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Abstract. Amulti-channel seismic reflection (MCS) survey was conducted in 2009 to explore the deep crustal structure of
the Pacific Plate south of Hokkaido. The survey line happened to traverse a 250-km-wideWarmCore Ring (WCR), a current
eddy that had been generated by the Kuroshio Extension. We attempted to use these MCS data to delineate the WCR fine
structure. The survey line consists of two profiles: one with a shot interval of 200m and the other with a shot interval of 50m.
Records from the denser shot point line showmuch higher background noise than the records from the sparser shot point line.
We identified the origin of this noise as acoustic reverberations between the sea surface, seafloor and subsurface
discontinuities, from previous shots. Results showed that a prestack migration technique could enhance the signal buried
in this background noise efficiently, if the sound speed information acquired from concurrent temperature measurements
is available. The WCR is acoustically an assemblage of concave reflectors dipping inward, with steeper slopes (~2�) on the
ocean side and gentler slopes (~1�) on the coastal side. Within theWCR, we recognised a 30-km-wide lens-shaped structure
with reflectors on the perimeter.
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Introduction

A multi-channel seismic reflection (MCS) survey is in general
conducted to obtain two-dimensional (2D) or three-dimensional
(3D) crustal structures. TheMCS profile represents a gathering of
reflection coefficients at internal boundaries through stacking of
reflected waves along the hyperbolic travel time curve associated
with an assumed velocity (or speed) profile. Holbrook et al.
(2003) demonstrated that the MCS method is a powerful tool
not only to produce images of the Earth’s interior, but also to
represent the fine structure of the ocean visually. This has opened
up the new field of ‘Seismic Oceanography’. For example,
Nandi et al. (2004) showed a clear correlation between seismic
reflections and the thermohaline fine structure from a joint
eXpendable BathyThermograph (XBT) and MCS study of the
Norwegian Sea. Holbrook and Fer (2005) made a wavenumber
spectral analysis of reflection horizons to obtain ocean internal
wave spectra in the Norwegian Sea.

An MCS analysis in seismic oceanography follows a data
processing flow in a conventional crustal reflection study
(e.g. Yilmaz, 2001), including signal enhancement filter,
deconvolution and Common Mid Point (CMP) stacking. Fortin
andHolbrook (2009) demonstrated the importance of knowledge
of the sound velocity structure for high-resolution imaging of
seismic reflectors in the ocean. Wood et al. (2008) attempted to
determine the sound velocity from a one-dimensional full wave
inversion of seismic data with the assumption of a flat internal
structure. To obtain details of the oceanic fine structure, it is
effective to introduce a densely sampled sound-velocity
structure. Geli et al. (2009) calibrated the high-resolution MCS
profile against the dense, vertical columnmeasurements of water

properties to show that a dipping continuous reflector can be
a lowpass-filtered feature of a succession of short, horizontal
reflection segments. The Geophysical Oceanography (GO)
experiment group (e.g. Hobbs et al., 2009) made an extensive
reflection survey to obtain seismic images of the Mediterranean
Outflow (MO) andMediterraneanWater eddies (Meddies) in the
Gulf of Cadiz, which were interpreted in terms of sharp, small
temperature contrasts in the ocean.

Since Holbrook et al. (2003), data used in seismic
oceanography have mainly been those obtained as a by-
product of subsurface or crustal reflection studies. Therefore,
the survey system employed in the experiment might not be best
tuned for physical oceanography purposes. Even if a survey is
done primarily for oceanographic purposes, as in the GO
experiment, we still have limited knowledge of what the major
noise sources are that hamper the retrieval of physical
oceanographic information and how to reduce such noise or
enhance signals in seismic records. We select one of the likely
noise sources associated with large-scale crustal reflection
experiments and apply a data-processing technique to enhance
signals against such background noise for seismic oceanography.

This study was motivated by the fortuitous traverse of a
recent MCS profile through the centre of a well developed
warm core ring (WCR), as portrayed in Figure 1. The MCS
survey was conducted in 2009 to reveal the crustal structure
beneath the north-western Pacific seafloor (Fujie et al., 2009). The
WCR here is located off the south-west coast of Hokkaido, and
is an anticyclonic eddy detached from the Kuroshio Current
extension flow into the Oyashio Current, and is a part of the
western boundary current of the Subarctic Gyre (Ohshima et al.,
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2005). The MCS data could then provide to obtain a high-
resolution image of the internal structure of a WCR. In
particular, the available horizontal resolution is expected to be
unprecedentedly higher than that achieved by water column
measurements (e.g. Iwata and Suzuki, 1999). In this paper, we
investigate the seismic image of a WCR and discuss how to
obtain a sharp image of oceanic fine structure from MCS data.

MCS data and quality

In June 2009, a seismic survey was conducted off the south-west
coast of Hokkaido (Figure 1) by R/V Kairei of Japan Agency for
Marine–Earth Science and Technology (JAMSTEC). The

purpose of this survey was to characterise the oceanic crust
and the sub-Moho mantle of the Pacific Plate as it approaches
the Kuril Trench (Fujie et al., 2009). The survey was done as a
round trip on a common line (Figure 1). Line A2obs extends
trenchward from the south to north over a distance of 497.2 km,
with ocean bottom seismographs (OBSs) deployed with an
interval of 6 km. Line A2mcs is a reversed line, extending
oceanward from the north to south over a distance of
212.6 km. Water depths along the line were of the order of
5000m.

A low-fold MCS survey (standard fold number 13) was
conducted on line A2obs, whereas a standard MCS survey
(standard fold number 55.5) was executed on the reversed line
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Fig. 1. Abathymetricmap showing themultichannel seismic reflection survey linesA2obs (grey line, CMPnumbers 1–80 000
from south to north) andA2mcs (black line, CMPnumbers 1–35 000 fromnorth to south) in the north-western Pacific. TheWCR
during the survey period is shown by the concentric contours at intervals of 4 cm, which represent the one month-averaged sea
surface elevations obtained using satellite altimetry. Red indicates a positive elevation above the averaged sea surface. The XBT
measuring points are denoted by green stars.
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A2mcs. The seismic source used was an annular port array of
32 air-guns with a total volume of 7800 cubic inches (130 L)
operating with a standard air pressure of 2000 psi (14MPa).
The signal was flat at frequencies of 5–80Hz. The hydrophone
cable is ~5700m long, having 444 channels at an interval of
12.5m. The temporal variation of oceanic structure on a scale
of a few minutes is smoothed out effectively by gathering the
traces that recorded at different times with this long streamer.

The air-gunwasfired at every200m,at a time interval of ~80 s,
along line A2obs, and at every 50m, at a time interval of ~20 s,
along line A2mcs (corresponding to a vessel speed of ~5 kn).
Seismic reflection records of 15 s length with a 2ms sampling
interval were obtained for deep crustal imaging. We use the
record sections in the initial ~6 s for ocean reflections, before
the arrival of the reflection from the seafloor.

Threewater-column datasets fromXBT casts in the vicinity of
the seismic line were also available (Figures 1, 2).

The MCS data were processed through a standard seismic
processing flow, which consists of noisy-trace editing, 30–80Hz
band-pass filtering, velocity model application, normal moveout,
and CMP stacking.We first tested a simplemodel with a constant
velocity of 1500m/s, as conventionally used in crustal imaging.
We then used a 2D velocity model obtained by interpolating the
threeXBTcolumnmeasurements along lineA2obs, ofwhich two
were within line A2mcs. The XBT data were not available for
depths greater than 1800m, and at these depths the soundvelocity
was calculated using climatological temperature and salinity data
(Antonov et al., 2006; Locarnini et al., 2006). The result of this
modelling is presented in Figure 2. The spacing of the XBT
measurements is admittedly too coarse relative to lateral variation
of oceanic structure, but the processing results showed that the
use of the 2D model yielded clearer images than the constant
velocity model, as pointed out by Fortin and Holbrook (2009).

In the following, we discuss the results obtained with the 2D
velocity model.

Figure 3a and b respectively show the MCS profiles along
lines A2obs and A2mcs. At depths less than 250m, the acoustic
resolution is limited by interference from the direct wave.
A seismic image of the WCR is shown in Figure 3a and b.
This WCR is estimated to have a horizontal diameter of ~250 km
and a vertical extent of ~2 km. The WCR is a warm water mass,
which is indicated in the seismic profile as a concave structure
consisting of many apparently continuous interleaving reflectors
characterising strong temperature and salinity contrasts.

To our surprise, the image from sparse shooting (Figure 3a)
has a higher signal to noise (S/N) ratio than the image from dense
shooting (Figure 3b). Figure 4a and b present a comparison of the
shot gathers between the sparse and dense shootings. In Figure 4,
the amplitude is normalised by the reflection from the seafloor at
~8–9 s in each trace. Comparison with the shot gather along line
A2obs shows that the shot gather along line A2mcs is rich in both
coherent and incoherent waves. These waves are observed even
before and after the arrival of the direct wave. In this study area,
there are some boundaries with strong impedance ratios, such as
the seafloor and the top of the oceanic crust. The coherent waves
with a fast apparent velocity during the 5–6 s interval in Figure 4b
are thought to be reflections from seafloor and basement,
generated by previous shots. The shot time interval in sparse
shooting mode is four times as long as that in dense shooting
mode. These observations indicate that the background noise of
the A2mcs records largely comprises reverberations between the
sea surface, seafloor, and crustal discontinuities, generated by
prior shots. Fujie et al. (2009) also reported reverberations inOBS
records that repeated more than seven times during 40 s. These
reverberations would decay progressively with time, so that their
effects are expected to be smaller for shot intervals of ~80 s than
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Fig. 2. Three vertical temperature profiles from XBT measurements (dotted line) and the corresponding
sound velocity profiles (solid line). The measuring locations are identified by the CMP numbers from line
A2mcs (see also Figure 1). The 2D velocity distribution is obtained by interpolating the vertical velocity
profiles from these three points. The velocity distribution below the limit depth (1800m) of XBT is calculated
from climatological temperature and salinity data (Antonov et al., 2006; Locarnini et al., 2006).
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for the shot interval of ~20 s. How serious this noise is would
depend on the source signal spectrum, the impedance contrasts
across reflection boundaries at and below the seafloor, and the
rate of energy dissipation through the media.

Data processing and signal enhancement

Although lateral variations of sound velocity in ocean are
generally not very strong, oceanic structures such as WCR
could be rather complicated because a considerable part of
their acoustic contrasts are formed by water-mass movement
with rotation. Therefore, prestack migration methods could
bring about higher resolution than standard CMP processing.

In addition to a better imaging of complex oceanic structure,
a signal enhancement effect might be achieved by applying
prestack migration. Matsushima et al. (2003) demonstrated
that prestack migration improves the S/N ratio of seismic
reflection profiling in areas of poor data quality such as
geothermal fields. As described in the previous section, our
MCS data are contaminated with acoustic reverberations from
previous shots, and it is difficult to suppress these by conventional
noise-suppression methods such as coherent noise attenuation in
common shot domain or random noise suppression in common-
shot or common-offset domain etc. For these reasons, we tried to
apply prestack migration to our MCS data and compare the
results with the standard CMP processing results.
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Prestack migration is generally classified into two types of
techniques: prestack time migration (PSTM) and prestack depth
migration (PSDM). PSDM requires a sufficiently accurate macro
velocity model to achieve an adequate imaging, but PSTM is
more robust to velocity error (e.g. Sattlegger, 1975). Therefore,
we adopted the PSTM method in this study because there are
only two XBT measurements within a horizontal range of
~250 km. In our study, PSTM was applied after standard
pre-processing.

Figure 3c and d depict the depth sections converted from
the prestack time migrated sections using the interval velocity
distribution calculated from the sparse XBT casts (Figure 2).
Figure 3c shows the result along line A2obs. The image of the
WCR was obfuscated by application of the prestack migration,

when compared to the image without prestack migration. The
imaging qualitywas degraded because the shot spacing (200m) is
not sufficiently close for the prestack migration method to work
efficiently. However, the prestackmigrated profile along A2mcs,
with the dense shot interval of 50m, shows a remarkably clear
image of the WCR (Figure 3d) compared with that obtained
without prestack migration (Figure 3b). Acoustic reflectors are
also better resolved on this profile than on the profile alongA2obs
with the coarse shot interval of 200m either with or without
prestack migration (Figure 3a and c). This result demonstrates
that the MCS data for crustal structure can also be used for
oceanographic purposes if the signal buried in the echo of the
previous shots is enhanced appropriately, and also that a prestack
migration technique is effective for this purpose. The velocity
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structure in our prestack migration was based on only three XBT
casts so its lateral resolution is naturally limited. The velocity
analysis by handpicked technique as described by Fortin and
Holbrook (2009), or the use of many XBTs or expendable
conductivity-temperature-depth sensors (XCTDs) is desirable
for more accurate prestack migration.

Seismic image of WCR

The MCS survey routes fortuitously traversed the WCR, as
presented in Figure 1, where the one-month-averaged sea
surface elevations viewed using satellite altimetry (http://www.
aviso.oceanobs.com; verified January 2011) are contoured at an
interval of 4 cm. Anticyclonic WCRs originate from detachment
from a meandering of the Kuroshio Current Extension and
move northward with clockwise rotation. Ohshima et al.
(2005) reported that an approximate rate of rotation is one
revolution every 2 weeks on the sea surface in NW Pacific,
which is close to the area of our study. In Figure 3, at depths
of 700–1500m, reflectors in the northern part of the WCR are
dipping to the south with slope angles around 1�, whereas those
in the southern part are dipping to the north at slope angles of
around 2�. Such an asymmetric structure (steeper slopes on the
ocean side of the eddy) is also apparent in the temperature
profiles of the WCR off the south of Hokkaido (Iwata and
Suzuki, 1999) and off the east coast of northern Honshu
(Kawamura et al., 1986). There are some transparent zones
within the WCR. It is difficult to trace the concave reflectors
of the WCR inward and downward to the central part of the
WCR (CMP No. 62 000–72 000 in Figure 3a, and No.
12 000–18 000 in Figure 3d) at depths less than 1 km; here the
temperature variation is likely to be too smooth to cause
acoustically significant reflections. This contrasts to the case of
the Meddy, where the concentric reflectors outlining the eddy
are located all the way along its perimeter.

Figure 5a and b respectively portray the enlarged profiles
(dotted box in Figure 3) along lines A2obs and A2mcs. The
time difference between the two lines is about a half day in
the northern end of the rotating WCR and two and a half days
in the southern part of the WCR. This is thought to be a major
reason why the images in the northern half of the sections are
similar (although with subtle differences), whereas those on the
southern half show marked differences. A typical example of
such a difference is a lens-shaped structure outlined by reflectors
located on the perimeter (Figure 5b, arrowed). This structure has a
horizontal diameter of ~30 km and extends through a depth range
of 900–1300m. It is apparent only along theA2mcs, not along the
A2obs line. The A2obs and A2mcs profiles produce cross-
sectional views of the WCR that differ from each other not
only in time but also in space, as the lines are not rotating with
the WCR. The lens-shaped structure seen along A2mcs can be
interpreted, accordingly, as an internal structure of the WCR,
which might be missed easily using a one-way survey. The 3D
structure of the WCR is likely to be complex.

Conclusions

A multichannel seismic survey performed for a crustal study of
the Pacific Plate off the south of Hokkaido has yielded oceanic
fine structure in a Warm Core Ring. The major points concluded
are as follows:

(1) We have imaged, using MCS survey data, a concave
configuration and internal structure of a WCR that has
detached from the Kuroshio Current Extension with a
horizontal diameter of ~250 km.

(2) Two MCS profiles traversed the Kuroshio WCR, from south
to north and from north to south. The time difference between
the south-to-north profile and the north-to-south profile is
two and a half days, duringwhich theWCR rotates clockwise.
The north-to-south profile reveals a 30-km-diameter, lens-
shaped structurewithin theWCR,which can be understood as
an internal structure of the WCR.

(3) By comparing the shot-time interval between sparse and
dense shooting, we considered one of the major sources of
noise in the MCS data to be reverberations between the sea
surface, the seafloor, and subsurface discontinuities generated
by the prior shots.

(4) An effective technique for suppression of this noise is to
apply aprestackmigration to theMCSdata, using temperature
profiles obtained by XBT measurements that were collected
concurrently. Use of such temperature profiles improves the
impact of prestack migration greatly, even if the number of
available temperature profiles is limited.
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