffe et al., 2000) and lower
frequency range than the geophone data, which have much lower amplitude and higher frequencies. Both the
hydrophone and geophone data were heavily contaminated with low frequency noise spanning the whole length
of the recording. Other major noise seen on the data included low to moderately high velocity scholte waves
and swell noise, which are coherent on shot and receiver records. Swell noise is characterized by high
amplitude and low frequency, and are present in small groups of adjacent channels in seismic data. The scholte
waves are generated at the water bottom.
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    (a)       (b)
Fig. 2: Raw hydrophone (a) and vertical geophone (b) shot gathers. The geophone data are much noiser than

the hydrophone data.

Noise Attenuation Methodology:
In the preliminary stage, we ran a filter trial on shot records at 2 ms to investigate the bandwidth present

in the field data. Our intention was to resample the data to 4 ms in order to maximize the use of our
resources. We observed that high frequency of about 200 Hz was present in both the hydrophone and geophone
datasets (Fig. 3) and this prevented us from resampling the data from 2 ms. The first thing we decided to do
in tackling the observed noise was to test and apply a 1-2-250-250 Hz Ormsby bandpass filter to create a 2
Hz wide low-cut ramp which removed the low frequency noise that was prevalent in the data while preserving
the high frequencies. We also carried out an analysis of gain decay of the field data and following from this,
we applied a time variant gain function of 1.5 dB/sec to compensate for amplitude loss due to spherical
wavefront spreading.

Fig. 3a: Spectral analysis of raw hydrophone data
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Fig. 3b: Spectral analysis of raw geophone data

Fig. 3: Spectral analysis of raw shot (a) In hydrophone data and (b) in geophone data. The hydrophone data
have higher amplitude and lower frequency than the geophone.

The coherent noise comprising swell noise and scholte waves present in the data became more apparent
after the application of the two steps above. We employed the following two-step approach in attacking the
coherent noise:

Step 1: We transformed the data from the T-X domain into the frequency domain using Fourier transform: 

  (1)� � � �1
-i � tF   �    f  t   e  d t

-

�
�

�
�

where � is the angular frequency and t is time function. This enabled us to replace the original time function
with a spectrum in frequency where the noise was well separated from the primary signals. We designed a
two-pass filter and applied to the data in the frequency domain to attenuate swell noise present in the data.
The filter was moved across 1sec of the dataset at each time, with an overlap of 200 ms. At each time, eleven
traces were analysed, with the sixth trace serving as the median. Using a sort of threshold, the amplitude of
the median trace was compared to its neighbours and was scaled down when found to be higher than its
neighbours. The noise 
attenuated dataset was then transformed back to the T-X domain using the inverse Fourier transform:
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Step 2: We employed the coherent noise attenuation module in ProMAX to model and attenuate the

scholte waves present in the data. Scholte waves are generated by the acquisition source and propagate along
the ocean bottom, where water comes in contact with the solid sediments below, and cause serious masking
of primary signals on seismic records. To model the noise, we transformed the swell-denoised dataset to the
frequency-space (F-X) domain where we applied a spatial filter to attenuate linear coherent noise. 

A linear event given by the expression:

  (3)	 
 	 
R x, t     a  bx - t �� �

where x is the lateral position and t is time. When Fourier transformed in time (Artken, 1985, Bracewell, 1978
and Briggs and Henson, 1995) becomes:
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   (5)	 
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The F-X transformation is a simple mapping of seismic traces S whose co-ordinates are source-receiver
offset x and two-way travel time t to the new co-ordinates of apparent velocity and frequency, and following
from Henley (1999), the mapping takes the form:

  (6)	 
 � 	 
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with the inverse given by:

  (7)	 
 � 	 
-1 TU   S   x,    S v, t� �

The transformation was done on a small window of 21 input traces at each time, to ensure that events
were locally linear. A filter was then calculated for the spatial series created at each frequency by the Fourier
transform, and applied to the data to remove the noise. The filter at a particular spatial frequency was designed
by inspection of the T-X data and manually picking the velocities as shown in Fig. 4. Table 1 shows the
frequency-velocity pair used to design the noise suppression filter.

Fig. 4: Cdoherent noise velocity picking for filter application

Table 1: Frequency-velocity pair for coherent noise filter design
Frequency Velocity (m/s)
0-3Hz 150
0-3Hz 180
0-3Hz 210
0-3Hz 240
0-3Hz 270
0-3Hz 300
0-3Hz 340
0-3Hz 380
0-3Hz 430
0-3Hz 480
0-3Hz 530
0-11Hz 1490
0-11Hz 1590
0-11Hz 1690
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RESULTS AND DISCUSSION

Fig. 5 shows a hydrophone and geophone gather after application of bandpass filter. The hydrophone data
were considerably cleaned up by the application of the filter, leaving the coherent and scholte waves in the
data to become more apparent. This facilitated picking of velocities along the various dips for the design of
coherent noise application filter.

                         (a)                                                             (b)

Fig. 5: Hydrophone (a) and geophone (b) data after application of bandpass filter. Velocities can be picked
along different dips on the hydrophone to design coherent noise attenuation filter. The geophone data
are still quite noisy after bandpass filtering.

Examination of the data shows that the hydrophone data were much less affected by swell noise than the
geophone data. Fig. 6 shows swell noise modelled from the hydrophone and vertical geophone data. 

                    (a)                                                       (b)

Fig. 6: Modelled swell noise in the hydrophone (a) and geophone (b) data.
The hydrophone data are less affected by swell noise than the geophone data.
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Due to the geophone data being so noisy, the coherent noise and scholte waves were not so apparent in
the data after the bandpass filtering (Fig. 5, b); it was therefore difficult to pick velocities on the geophone
data, although some of the scholte waves in the shallow were still prominent. As a result of this problem with
the geophone data, the frequency-velocity pairs (Table 1) picked from the hydrophone data were used for the
coherent noise attenuation filtering of both the hydrophone and geophone data. Fig. 7 shows the modelled
coherent noise comprising the scholte waves and low-frequency, high amplitude swell noise. The energy in
the modelled noise can be seen to be entirely coherent noise as no primary reflection signal was found to be
included in the modelled noise. Fig. 8 shows the data after subtraction of the modelled noise. 

                   (a)                                                           (b)

Fig. 7: Modelled swell noise in the hydrophone (a) and geophone (b) data.
The energy in the modelled noise is mostly coherent noise: no primary reflection is found in the
modelled noise.

                  (a)                                                                (b)

Fig. 8: Final hydrophone (a) and geophone (b) shot gather after coherent noise attenuation.The hydrophone
dataset is considerably cleaned but the geophone data is still very noisy. Although significantly free
of scholte waves.
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It can be seen in Fig. 8 that the noise removal method applied to the two datasets was effective in
attenuating the coherent noise in the hydrophone data, but residual noise still exist in the geophone data.
Primary and multiple signals could be seen clearly in the hydrophone but they are obscure in most places in
the geophone data due to the presence of remnant noise. The geophone data would therefore require further
noise attenuation to bring the two datasets up to the level where they could be summed for multiple
attenuation. After application of the coherent noise attenuation to the geophone data, it became apparent that
the geophone data were heavily contaminated with shear leakage and this inhibited the successful removal of
the coherent noise from the geophone data. The challenge we had was thus to first remove the shear leakage
noise from the geophone dataset before further suppression of the coherent noise. 

In a multi-component data acquisition, up-going shear leg may be detected by a vertical geophone if the
geophone is not perfectly vertical, but slightly tilted. Also, the presence of a shallow mud layer at the sea-
bottom may cause a horizontally moving shear leg particle motion not to be perfectly horizontal but slightly
tilted, causing some part of it to be recorded by the vertical geophone. These two scenarios cause vertical
geophone data to be contaminated with shear leakage noise, and thus make the geophone data to require further
noise attenuation processing in order to get both hydrophone and vertical geophone data to the level of noise
reduction at which they could be summed for multiple attenuation. Since the shear leakage is the portion of
the Y-component geophone that leaks onto the vertical geophone data, we made use of the Y-component
geophone data to model the shear leakage.

To model the shear leakage noise, we first sorted the geophone data to the receiver domain, and applied
filters designed at 1,300 m/s, 1,400 m/s and 1,500 m/s at frequency range of 0-12 Hz, to further attenuate
coherent noise which became more visible in the receiver domain. We applied the same filters to the Y-
component geophone data, and following from this, we created a model of the shear leakage noise. Thereafter,
we applied a 0-20 Hz bandpass filter to the model, and carried out a least squares adaptive convolution
matching of modelled shear leakage noise from the vertical geophone data. Fig. 9 shows modelled shear
leakage noise with some residual coherent noise, and

Fig. 9: Modelled shear leakge noise in vertical geophone data.

Fig. 10 shows the vertical geophone data after adaptive subtraction of the shear leakage noise. The data
significantly cleaned up by the additional process of shear leakage removal and coherent noise attenuation.
Primary and multiple reflections could at this stage be seen on the vertical geophone dataset. A close
examination of Fig. 10 and comparing with Fig. 8 (a) shows that the hydrophone and vertical geophone
datasets have been considerably cleaned of noise and the datasets would be ready for further processing like
the dual sensor summation process to attenuate water-column reverberation and multiples generated at the
receiver side in this acquisition technology.
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Fig. 10: Final vertical geophone data after shear leakage removal and additional coherent noise attenuation. 

Conclusion:
Combination of the hydrophone and vertical geophone data to attenuate multiples and water-column

reverberations is an important step in the processing of ocean bottom cable seismic data. The summation would
be a success if the two datasets are free from noise. We have applied the coherent noise attenuation technique
to suppress ocean bottom cable seismic data from the Niger Delta. The vertical geophone data are much noisier
than the hydrophone data, mainly due to the leakage of shear leg into the vertical geophone records. We have
applied additional noise removal technique of modelling the shear leakage noise and adaptively subtracting it
from the geophone data, to further clean up vertical geophone data to the level at which the hydrophone and
vertical geophone data could be summed. The noise attenuation method used preserved the reflections, attacking
only noise.
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