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Abstract: Subbottom profiler (SBP) systems are commonly employed for geohazard analysis in offshore engineering studies. The joint
analysis of multichannel seismic and SBP data also provides additional information for analyzing submarine fluid-flow structures in
shallow sediments. Detailed geohazard analyses aim to reveal small-scale changes in the seafloor and the underlying structures. Therefore,
the horizontal and vertical resolution of SBP data is a crucial parameter and obtaining the necessary resolution requires appropriate
data processing. This study analyzes the steps and parameters applied in processing pinger, Chirp, boomer, and parametric SBP data
to determine an optimal data processing flow and parameters. Compared to multichannel seismics, the most significant challenge
in processing SBP data is to suppress noise and increase the signal-to-noise ratio. Band-pass filtering is effective in eliminating swell
noise, especially for boomer data. Spiking deconvolution has the most significant impact on reducing the ringy character, particularly
for Chirp data. Only boomer data required the removal of multiple reflections, and predictive deconvolution was applied to eliminate
the multiples. The heave effect was corrected by applying manually picked residual static values of the seafloor to the SBP data. From
spectral analysis results, the wavelength of the signal was calculated, and it was observed that the parametric SBP system had the highest
vertical resolution. Applications demonstrated that among the four different SBP data types, the parametric SBP data required the fewest
processing steps and least time, which indicates that the parametric SBP system is the most effective in distinguishing the SBP signal

from ambient noise during acquisition.
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1. Introduction

High-resolution single-channel seismic systems that use
signals in the frequency range of 2-10 kHz are generally
referred to as subbottom profilers (SBPs). SBPs provide
real-time high-resolution seismic reflection profiles of
the seafloor and shallow subsurface sediments. A typical
SBP system consists of a transceiver unit, a transducer
array (excluding boomer systems), and a recording unit
(Dondurur, 2018). The signal is typically generated and
detected by the same transducers and raw SBP data are
considered as zero-offset seismic data (Cunha and Neto,
2021).

The signal, typically at a frequency of 3.5 or 5 kHz,
is produced using piezoelectric ceramic elements called
transducers in the water. These elements transform
electrical energy to sound signals in the sea water and
vice versa. Units consisting of one or more transducers
are either mounted on the hull of the ship (hull-mounted
SBP systems), temporarily mounted at the side of the
ship (over-the-side SBP systems), or towed at depth on a
tow-fish (deep-tow SBP systems). Additionally, they can
be mounted on Autonomous Underwater Vehicles and
Remotely Operated Vehicles (Cunha and Neto, 2021).

* Correspondence: aslihan.nasif@deu.edu.tr

The penetration of SBP signals depends on different
factors such as source power, signal frequency, and pulse
length as well as sediment type. It is lower in hard and
compact coarse-grained sediments but can reach up to 80
m in soft and loose muddy sediments (Saleh and Rabah,
2016; Cunha and Neto, 2021). The horizontal resolution
of SBP systems varies depending on the ping rate (related
to the water depth) and vessel speed. Depending on the
frequency of the signal used, many SBP systems achieve
vertical resolutions better than 50 cm. There is a trade-off
between resolution and signal penetration, where high-
frequency systems provide higher vertical resolution while
low-frequency systems achieve greater penetration.

SBP systems have various applications in dredging
operations in ports and channels, offshore wind farm
settlements, selection of submarine pipeline routes,
positioning of drilling platforms, underwater archaeology,
and exploration of minerals like sand or gravel in shallow
waters (e.g., Schock et al., 1989; Orange et al, 2005;
Quinn, 1998; Dyer, 2011; Morelli et al., 2011; Wu et al,,
2020; Denich et al., 2021; Nasif and Dondurur, 2021). SBP
systems are also capable of detecting gas accumulations
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in shallow sediments and gas seeps into the water column
(e.g., Dondurur et al, 2011; Vardar and Alpar, 2016).
Studies on seafloor sediment reflectivity and absorption as
well as sediment classification can also be conducted using
SBP data (Bull et al., 1998; Stevenson et al., 2002; Theuillon
et al., 2008).

There are four main types of SBP systems depending
on the shape of the acoustic signal employed and the type
of equipment generating the signal (Mosher and Simpkin,
1999; Dondurur, 2018): (i) single-frequency (pinger)
systems, (ii) Chirp systems using sweep frequencies,
(iii) boomer systems using mechanical plates, and (iv)
parametric SBP systems. Pingers are linear systems
that use one or more transducers to generate acoustic
signals in the water, which consist of sinusoidal wave
trains at fixed frequencies. These systems emit acoustic
signals composed of a single-frequency component with
a specific length, windowed in the frequency domain
(Figure 1a). Windowing is a necessary process to obtain
a pinger signal with suppressed side lobes in the time
domain. The produced frequency is dependent on the
resonant frequency of the piezoelectric crystal used in the
transducer and is typically 3.5 or 5 kHz (Dondurur, 2018).
The transducer acts as both the source and receiver. Pinger
systems have several advantages, such as ease of use and
maintenance, portability, and the ability of high ping rates.
However, the disadvantages of single-frequency systems
include a narrow frequency band, resulting in a long
signal with numerous oscillations that reduces resolution,
low output power (typically 10-60 J), and limitations in
penetration due to high-frequency constraints. Chirp SBP
systems address some of these issues.

Chirp SBP systems utilize frequency-modulated sweep
signals generated by computers with predetermined
signal parameters (Figure 1b). They generally operate at
frequencies of 2-7 kHz with a relatively long pulse length
(typically 16 or 32 ms), which increases the overall energy
that can be output by the source, improving the signal
penetration. The Chirp signal starts from a low frequency
and gradually increases over time, typically windowed
with a Blackman-Harris window, as illustrated in Figure
1b. Chirp SBP data have a unique signal shape, requiring
specific data processing steps for their analysis (Bull et al.,
1998; Quinn et al., 1998; Gutowski et al., 2002; Shin et al.,
2022).

Boomer SBP systems, on the other hand, utilize an
induction coil and a metal plate to generate an acoustic
signal across a range of approximately 400 Hz to 9 kHz
(Figure 1lc; Denich et al., 2021). The stored energy in
capacitors is discharged through an electrical wire coil,
magnetically coupled to an aluminum plate behind a
rubber diaphragm, producing a high-frequency seismic
signal (Zheng et al., 2023) with output power ranging from
100 to 5000 J. Boomer sources are typically mounted on a
catamaran towed behind a vessel.
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Large transducer arrays are required for a narrow beam
in linear SBP frequency bands. Nonlinear parametric SBP
systems are used to overcome this problem, which can
be used to produce a narrow beam with relatively small-
size transducers. Two high-frequency acoustic signals
called primary frequencies (e.g., f, = 100 kHz and f, = 105
kHz) are emitted into the water column simultaneously
by parametric SBP systems (Figure 1d). The nonlinear
interference of these two signals produces new frequencies
at 2f,, 2f,, and |f, £ f|. The most interesting one is |f, - f,| (in
this case, 5 kHz), referred to as the secondary frequency
(Wunderlich and Miiller, 2003). Since this narrow
secondary signal has no side lobes and does not oscillate,
its resolution is very high (Dondurur, 2018).

In marine research, the joint interpretation of datasets
with different penetration and resolution characteristics
contributes to achieving the most accurate geological
results (Labaune et al., 2005; Orange et al., 2005; Bellefleur
et al., 2006; Mangipudi and Goli, 2014; Yang et al., 2022).
For instance, while multichannel seismic data provide
information about deep stratigraphy, details about shallow
stratigraphy, small-offset faults, and the recent activity
of faults can be obtained from high-resolution SBP data,
particularly for detailed geohazard analysis. Therefore,
proper processing of high-resolution SBP data is essential
for revealing detailed subsurface geological structures.
Specific SBP data types may require different parameters
and processing techniques, which should be determined
carefully. In this study, we focus on the processing of four
different SBP data types, which may require different
processing steps and parameters.

Previous studies of SBP data processing have typically
focused on specific issues encountered during the
processing of the SBP data, generally aiming to enhance
the vertical resolution (e.g., Cunha and Neto, 2021; Denich
et al., 2021) or compare the data from two different SBP
systems (Kuhn and Michael, 1993; Vesnaver and Baradello,
2023). In addition, most studies have considered only a
single SBP system, particularly focusing on Chirp SBP data
processing (e.g., Quinn et al., 1998; Baradello, 2014; Kim et
al., 2017). In this study, however, the necessary processing
steps for four different types of SBP data are analyzed and
the parameters required to obtain high-resolution output
are provided.

Many data processing steps applied to SBP data
are similar to those used in multichannel seismic data
processing. However, there are some differences in
processing high-resolution seismic data collected with
different SBP systems. The aim of this study is to elucidate
the details of processing pinger, Chirp, boomer, and
parametric SBP datasets and to establish an appropriate
data processing flow for the optimal processing of these
four different types of SBP data. The scope of the study
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Figure 1. (a) Windowed 3.5-kHz pinger waveform (top) and its amplitude spectrum (bottom), (b) Chirp signal
waveform of 2-7 kHz (top) and its amplitude spectrum (bottom), (c) boomer waveform (top) and its amplitude
spectrum (bottom), and (d) signal forming in parametric SBP system (from Wunderlich and Miiller, 2003).

includes the analysis of steps and parameters applied in
processing different types of SBP data, which have distinct
physical foundations and data characteristics.

2. Data

In this study, appropriate datasets for processing pinger,
Chirp, boomer, and parametric SBP data were compiled
from different regions. Pinger data were collected from
Giilbahge Bay in the Aegean Sea using the SeaBed 3010
pinger operating at 4.5 kHz (Figure 2a). Chirp data were
also from the Aegean Sea, obtained in the Gulf of [zmir
with the Bathy 2010 Chirp system, which uses a sweep
signal of 2-7 kHz centered at 3.5 kHz (Figure 2b). Boomer
SBP data were collected from offshore east-central Florida
using a 100-] boomer plate that generates a signal with
a center frequency of approximately 1000 Hz (Figure
2c). The parametric SBP dataset was acquired from
Eckernférde Bay in eastern Germany using the SES 2000
system with a frequency of 6 kHz (Figure 2d). The data
acquisition parameters of the datasets used in this study
are shown in Table 1.

3. Processing SBP data

The processing of SBP data is not as complex as the
processing of multichannel seismic data and generally
consists of some fundamental processing steps. These steps
include delay time correction, band-pass filtering, gain
applications, and envelope calculations. To eliminate the
ringy appearance of reflections due to the long duration
of the signal with single-frequency pinger systems, spiking
deconvolution is sometimes applied to the data. While
some data processing steps are similar for all four different
SBP datasets, the processing workflow and parameters

vary depending on the characteristic features of different
datasets. Figure 3 illustrates the data processing flow used
in SBP processing in this study.

3.1. Data loading, Chirp preprocessing, and delay time
correction

Regardless of the SBP data type, the first data processing
step is always data loading. Loading the raw SBP data
into the data processing system is known as data loading,
which includes the transformation of proprietary data
formats into the internal format of the data processing
software. Subsequently, the loaded data are displayed and
the seismic data are checked together with the header
information.

SBP data, especially in deep waters, are often collected
using delay times designed to be dependent on water depth.
During data loading, these delay times are read from the
header and they are added to the recording time of the SBP
data. None of the SBP data used in this study were collected
with delay times; therefore, delay time correction was not
needed at this stage. As SBP data processing is done trace-
by-trace, there is no need for geometry definition in the
data processing stage.

The Chirpsourcesignatureisgenerated by the computer.
The recorded Chirp reflection signal is the counterpart of
the emitted signal (Stevenson et al., 2002). This signal’s
autocorrelation is known as a zero-phase Klauder wavelet.
Recorded signals are cross-correlated with the known
source signature to obtain Klauder wavelets, which have
relatively higher resolutions and signal-to-noise ratios
(Bull et al., 1998; Quinn et al., 1998; Gutowski et al., 2002).
To facilitate interpretation, the envelope of this obtained
trace is usually calculated. Many Chirp systems calculate
the envelope of the data during the data collection phase
and save the Chirp data as envelope traces.
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Figure 2. Raw (a) pinger, (b) Chirp, (c) boomer, and (d) parametric SBP datasets
used in this study. Insets show the average amplitude spectra of the SBP data.

Table 1. Parameters of the SBP datasets used in this study.

Parameter Pinger Chirp Boomer Parametric
System SeaBed 3010 Bathy 2010 éls’gléeo%A“’“Stics SES 2000
Source depth 3m 3m 0.5m 4m

Offset None None 10 m None
Sampling rate 0.05 ms 0.066 ms 0.05 ms 0.02 ms
Record length 250.0 ms 132.0 ms 200.0 ms 55.5 ms

Delay time None None None None

No. of traces 750 1400 2800 2200

Mount Over-the-side Over-the-side Catamaran Hull-mounted
Frequency band 4.5 kHz 2-7 kHz (sweep) 200-2500 Hz 6 kHz
Reference Pekgetinoz et al. (2009) | Coskun et al. (2016) Subino et al. (2000) Kaul et al. (2023)
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3.2. Spectral analysis and band-pass filter

Following data loading, one of the first processes to be
applied to SBP data is spectral analysis. This process is
generally applied to all four types of SBP data. However,
for boomer systems that use standard streamers for
seismic signal detection, spectral analysis and band-
pass filtering are particularly important. SBP data often
exhibit prominent high-frequency random noise and
low-frequency swell noise, and it is generally necessary to
remove both high- and low-frequency components from
the raw data using a band-pass filter.

In raw boomer data, the dominant noise is low-
frequency swell noise, typically with a frequency band
below 60 Hz. Chirp, pinger, and parametric SBP data do
not exhibit a dominant swell noise component, but high-
frequency random noise may be present in these data
types. The Ormsby band-pass filter is used to remove
low-frequency swell and high-frequency random noise
from the data, which requires the determination of four
frequency values to define the pass-band trapezoid
(Dondurur, 2018). The first and second pair of frequencies
define the transition bands of the low- (f) and high-
frequency (f,) cut-off bands, respectively. Both pairs of
frequencies are determined from the average amplitude
spectrum of the seismic data through spectral analysis
(Yilmaz, 2001; Dondurur, 2018).

In Figures 4a-4d, the SBP data used in this study are
presented along with their amplitude spectra after band-
pass filtering. The effect of the band-pass filter process
is quite evident in the pinger dataset (Figure 4a). When
compared to the original data and amplitude spectra
given in Figure 2, it can be observed that the band-pass
filter process did not significantly improve the Chirp and
parametric SBP data (Figures 4b and 4d). The genuine
reflection amplitudes of both data types are concentrated
in the frequency band of approximately 2-4.5 kHz for
Chirp data and 1.8-9.5 kHz for parametric SBP data, and
there is no prominent high-amplitude noise component
outside these bands. Therefore, the cut-off values of the
Ormsby band-pass filter for Chirp data are determined as
S, =2-2.2kHz, f, = 4.2-4.5 kHz, and, for parametric SBP
data, f, = 1.8-2 kHz and f,, = 9.3-9.5 kHz.

The spectrum of the pinger data shows that signal
amplitudes are concentrated between 2.5 and 5 kHz, and
there is also a noise signal with quite high amplitudes
around 2.2 kHz (Figure 2a). This noise in the spectrum
is due to high-amplitude noise extending horizontally
in the section at an arrival time of approximately 15 ms.
With the Ormsby band-pass filter with cut-off frequencies
of f, = 2.5-2.6 kHz, f, = 4.9-5 kHz, it is observed that a
large portion of this noise is suppressed (Figure 4a). In the
boomer data, however, swell noise amplitudes below 200
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Figure 4. Band-pass filtered (a) pinger (2500-5000 Hz), (b) Chirp (2000-4500 Hz), (c)
boomer (200-2500 Hz), and (d) parametric (1800-9500 Hz) SBP datasets used in this
study. Insets show the average amplitude spectra of the SBP data after band-pass filtering.

Hz are quite dominant. The notch frequency, due to ghost-
reflection interference, appears around 2500 Hz (Figure
2¢). Therefore, after applying the Ormsby band-pass filter
with f, =200-300 Hz and f, = 2.3-2.5 kHz to boomer data,
reflections become quite prominent (Figure 4c).

3.3. Heave correction

SBP data, using higher frequencies than conventional
seismics and much higher ping (and hence trace)
intervals, are strongly influenced by the sea state during
data acquisition. The horizontal resolution and signal-
to-noise ratio of high-resolution SBP data significantly
decrease when data are collected during rough weather
conditions. If the swell height is greater than the vertical
resolution of the SBP system, which is typically about 10
cm, the heave effect will have a disruptive impact on the
SBP data (Gutowski et al., 2002; Kim et al., 2016; Shin et al.,
2022). Trace-by-trace consistency can be compromised,
the horizontal continuity of the reflections decreases,
and reflecting interfaces become wavy. In such cases,
identifying true geological events, and especially shallow
structures like fault throws, is difficult.
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Mitigation of the heave effect is typically performed in
two steps: determining the seafloor and then correcting
for the heave effect. For seafloor determination, manual
picking, a maximum cross-correlation scheme, reflection
amplitude of the sea-bottom approach, or use of multibeam
echosounder data are recommended (Kim et al., 2017).

In this study, a significant heave effect was observed in
the pinger, Chirp, and boomer datasets (Figure 5).

The process of correcting the heave effect is
demonstrated for pinger data in Figure 5a. For this process,
manual picking of the seafloor was first performed and
then the obtained seafloor picks were smoothed (Figure
5b). The time difference between the two curves was taken
as the residual static value and then applied to the SBP
data as heave correction. Positive residual static values
were added to the arrival times of the traces while the
negative values were subtracted. After this correction, the
trace-by-trace consistency of pinger (Figure 5c), Chirp
(Figures 5d and 5e), and boomer (Figures 5f and 5g)
data significantly improved, and the signal-to-noise ratio
and lateral resolution of the data increased, especially for
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Figure 5. Heave correction process. (a) Band-pass filtered pinger data. (b) Close-up of the heave effect in (a) showing
the seafloor picks (blue curve) and their smoothed version (red curve). The positive or negative time difference between
two curves provides the residual static (heave correction) value. (c) Pinger data after heave correction. (d, e) A portion
of Chirp data and (£, g) a portion of boomer data before and after heave correction, respectively.

early arrivals. Although the manual picking approach
for calculating residual static values is a straightforward
method, it strongly depends on accuracy in picking the
seafloor. With more accurate and detailed seafloor picking,
the heave correction will be more accurate.

3.4. Trace editing and muting

In SBP data, traces containing excessive noise and shots
related to missed shots are considered unusable and are
nullified by being multiplied by zero. This process, known
as trace editing, is applied to different SBP datasets in a
similar way, being particularly needed for boomer data.
Figure 6a shows a missed shot in the boomer section (blue
arrow) and Figure 6b shows the result of removing that
trace through the trace edit/kill process. Traces zeroed out

after trace editing can be easily interpolated by applying
a trace mix, as demonstrated in Figure 6c¢, depicting the
interpolated version of the killed trace after a trace mix
operation incorporating three adjacent traces.

The trace muting operation is generally applied as a
top mute to SBP data, zeroing out all events observed in
the water column in the data appearing before the seafloor
reflection. The top mute process is applied to different SBP
datasets in a similar way. The purpose is simply to remove
the output signal for Chirp, pinger, and parametric SBP data
and to remove the direct wave from boomer data, along
with the noise amplitudes in the water column. Figures
6d and 6e provide an example of top mute application to
pinger and boomer data. The top mute should be applied
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carefully to the data since it may remove indications of gas
flares in the water column.

3.5. f-k dip filter

In the frequency-wavenumber (f-k) domain, the process
known as f-k filtering separates events with different dips
that interfere in time sections and allows the removal
of some associated noise by performing a 2D Fourier
transform in the frequency domain. While the f-k filter
is a crucial component of multichannel seismic data
processing, its application to SBP data is typically optional
and depends on the type and characteristics of the
embedded noise components.

The f-k filter is generally not applied to Chirp and
parametric SBP data. It is commonly used to suppress
random noise in the late arrivals of boomer data and to
enhance the resolution in deeper parts (Figure 7). Since
reflections in the boomer data are generally horizontal,
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their amplitudes are concentrated around the zero
wavenumber axis in the f-k panel (Figure 7a). The portion
outside this area, enclosed by the f-k polygon, is multiplied
by zero, suppressing noise amplitudes with different dips
and frequencies outside the reflection amplitudes. The
f-k filter is seen to enhance the reflection amplitudes,
especially in the deeper parts of the boomer data (blue
arrows, Figure 7b).

3.6. Gain recovery

The amplitude of seismic signals propagating through
the water column and subbottom layers decreases with
distance, especially due to spherical divergence and
absorption effects. The reflection amplitudes in the late
arrivals of SBP data are relatively small and need to be
enhanced. One of the most commonly used gain control
applications is automatic gain control (AGC), and the most
crucial parameter to be selected for AGC applications is
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the window length. As the window length decreases,
the amplitudes in both shallow and deep regions of the
data become more balanced. In practice, the appropriate
window length is chosen based on the recording length of
the input data. Since the recording length for SBP data is
much shorter compared to conventional seismics, relatively
shorter AGC window lengths should be preferred. One
disadvantage of AGC is that it removes trace-by-trace
relative amplitude variations, which may be an important
parameter for the exploration of gassy sediments.
Therefore, AGC gain is typically used for display purposes
for seismic data during the processing phase.

Figure 8 illustrates the results of applying AGC gain to
the SBP datasets used in this study. AGC with an operator
length of 25 ms was applied to the pinger data, 50 ms to
the Chirp and boomer data, and 5 ms to the parametric
SBP data. Compared to the sections in Figure 4 with no
gain, high amplitudes in the early arrivals of the sections
are suppressed while low amplitudes in the late arrivals
are enhanced after the AGC process, achieving a balanced
amplitude distribution throughout the entire sections of
Figure 8.

3.7.f-x decon

In multichannel seismic data, stacking is the most effective
method for suppressing random noise. However, in single-
channel SBP data, stacking is not applicable, necessitating
additional processes such as f-x decon or trace mixing
to suppress random noise. In this study, f-x decon was
applied to all four types of SBP data (Figure 9). The f-x
decon, which enhances the lateral resolution of the data
(Giilinay, 1986), is used to suppress random noise, which
is particularly prominent in the late arrivals of SBP data
(Quinn et al., 1998; Baradello, 2014). The horizontal
window length is 4 traces for Chirp, Pinger, and parametric
SBP data while it is 50 traces for boomer. Compared to
the input datasets provided in Figure 8, the effectiveness
of the f-x decon in suppressing random noise is evident,
especially in the late arrivals of boomer and parametric
SBP data (Figure 9).

3.8. Spiking and predictive deconvolution

To reduce the ringy appearance of SBP data and mitigate
potential ghost-reflection effects in boomer data, spiking
deconvolution is applied. Conventional Wiener-Levinson
deconvolution can only be used on minimum-phase
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data, making it applicable to the pinger and boomer SBP
datasets. Chirp data are typically recorded and visualized
in envelope form. Baradello (2014) suggested a Wiener
filter to transform the sweep signal into a minimum-
phase pulse, which makes Chirp data causal in applying
predictive deconvolution. Denich (2021) demonstrated the
theoretical feasibility of applying spiking deconvolution
to Chirp data in envelope form. In this study, however,
spiking deconvolution is applied to Chirp data before
computing the envelope.

Figure 10 shows the results of the deconvolution process
applied to the SBP data along with the average amplitude
spectra of all datasets. The spiking deconvolution operator
length is set to 1 ms for pinger data (Figure 10a), 2 ms for
Chirp data (Figure 10b), 5 ms for boomer data (Figure
10c), and 0.5 ms for parametric SBP data (Figure 10d).
From the amplitude spectra of the sections, it is evident
that spiking deconvolution enhances the resolution of all
four datasets. Before applying spiking deconvolution to the
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Chirp data, they were transformed to the minimum-phase
equivalent and Wiener spiking deconvolution was applied.
Compared to the SBP sections shown in Figure 9, the ringy
character observed especially in the shallow reflections is
eliminated after spiking deconvolution, particularly in the
Chirp section (Figure 10b).

While various approaches have been developed to remove
multiple reflections from seismic sections, the theories
behind most of these approaches are only suitable for
application to multichannel seismic data. The most suitable
method for removing multiple reflections in single-
channel seismic or SBP data is predictive deconvolution.
In this study, multiple reflections observed in boomer
data were removed using predictive deconvolution (Figure
10e). The operator length and prediction lag parameters for
predictive deconvolution were determined by calculating
the autocorrelation of the input data. Figures 10f and 10g
show autocorrelation sections of the input boomer data
before and after predictive deconvolution, respectively.
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Figure 9. (a) Pinger, (b) boomer, (c) Chirp, and (d) parametric SBP data after f-x decon.

According to autocorrelation data, both the appropriate
operator length and prediction lag parameters were
determined to be 20 ms. Compared to the input boomer
section given in Figure 10c, it can be observed that the
predictive deconvolution process successfully removes the
multiple reflections from the data (Figure 10e).

3.9. Migration

Migration is a process that moves reflections from dipping
reflectors to their true positions in a seismic section,
making the seismic section resemble the subsurface
geological section. Since SBP data are zero-offset data,
only poststack time migration can be applied to SBP
data. All migration algorithms require information about
the subsurface seismic velocity distribution. However,
obtaining the subsurface velocity from single-channel
seismic data is not feasible. Therefore, Stolt migration as
a constant-velocity migration algorithm is applied to the
SBP data in this study.

Figure 11 illustrates the SBP datasets after Stolt migration.
The input sections for the migration process are shown

time (ms)

in Figure 10. Due to their relatively low penetration, SBP
data provide information about the stratigraphy in the first
few tens of meters from the seafloor. In these sections, the
seismic wave velocity is not significantly different from
the P-wave velocity in the seawater. Therefore, a constant
seismic velocity of 1500 m/s was used in the migration
process.

3.10. Envelope calculations

Pinger and Chirp SBP data exhibit a ringy character due
to relatively long signal periods. This implies that the
reflection received from a single interface is represented by
a signal with multiple oscillations in the SBP data. While
not mandatory, to enhance the interpretability of the data,
envelope sections are commonly calculated for pinger and
Chirp datasets and interpretation is often performed using
the envelope data. This is typically a routine process for
Chirp data. Figure 12 displays envelope sections calculated
as the final step of the data processing for pinger and Chirp
SBP data. In both datasets, the main reflections became
more prominent in the envelope sections, leading to
increased trace-by-trace consistency.
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velocity Stolt migration. Seismic velocity of 1500 m/s was used in the migration process.

4. Discussion
SBP systems are widely used in contemporary marine
geoengineering studies for offshore geohazard analysis
(Trabant, 1986) due to their relatively low data acquisition
costs, capability of collecting data in shallow areas, ability
to provide high-resolution data, and relatively easy data
processing steps. Analyses conducted using these systems
include investigations of small-offset active faults, slumps
and slides, scarp structures, mobile seafloor sediments,
submarine fluid flow, and related structures (e.g., Baraza et
al., 1999; Hovland et al., 2002; Dondurur et al., 2011; Nasif
and Dondurur, 2021). Detailed geohazard analysis aims
to reveal these structures and their small-scale variations
beneath the seafloor. At this stage, the horizontal and
vertical resolution of SBP databecomes a crucial parameter.
Achieving the necessary resolution requires not only
accurate data collection but also appropriate processing.
SBP data provide the shallow stratigraphic
connection to deep stratigraphy information obtained

by multichannel conventional seismic data. In this
context, for the hydrocarbon industry, the simultaneous
analysis of both multichannel seismic and high-resolution
SBP data offers additional insights into the analysis of
submarine fluid-flow structures in shallow areas, such as
pockmarks, shallow gas accumulations, and gas chimneys
(e.g., Dondurur et al., 2011; Simonetti et al., 2013). The
simultaneous collection of high-resolution SBP data with
multichannel seismic data is significant for reducing data
acquisition costs and providing extra information that can
correlate shallow and deep stratigraphy. When the signal
generated by the source is suitable in terms of frequency
band and data acquisition procedures, pinger, Chirp, and
parametric SBP data can be collected simultaneously
with multichannel seismics. However, due to the use of
a streamer as a receiver in both methods and the partial
overlap of signal frequency bands, it may not be feasible
to collect boomer data simultaneously with multichannel
seismics.
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The processing of SBP data, while being similar to the
processing of multichannel seismic data in various ways
such as band-pass filtering, gain application, and poststack
migration processes, requires unique procedures and the
application of different data processing parameters (Bull
et al,, 1998; Quinn et al., 1998; Gutowski et al., 2002;
Kim et al., 2017; Shin et al., 2022; Yang et al., 2022). The
applications in this study have demonstrated that among
the four different SBP data types, parametric SBP data
are the least demanding in terms of processing time. For
instance, these data may not require preprocessing or an
f-k filter. This observation indicates that the parametric
system is the most effective SBP system to discriminate the
SBP signal within the ambient noise during data recording.
Therefore, the processing of parametric SBP data requires
the least amount of processing effort and time.

According to the spectral analysis results shown
in Figure 4, the dominant frequencies and resolution
parameters of the SBP data used in this study are provided
in Table 2. Signal wavelength A is calculated from the
relationship A = V/f, where \ represents the signal
wavelength (m), V is the velocity of the P wave in seawater
(m/s), and f is the dominant frequency of the recorded
signal (Hz). Accordingly, the vertical resolution of these
SBP systems can be calculated taking into account the
Rayleigh criterion (A\/4), as shown in Table 2 for seismic
velocity of 1500 m/s. The system with the highest vertical
resolution is the parametric SBP system, with vertical
resolution of 6.2 cm.

Compared to multichannel seismic data, the most
prominent challenge in processing SBP data arises from
the need to reduce noise content and increase the signal-
to-noise ratio. As the stacking process cannot be applied
to SBP data, particularly in suppressing random noise, the
application of the trace mix (Figure 6) and/or f-x decon
(Figure 9) becomes essential. Boomer SBP data recorded
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using a conventional single-channel streamer contain
distinctive swell noise (Figure 2). The band-pass filter is
most effective on boomer SBP data, facilitating the removal
of swell noise (Figure 4). Pinger, Chirp, and parametric
SBP data, utilizing transducers for signal generation and
perception, do not have dominant swell noise given that
the frequency band of the generated signal is significantly
higher than that of the swell frequency band (Figure 2).

In SBP data, the disruptive effect of heave can be
observed due to rough sea conditions, reducing both the
horizontal and vertical resolution of the data (Kim et al.,
2017; Shin et al., 2022). It has been observed that the heave
effect particularly complicates the identification of small
fault throws in pinger and Chirp data and significantly
reduces the signal-to-noise ratio in boomer data. In
this study, the heave effect was mitigated by calculating
residual static correction values obtained as the time
difference between manually picked seabed times and
their smoothed versions (Figure 5b). Although the process
is time-consuming due to the manual picking procedure,
effective results were observed for pinger, Chirp, and
boomer SBP data (Figure 5). The removal of heave effect
enhances trace-by-trace consistency, potentially leading to
more accurate results in the autotrack application during
the interpretation phase.

Spiking deconvolution, while being a crucial step in
enhancing the resolution of SBP data, is a time-consuming
process since it requires numerous tests to determine the
appropriate operator length for application. In this study,
spiking deconvolution increased the data resolution by
flattening the amplitude spectrum of the data, while the
most significant enhancement was observed for Chirp
data since it reduced the ringy character of the shallow
reflections (Figure 10). Only the boomer data required
the suppression of multiple reflections, and predictive
deconvolution was applied to the boomer data to remove
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Table 2. Resolution parameters of the datasets used in this study for seismic velocity of 1500 m/s.

Parameter Pinger Chirp Boomer Parametric
Dominant frequency (Hz) 4500 3500 1000 6000
Signal wavelength (m) 0.3 0.4 1.5 0.25
Vertical resolution (cm) 7.5 10 37.5 6.2

multiples. The determination of operator length and
prediction lag parameters is highly crucial in predictive
deconvolution (Robinson and Treitel, 1967), and extensive
testing is necessary for their proper selection. In cases
where these parameters are not appropriately chosen, a
reduction in the amplitudes of primary reflections can be
observed (Giiney et al., 2019).

It was further observed that Stolt migration produced
reliable results for all four SBP datasets. It is a frequency-
domain method, which is computationally -efficient
compared to time-domain methods. SBP data often
involve relatively simple and shallow geologies, where
the assumption of constant or near-constant velocity is
reasonable. Stolt migration is optimal for such cases, as it
assumes a constant migration velocity. In addition, SBP
data are typically high-frequency, benefiting from the
capacity of Stolt migration to maintain high-resolution
detail in shallow subsurface imaging. Stolt migration is
less effective in more complex geological settings where
velocities vary significantly or the topography is irregular.
In such cases, other migration methods, such as Kirchhoft
migration, might be more appropriate. However, for the
simple, shallow, and relatively homogeneous environments
typical of SBP data, Stolt migration can produce good
results.

5. Conclusions

SBP systems are widely utilized in assessing offshore
geohazards by detecting small-scale variations in the
seafloor and underlying subsurface structures. As a result,
the resolution of SBP data is a critical factor, and achieving
the required resolution is contingent upon effective data
processing. Since the stacking process cannot be applied
to SBP data for suppressing random noise, alternative
techniques such as trace mixing or f-x decon become
crucial to enhance the signal-to-noise ratio.

In Chirp data, spiking deconvolution -effectively
diminishes the characteristic ringy nature of the signal.
Only boomer data required the removal of multiple
reflections in the present study, which were successfully
suppressed by predictive deconvolution. The heave effect
was compensated by calculating residual static correction
values based on the time difference between manually
picked seabed times and their smoothed pinger data
counterparts. This correction enhances trace-by-trace
consistency and potentially improves the accuracy of
autotracking during the interpretation stage.

Spectral analysis revealed that the parametric SBP
system provided the highest vertical resolution after the
processing. Additionally, the parametric SBP data required
the least processing time, suggesting that this system is the
most efficient for isolating SBP signals from ambient noise
during acquisition.

It was found that Stolt migration yielded reliable results
across all four SBP datasets, owing to its assumption
of constant migration velocity. Given that SBP data are
typically obtained at high frequencies, Stolt migration
effectively preserves high-resolution details in shallow
subsurface imaging.
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