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Abstract
Understanding the detailed nature of water masses and their boundaries is problematic due to
the methods available for observing the physical properties of the ocean. This is of particular
concern in regions of the world’s oceans where water masses meet, mix and exchange
nutrients. An example of such a dynamic region lies southeast of the South Island of New
Zealand where Sub-Tropical Water meets Sub-Antarctic Water at the Sub-Tropical Front
(referred to here as the Southland Front)
The reprocessing of three multichannel seismic lines acquired perpendicular to the front, has
allowed detailed imaging of thermohaline structures by using seismic waves to image the
water column. This technique, Seismic oceanography, has become increasingly popular since
2003 and this thesis presents its first application in New Zealand waters.
Clear images of the reflective patterns have led to the interpretation of the water-mass
boundary between Sub-Tropical and Sub-Antarctic water masses, the Southland Front, and
also as the transition into the underlying Antarctic Intermediate Water.
The seismic lines are from two petroleum industry data sets, one from DUN-06 collected in
March of 2006 and two from OMV-08 collected during the summer of 2007-2008. The lines
are closely spaced and parallel, thereby enabling a temporal comparison. The Southland Front
is shown to lie further inland in the summer of 2007/8 than in the autumn of 2006 by around
20 km.
The seismic lines feature several mesoscale and submesoscale lenses which have been
interpreted as spin-off eddies from the northward-flowing Southland Current. These eddies
appear below the sea surface at depths of around 200 m and are not seen in contemporaneous
sea surface temperature satellite data. The imaged eddies have been compared to all those
which have been previously published using the newly developing technique of Seismic
oceanography and are found to be, on average, at shallower depths with smaller dimensions.
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1. Introduction
1.1 Study Outline
This study makes use of a newly developing research technique known as seismic
oceanography (SO) (Section 1.2) to identify various physical aspects of the dynamic ocean
masses southeast of New Zealand’s South Island. The specific water masses in this region
include Subtropical Water (STW), Subantarctic Water (SAW), and the underlying Antarctic
Intermediate Water (AAIW). A striking feature in the region is the local section of the
Subtropical Front (STF), called the Southland Front here, which is a relatively narrow
boundary zone between STW and SAW. Also of interest is the Southland Current, a
northward flow of surface waters associated with the Southland Front (Figure 1). The

Figure 1: Study location and the seismic sections analysed. The position of water features are based on Sutton
(2003), Hopkins et al. (2010) and satellite images collected for this project seen in Chapter 3.
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Southland Front affects the local commercial fishing industry as well as local climatic
conditions and ecological systems. Understanding its nature and variability is therefore highly
valuable [Boyd et al., 1999; Heath, 1972; 1975; 1985; Jillett, 1969; Shaw and Vennell, 2001].
The two dimensional (2-D) seismic profiles produced in this study display the Southland
Front and associated water masses for the first time at an entirely new scale. This is the first
study of its kind in New Zealand. The SO technique also gives insight into fundamental ocean
mixing processes that are currently not well understood, particularly in deep water where
there is no interaction with the turbulent atmosphere. Ocean mixing affects global climate and
the distribution of minerals and biogenic particles essential for ocean life. Therefore, the drive
to understand ocean mixing processes is obvious.
As well as discussing various aspects and features of the observed data in conjunction with
the dynamics of ocean masses and mixing between the masses, this thesis explains the
processing steps used to produce the displayed images so that they could be repeated if
required. This study takes advantage of previously collected petroleum industry twodimensional multi-channel seismic reflection data. The data sets were originally collected for
geological examinations below the seafloor; however, it is possible to reprocess them in order
to image features from within the water column [Holbrook et al., 2003]. The data used in this
project come from three nearly co-located lines collected perpendicular the southern coast of
Otago (Figure 1). Each line, or data set, was collected at a different time enabling a temporal
comparison of the oceanic features seen in the seismic sections.
The two surveys used are dubbed DUN-06 (Dunedin 2006) and OMV-08 (OMV 2008). Line
13 (DUN06-13) was chosen from DUN-06 and lines 42 (OMV08-042) and 45 (OMV08-045)
were chosen from OMV-08. These lines were chosen for their location. Line 13 is the line
extending closest to shore in the DUN-06 survey putting it closest to the surface expression of
the Southland Front. Lines 42 and 45 were chosen for their proximity to Line 13. Line 45
nearly overlies Line 13 and extends out further at both ends; Line 42 lies only a few km to the
NW.
Line 13 was collected on 23rd of March 2006, Line 45 was collected on 25th-26th of December
2007 and Line 42 was collected on 17th of January 2008. This enables both short term (a few
days) and seasonal comparisons. The details of the data sets are discussed further in
Section 2.1.
This thesis first introduces the reader to the tool used in this investigation (Seismic
oceanography) and is followed by a brief description of the study area (a localised section of
2

The Southland Current). Chapter 2 describes the different data sets and the methods used to
produce the final images. Chapter 3 documents the observations made from the collected
profiles and applies an interpretation supported by contemporaneous sea surface temperature
(SST) satellite images as well as previously acquired CTD data. The thesis is concluded in
Chapter 4 with a discussion and a summary of the main findings as well as recommendations
for future work. Appendix-A (1 – 3) is located within a pocket attached to the rear of this
thesis and includes the three fully processed seismic lines
1.2 Seismic Oceanography
Seismic oceanography (SO) is a relatively new technique [Holbrook et al., 2003]. This section
provides a brief introduction into the basic principles and history behind SO.
SO is a tool that utilises reflection seismology to investigate physical aspects of
oceanography. It is a technique capable of imaging the thermohaline structure within the
ocean in 2-D with a high lateral resolution [Holbrook et al., 2003; Nandi et al., 2004]. SO can
image large-scale features (e.g., water mass boundaries and currents), mesoscale features
(e.g., thermohaline staircases, eddies, internal waves, and cyclones in the order of 10 –
500 km) and sub-mesoscale features (i.e., those smaller than 10 km). The technique is
generally capable of examining structures with a lateral resolution of around 10 m [Nandi et
al., 2004].
1.2.1 Why use Seismic Oceanography?
The Earth’s surface heat distribution is largely controlled by the circulation of the world’s
oceans. Adjacent water masses of varying temperature and mineral composition flow past
each other separated only by thin boundaries. Temperature and mass exchange at these
boundaries is essential for the continuation of ocean circulation. Mixing processes involved at
these boundaries, however, are not very well understood, particularly in the deep ocean where
energy input from the atmosphere is minimal. Understanding these mixing processes is
important for a large range of issues including climate change, the fate of biogenic particles,
and ocean nutrient levels [e.g., Boyd et al., 1999; Boyd et al., 2000].
Typical physical oceanographic techniques, such as the deployment of hydrographic
instruments like expendable bathy-thermographs (XBTs) and vertical conductivity
temperature density (CTD) casts, sample 1-D structures of the ocean every 5-50 km. These
tools, while accurate, lack the capability of examining the detailed internal structure and
lateral continuity of ocean boundaries as well as associated structures such as internal waves.
3

Limited pseudo 2-D sampling methods do exist referred to as CTD “Tow-yos” which move
through the ocean at varying height; however, data collection is still only one dimensional.
SO can resolve thermohaline structures varying laterally on the order of 5 – 10 m, which is
three orders of magnitude less than that of the techniques discussed above. Processed SO
images can display the ocean on a whole new scale. It is possible to see links from submesoscale features to fine scale features associated with mixing, which thereby can enable the
development and testing of hypotheses surrounding ocean boundary mixing in ways that were
previously not possible.
Research in the field of SO has the potential to be relatively inexpensive due to the existence
of decades of “legacy” data collected by the petroleum industry. Data used to produce the SO
profiles seen in this project are from three lines out of hundreds that have already been
collected over New Zealand’s Great South Basin.
The main issues and limitations surrounding SO arise from the lack of grounding
hydrographic measurements in legacy data [Wood et al., 2008] and the bandwidth of the
seismic source [Géli et al., 2009; Hobbs et al., 2009]. Both of these factors limit the quality of
extracted quantitative data. The extracted reflectivity data are in the form of acoustic
impedance which has generally been taken as a proxy for just temperature even though
acoustic impedance is a factor of density, temperature and salinity [Krahmann et al., 2008;
Nandi et al., 2004]. Further complications arise when extracting quantitative data from
moving water [Klaeschen et al., 2009; Vsemirnova et al., 2009]. Regardless of SO’s
limitations it is still a valuable tool in understanding ocean dynamics.
1.2.2 Some Basic Seismic Principles
Spatial structures seen in SO arise from variations of the thermohaline structures within the
ocean [Nandi et al., 2004]. In a marine seismic survey, acoustic waves, or sound waves, are
generated from a source (this is typically a suitable layout of air guns) towed behind a boat
travelling around 4 – 5 knots (Figure 2). The sound waves then propagate outwards where
they reflect off thermohaline structures back up toward an array of receivers. The receivers
are spaced out along one (for 2-D seismic methods) or more (for 3-D seismic methods)
streamers extending out behind the boat. Sound waves are reflected off of boundaries where
there is a change in acoustic impendence (density × acoustic wave velocity) as illustrated in
Figure 2.
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Each receiver records a unique sound signature (or trace) for any given shot. Each trace has a
geographical midpoint representing the location of the reflection. With multiple shots and
receivers at various locations, a number of traces will share a common midpoint. Each trace
sharing the common midpoint will have a different distance between the source and the
receiver. This distance is known as the offset and traces with a larger offset will record
reflections arriving at a later time. The time delay increases in an approximately hyperbolic
manner relative to offset. The trace length of all the traces holding a common midpoint can
then be dynamically adjusted so that each trace represents a trace with zero offset. The traces
can then be averaged (stacked) to strengthen the signal to noise ratio.

Reflections off

thermohaline structures in the water column are roughly two orders of magnitude weaker than
those from the underlying geology as most of the sound wave’s energy is transmitted.
Stacking, therefore, is essential to increase the sensitivity of SO studies [J Cooper, 2011, pers.
comm.] and the process is discussed further in section 2.3.1.

Figure 2: A schematic image showing the basic setup and geometry of a marine seismic survey. This figure is
taken from Carniel et al., [2011].

Unlike the solid Earth, boundaries between water masses are typically diffuse. Therefore
reflectivity is frequency dependent. For example, a large gradual change in temperature and
salinity will not be resolved by high frequency sources, whereas, small sharp changes will not
be resolved by low frequency sources. The resolution of the SO technique is therefore based
on the source frequency and bandwidth relative to what is being imaged [Hobbs et al., 2009].
1.2.3 Seismic Oceanography Background
Multi-channel seismic imaging has been used by the petroleum industry and other
geophysicists for decades to image a vast array of geological structures. The earliest example
of reflection seismology being used on anomalies in water was by Hunt [1967] in the Red Sea
5

where the reflections are interpreted to represent a hot brine (Figure 3). The first time it was
used to examine oceanographic structures was by Gonella and Michon [1988] and then later
by Phillips and Dean [1991]. However, it wasn’t really until a publication in the journal
Science by Holbrook et al. in 2003 that the idea gained much interest in the scientific
community. The number of publications in the field is now growing rapidly, but a relatively
comprehensive summary is still possible.

.
Figure 3: A seismic section (left) and an interpreted schematic (right) as seen in Hunt [1967]. This appears to be
the first published image of low frequency seismic reflections from within the water.

Holbrook et al. [2003] compared calculated sound speed variations in the water column from
an XBT to a corresponding section of 2-D multi-channel seismic reflection profile. The
comparison displayed a remarkable match and they concluded that the acoustic reflectivity
seen in the water column is a direct response to the thermohaline structure. SO could be used
to map these structures down to a depth of at least 1000 m, responding to temperature changes
as small as 0.04°C. Holbrook et al. [2003] deduced from their images that what they were
seeing was an oceanic front (Figure 4). The observed structures were explained by Ruddick
[2003] as related to double-diffusion processes.
Further research [Nandi et al., 2004] using multiple XBT’s and CTD’s coupled
simultaneously with SO profiles from the Norwegian Sea confirmed the findings of Holbrook
et al. [2003] showing temperature changes as small as 0.03°C can be imaged.
Following the further proof of the method, a news article in EOS by Géli et al. [2005]
presented seismic oceanographic data from off of the coast of Brazil. Holbrook & Fer [2005]
then demonstrated how SO can provide quantitative information on internal wave energy by
taking advantage of the technique’s high lateral resolution (Figure 5). Holbrook & Fer [2005]
6

also suggested that SO could provide quantitative information on various other processes
including boundary mixing and turbulence. It was in this study where the term “seismic
oceanography” was first introduced. Further development of SO was conducted around the
same time by Páramo & Holbrook [2005] who successfully provided the proof-of-concept
that it is possible to extract quantitative temperature data remotely using SO. They used an
amplitude-versus-offset (AVO) technique to calculate the change in sound speed of two

reflections based on their reflectivity or ‘strength’. The changes in sound speed were used to
calculate temperature changes which compare very well with simultaneous XBT data.
Figure 4: An image taken from Holbrook et al. [2003]. The inset shows a ‘slab’ of reflections dipping down to
~1000 m deep below an area of low reflectivity.

A study conducted in Japan and published in the same year [Tsuji et al., 2005] looked at 81
multi-channel reflection profiles from a 3D survey collected over the Kuroshio Current. This
was followed up by Nakamura et al. [2006]. Nakamura et al. [2006] reported on data collected
from the first ever survey combining both, multi-channel seismic and physical oceanographic
measurements, that was devoted solely to examining oceanographic features. The study
successfully showed that it is possible to map water mass boundaries with SO. They showed
striking reflections occurring at boundaries where the water was flowing in opposite
directions. On one side, they inferred the warm northward flowing Kuroshio Current and on
the other, the cold Oyashio water mass.
By 2006, SO as a technique had caught on and at the 2006 Ocean Sciences Meeting, it had its
own symposium where several studies were presented. The studies looked at a range of
structures including “meddies” (eddies that have formed as a result of outflow from the
Mediterranean Sea through the Strait of Gibraltar) [Klaeschen et al., 2009; Klaeschen et al.,
7

2006; Pinheiro et al., 2006; Pinheiro et al., 2010], thermohaline staircases [Fer et al., 2010;
Nandi et al., 2006], warm-core rings [Seymour et al., 2006], and further examples of ocean
mass boundaries [Huthnance et al., 2006]. These studies produced images, but lacked the
supporting quantitative measurements to be able to draw conclusions on physical properties
and processes. This limitation is still a key area of research in SO. In an attempt to address
this, a large-scale joint seismic and oceanography project, Geophysical Oceanography (GO),
commenced in 2007 [Hobbs, 2007]. Acquisition of data was conducted in the Gulf of Cadiz.
The GO project included a collaboration of eight European research institutions from the
United Kingdom, Germany, France, Italy, Portugal and Spain. The GO project was the first
attempt to calibrate or “fine tune” the multi-channel seismic technique for oceanographic
settings. The GO project led to several publications and has further boosted the international
awareness and interest of SO.
Wood et al. [2008] performed a 1-D full waveform inversion on collected seismic data to
extract a 1-D temperature profile (note that the previously discussed Páramo & Holbrook
[2005] only examined single reflections at a time). The inverted data were directly compared
with a simultaneous XBT measurement. Wood et al. [2008] showed that producing a
temperature profile from seismic data alone was possible; however, the accuracy is dependent
on a number of things including the frequency and bandwidth of the source in relation to the
real profile. They suggested that having regional XBT data to provide broad (low frequency)
temperature-depth profiles for starting models would be necessary to gain an accurate
representation of any temperature changes at frequency scales of less than 30 Hz.

Figure 5: This image, taken from Holbrook and Fer [2005], shows a near continuous set of reflections sloping
towards the seafloor. The reflections are seen to undulate up and down which is made cleared in the inset
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images. The wavelength and frequency of the reflections were measured by the yellow lines, which show the
‘autotrack’ used to pick the path of the reflections. The resulting spectrum is consistent with the Garrett and
Munk internal wave model [Holbrook and Fer, 2005; Munk, 1981].

Following on from the work of Holbrook and Fer [2005] on internal waves (Figure 5),
Krahmann et al. [2008] advanced the necessary tools needed to estimate internal wave energy
directly from seismic data. Krahmann et al. [2008] were able to derive horizontal
wavenumber spectra from profiles that were collected on the Iberian Atlantic Margin.
Kormann et al. [2008] produced a numerical algorithm for simulating a seismic trace from a
sound-speed profile. The seismic trace possessed a sensitivity that is an order of magnitude
better that what can be observed with SO. Biescas et al. [2008] were the first to publish
seismic images of a meddy (Figure 6), and suggested that double-diffusive processes could
indeed be occurring at its margins (as suggested by Ruddick [2003]).

Figure 6: SO image of a meddy, extracted from Biescas et al. (2008).

In addition to the cooperative GO project, the European Science Foundation (ESF) hosted an
Exploratory Workshop on Seismic Oceanography (SOW). The workshop took place in
November of 2008 and attracted a wide international interest, including researchers from the
U.S.A, Canada, Japan and China as well as the aforementioned participants from the EU. A
large portion of the discussion was on Initial findings from the GO project. The SOW also
encouraged dialogue between seismologists and physical oceanographers which had
previously been minimal.
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One of the researchers attending workshop, Barry Ruddick, was the lead author in a paper
published in Oceanography Magazine early in 2009 [Ruddick et al., 2009]. The paper put
forward the idea of seismic profiles as maps of the temperature gradient from the point of
view of an oceanographer. The publication successfully mitigated doubts that some
oceanographers had toward SO. In the same year Buffet et al. [2009] deduced the presence of
mixing and entrainment processes associated with the Mediterranean Undercurrent.
Buffet et al. [2009] concluded that reflection amplitude, temperature and salinity of the
Mediterranean Undercurrent decreased relative to the distance from its source (the Strait of
Gibraltar). Blacic and Holbrook [2009] produced a 3-D image of internal wave structure and
made an estimate on the orientation. It proved to be a proof of concept for the use of 3-D data
sets in SO. Most of the research surrounding SO in 2009 was published in a special section of
the Geophysical Research Letters publication (Seismic Oceanography: A New Tool to
Understand the Ocean Structure). The publication included a total of 11 papers, many of
which are based on work presented in the aforementioned ESF SOW. Fortin and Holbrook
[2009] investigated the importance of a velocity model (Section 2.3.1) for optimal imaging of
SO data and made clear the need for a detailed velocity analysis. Géli et al. [2009] examined
data from high-resolution sources collected as part of the GO project. They showed how so
called dipping reflections crossing isopycnals, which can be visible in images collected with
low frequency sources, are possibly misrepresented. Géli et al. [2009] Suggested that dipping
reflections result from is the insufficient resolving power of the low-resolution seismic data
and that the real structures are actually short sub-horizontal reflections. This issue will be
discussed further in Chapter 4. Géli et al. [2009] also presented profiles from the same
location that were separated in time by only four hours yet showed appreciable temporal
variation. Hobbs et al. [2009] highlighted the benefit of collecting broadband data by
comparing high-resolution data (~80 Hz) to low-resolution data (~20 Hz). Their findings also
confirm the suggestion made by Géli et al. [2009] regarding dipping reflections. Holbrook et
al. [2009] present images of what are believed to be internal tides located near the Norwegian
continental slope. Klaeschen et al. [2009] estimated reflector movement by means of
inversion from an assumed sound-speed model. Krahmann et al. [2009] constructed a
reflection profile from Yoyo-CTD data and compared the slopes of reflections to isopycnals.
They found a strong correlation justifying the use of reflector depth variation as a proxy for
isopycnal displacements. Menesguen et al. [2009] investigated the effect of source bandwidth
on rotating, stratified turbulence surrounding an anticyclonic eddy using numerical models.
Sallarés et al. [2009] calculated the relative contributions of temperature and salinity to ocean
acoustic reflectivity. Their study showed that temperature variations accounted for around
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80% of the reflectivity and salinity 20%. These contributions were found to significantly vary
between structures, in places the salinity was found to account for up to 40% of the
reflectivity. Sheen et al. (2009) used seismic profiles to estimate mixing rates based on
frequency content (spectral density) as a function of the wave number. Vsemirnova et al.
[2009] showed the effect of moving reflections on internal wave spectra. They found that, if
ignored, moving water will distort any analysis made on estimated wavenumber spectra.
The following volume of Geophysical Research Letters (2010, vol. 37) included three
additional papers relating to SO. Papenberg et al. [2010] produced stunning images of 2-D
temperature and salinity profiles of the Mediterranean Water from inverting combined seismic
reflection and hydrographic data, Kormann et al. [2010] applied a forward modeling approach
to produce an accurate synthetic seismic profile from a realistic sound-speed map, and
Quentel et al. [2010] characterised mesoscale and sub-mesoscale from within the Gulf of
Cádiz.
Other publications from 2010 include the following. Pinheiro et al. [2010], who examined
reprocessed legacy data and found that structures associated with the Mediterranean Outflow
Water are seen to be abundant. Buffet et al. [2010] estimated scale-length and scale-length
variability using an application of stochastic methods on SO data. Two papers examining
thermohaline staircases were published; one looking in the North Atlantic [Fer et al., 2010],
the other at the base of the Mediterranean Undercurrent [Biescas et al., 2010].

Figure 7: This figure, taken from Eakin et al. [2011], shows a small part of a SO section with, what are
interpreted as, lee waves flowing over the undulating sea floor. The areas outlined by the orange dotted lines are
regions with lower reflectivity assumed to be the result of turbulence.

In late 2011, at the time of this writing, SO has been used to characterise further structures
including turbidity currents, that is suspended sediment as a result from an underwater
landslide [Vsemirnova and Hobbs, 2011], lee waves [Eakin et al., 2011] (Figure 7) and a
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warm core eddy ring [Yamashita et al., 2011]. An estimate of geotropic vertical shear was
calculated using SO [Sheen et al., 2011] and an analysis of the capabilities of 1-D inversion
methods on SO data was carried out [Kormann et al., 2011]. SO was also used to examine the
thermohaline structures in parts of the South Adriatic Sea [Carniel et al., 2011] and the Luzon
Strait which separates the South China Sea and the Philippine Sea [Tang and Zheng, 2011].
1.3 Local Oceanographic Setting
The setting for this project lies off of New Zealand’s south-east coast (Figure 1). The area of
focus is determined by the three 2D sections running roughly perpendicular to the coast
between the points 47°S 169° 30’ E and 48°S 171° 30’ E. The sea water at the northwest end
of the lines is classed as Subtropical Water (STW). STW is warm salty macronutrient poor,
micronutrient rich surface water, with local temperature and salinity values ranging from
9 - 13°C and 34.6 – 34.9 psu (practical salinity units) respectively. The water mass also
sustains high levels of phytoplankton growth [Boyd et al., 1999; Shaw and Vennell, 2001].
About 40 - 50 km offshore, centered above the 500 m isobath, lies the boundary between the
STW and the colder SAW, the Southland Front (SF; Figures 1 and 8). The SF is a stable,

Figure 8: A schematic image showing the relative relationships between the local water masses. The position of
the Southland Front (SF) lies above the 500 m isobaths. The boundaries in this image are based on criteria from
Shaw and Vennell [2001] and CTD data shown in Sutton [2003].

narrow frontal region representing a local section of the Southern Hemisphere Subtropical
Front (STF). The STF, sometimes referred to as the Subtropical Convergence Zone, circles
the globe at around 30-45°S forming the southern boundary of the STW and the northern
boundary of the SAW. The STF crosses the Tasman Sea at around 45°S before deflecting
south around the lower South Island [Brodie, 1960; Heath, 1985; Houtman, 1966; Jillett,
1969]. The front then turns northwards east of South Island where it is met by and merges
with an induced northward geostrophic flow known as the Southland Current (SC) [Heath,
12

1972; Jillett, 1969; Sutton, 2003]. The STF then narrows and follows the south-east coast
northwards constrained by the continental shelf break before deviating east along the
Chatham Rise outward into the Pacific Ocean [Chiswell, 1994; Heath, 1972; Hopkins et al.,
2010; Shaw and Vennell, 2001].
The Southland Front varies seasonally in width, position and temperature gradient; however
the extent and nature of the variation are debated [Chiswell, 1996; Shaw and Vennell, 2001;
Uddstrom and Oien, 1999]. Hopkins et al. [2010] made an attempt to resolve the dispute by
performing an extensive investigation using 21 years of sea surface temperature (SST) data.
Some of their results are highlighted in Table 1. Their results show an increased temperature
gradient in summer and winter, coinciding with Chiswell [1996] and Shaw and Vennell
[2001], but contradicting Uddstrom and Oien [1999]. Uddstrom and Oien [1999] reported
strong gradients in spring and autumn, and a weak structure during the winter. The position of
the Southland Front (not shown in Table 1) has been shown to be closer to shore during
summer and further away from shore in winter. Hopkins et al. [2010] measured the average
width of the front to be 18.00 km differing significantly from the only other measurement of
8.36 km [Shaw and Vennell, 2001]. The difference is thought to be a result of the differing
level of resolution and Hopkins et al. [2010] credits Shaw and Vennell [2001] to be the more
accurate representation. Elsewhere around the globe, the STF is described as a broad zone, up
to 500 km in width, enclosed by two separate fronts, the north STF and the south STF that
exist to depths of 500 m [Belkin, 1993; Belkin and Gordon, 1996].
Time
1985 - 2005
Spring
Summer
Autumn
Winter

Width (km)
18.00
23.88
15.02
18.02
15.12

Gradient (°C km-1)
0.097
0.079
0.132
0.097
0.103

Table 1: Southland Front properties taken from Hopkins et al. [2010].

Associated with the Southland Front is the Southland Current. The Southland Current is
thought to originate from a barotropic current associated with the Subantarctic Front southeast of the Campbell Plateau. The current flows westward through the Bounty Trough and
then merges with the shallower STF from the southwest where it becomes the Southland
Current [Hurlburt et al., 2008].
The amount of water the Southland Current advects has been shown to be between 3.4 and
12.9 Sv (3.4 x 106 – 12.9 x 106 m3/s) and it is comprised of approximately 90% SAW and
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10% STW [Sutton, 2003]. The composition of this measurement differs from the previous
view of the Southland Current which points to a predominantly STW current [Burling, 1961;
Chiswell, 1996; Heath, 1972; 1975; 1985; Houtman, 1966; Jillett, 1969]. Sutton [2003]
suggests that historical experiments have only examined the near shore and, that if a broader
view is taken, it becomes clear that the coastal flow is actually just the inshore extreme of the
current extending further offshore.
In contrast to the STW, the SAW on the southeastern side of the Southland Front is colder,
fresher, poorer in micronutrients (particularly iron) and richer in macronutrients. Local
temperature and salinity values range from 6–12°C and 34.3–34.5 psu respectively [Boyd et
al., 1999; Shaw and Vennell, 2001]. Below the SAW, between 500 and 700 m, lies the top of
the AAIW [Burling, 1961] (Figure 8). The AAIW is characterised by a salinity minimum at
its core lying at depths between 800 – 1200 m and has local temperature and salinity values
ranging from 2–6°C and 34.3–34.4 psu respectively [Burling, 1961; Shaw and Vennell, 2001].
The formation of the AAIW is thought to be formed by the subduction of relatively cool lowsalinity water along the length of the Polar Front to the south (55°S to 60°S). From there the
AAIW spreads north before travelling anticlockwise around the South Pacific, associated with
the subtropical gyre. A summary image, detailing the relative cross-sectional relationships of
the local ocean masses, can be seen in Figure 8.
The Southland Front system plays an important role in determining both local and larger-scale
oceanographic conditions. The narrow band of STW gives rise to a 2°C inshore buffer from
the colder water further offshore during the winter season. The Southland Current contributes
to the northward advection of water up to the Chatham Rise and further up to the Kaikoura
region after flowing through the Mernoo Gap. Off the coast of Kaikoura, water from the
Southland Current interacts with STW flowing southward from East Cape and also with water
which has flowed though Cook Strait [Sutton, 2003].
Of particular interest are the unexpected sustained periods of elevated levels phytoplankton
production across the STF when warm, relatively iron-rich, and macro-nutrient poor STW
mixes with the cold, iron and silicate poor, but macro-nutrient rich SAW [Boyd et al., 1999;
Boyd et al., 2004; Boyd et al., 2000; Butler et al., 1992]. This unexpected elevation in
productivity may support a valuable deep water fish supply of New Zealand hoki [Bull and
Livingston, 2001; Livingston, 2000; McClatchie et al., 2001]. The increased productivity is
attributed to episodic iron enrichment events [e.g., Banse and English, 1997]. Events such as
dust storms from Australia or offshore eddy transport from iron-rich coastal waters [e.g.,
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Whitney and Robert, 2002]. Boyd et al. [2004] investigated the effects of such events and
found no compelling evidence for iron enrichment due to dust storms. Although their results
do not rule out this possibility, it does suggest that the iron, instead, must come from
significant eddy transportation.
Eddies are a worldwide phenomenon. An inspiring visualisation recently released by NASA:
Perpetual Ocean, displays just how prominent they are [Shirah et al., 2011]. It is assumed that
eddies exist locally as a result of turbulence from the Southland Current; however, there is
little information of their nature. Garner [1959] assumed an isolated temperature increase seen
on a sea surface temperature transect just south east of the STF (close to 47°S) to be the result
of a warm eddy body, and, although not discussed, a warm patch of water seen in SST data
presented in Burling [1961] is perhaps suggestive of an eddy [cf. Figure 2 in Burling, 1961;
and Figure 8 in Richardson, 1993]. Most of the observed turbulence associated with the
SC/SF system is seen to occur where the current travels east along the Chatham Rise as is
evident in SST satellite images (e.g., Figure 9). The turbulence has been described mostly as
filaments or meanders [e.g., Boyd et al., 1999; Butler et al., 1992; Shaw and Vennell, 2000].
The position and nature of the collected data in this project provide a great opportunity to
examine the nature (e.g., size and frequency) of local eddies on a new scale. This evidence
should help us to understand how mixing occurs across the SF. It should also be noted that
previous SO publications, which have had a focus on eddies [e.g., Biescas et al., 2008;
Pinheiro et al., 2010; Quentel et al., 2010], have nearly all been restricted to meddies (i.e.,
Mediterranean outflow eddies). The lenses seen in this project provide new images of eddies
formed under different circumstances and are compared in Section 4.3.

1.4 Similar studies
Studies associated with SO naturally fall into several categories. There are those that have
involved extracting data with the aim of quantifying specific ocean processes such as those
associated with mixing [e.g., Holbrook and Fer, 2005]. Some studies have involved testing
the limits of the SO technique [e.g., Géli et al., 2009], whereas others have investigated
methods for improving the quality of the data [e.g., Fortin and Holbrook, 2009; Hobbs et al.,
2009]. SO has also been applied to investigate specific ocean structures such as eddies [e.g.,
Biescas et al., 2008] and thermohaline staircases [Biescas et al., 2010; Fer et al., 2010].
This study takes advantage of previously collected legacy data and uses SO to image features
associated with local water masses with the goal of gaining a further understanding of the
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mixing processes between them. Other studies that have had similar goals include, but are not
limited to, those by Tsuji et al. [2005] and, more recently, Tang and Zheng [2011].
Tsuji et al. [2005] used SO to examine the Kuroshio Current. They looked at 81 parallel
sections from a 3-D survey. Each line that was examined lay perpendicular to the current and
was separated from its neighbors by 100 m. At the time of this study (2005), SO was not well
understood (comparatively with today), and much of what they saw in their images therefore
could not be discussed with much confidence. Improvements in the data processing could
have included the filtering of the direct arrival. The direct arrival masked nearly half a second
(~300 m) at the top of every section. Further improvements would have resulted from an

Figure 9: Advanced very high resolution radiometer (AVHRR) sea surface temperature (SST) image.
Turbulence is prominent along the Chatham Rise (along the 44° S Latitude line). The resolution of this data is
insufficient to identify any mixing at the SW of this image where the SF is narrow. The image is taken form
Plate 1 in: Boyd et al. [1999].
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accurate velocity analysis [cf. Fortin and Holbrook, 2009]. Tsuji et al. [2005] assumed a
constant sound velocity of 1500 m/s for the whole water column. It is understandable that no
detailed velocity analysis was undertaken on the 81 lines, considering the time it takes to do
just one. This is one area where data quality could have been improved. What they were able
to conclude was the presence of thermohaline structures extending up to and above ~40 km
horizontally on nearly all of the profiles.
The recent publication of Tang and Zheng [2011] examined the thermohaline structure within
the Luzon Strait and further eastward, out into the western Pacific Ocean to where the
Kuroshio Current flows. The study involved re-processing part of a single line collected in
2001 and comparing the observed structures to previous findings. The study was able to
identify the different water bodies associated with the area and also discuss potential mixing
processes, internal waves, and the presence of an inverted crescent shape anomaly.
Comparing Tang and Zheng [2011] to Tsuji et al. [2005], it is noticeable that the quality of
the final stacks (images) differs. This is due to different processing methods. Tsuji et al.
[2005] failed to remove the direct arrival and applied a simple velocity model. Tang and
Zheng [2011], however, removed the direct arrival and applied a rigorous velocity analysis.
Tang and Zhen [2011] also applied a pre-stack depth migration allowing for an improvement
on water depth accuracy. Another likely factor is an improvement in processing technology
and computing power over the last six years.
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2. Data and Processing
In this chapter I will discuss details of the data acquisition and the processing methods I
performed on the data to produce the three seismic oceanographical profiles that are the basis
of this thesis (Appendix 1).
The data used in this project come from two different 2D multi-channel seismic surveys, both
of which were collected off the coast of Southland and Otago. The first, DUN-06, was
collected in late summer to autumn of 2006 by the New Zealand government. The second,
OMV-08, was collected in the summer of 2007-2008. Both data sets were originally collected
for the petroleum industry. The particular seismic lines chosen for this project were selected
because of their close proximity (separated by 2 - 5 km) and run perpendicular to the flow of
the Southland Current (Figure 1). Three lines, one from DUN-06 and two from OMV-08,
were selected to be processed. The aim of examining multiple lines in close vicinity was to
see if we could identify any temporal variation in the Southland Front region, while excluding
geographic (seafloor) effects on the current flow.
The collected data sets and also the processing software used in this project (Globe Claritas)
were designed to examine the sub-surface (geology). There is a vast amount of literature on
the methods to process the data for various geological targets [e.g., Yilmaz and Doherty,
2001]. To date, however, there is no software designed specifically to process data for water
column targets, and, only a handful of data sets worldwide have been designed with seismic
oceanography in mind [Hobbs, 2007]. Processing marine multi-channel seismic data for
oceanographic targets, however, thankfully follows a similar procedure to conventional
methods used for examining the sub-surface. As petroleum industry technology has evolved,
reflections in the water column have become more obvious [Gonella and Michon, 1988;
Holbrook et al., 2003; Hunt et al., 1967; Phillips and Dean, 1991]. Holbrook et al. [2003]
processed their data using conventional methods; however, they ran into problems whilst
attempting to migrate the data. From here research into improving the processing flow to
increase the signal-to-noise ratio and to obtain higher resolution images has been an area of
importance for seismic oceanography [e.g., Fortin and Holbrook, 2009; Géli et al., 2009;
Hobbs, 2007; Hobbs et al., 2009; Menesguen et al., 2009].
The general processing flow applied on the collected data is outlined in Figure 10. The flow is
split into the broad groups, ‘pre-stack’ (section 2.2) and ‘post-stack’ (section 2.4), separated
by an iterative velocity modeling procedure (section 2.3). The same processing flow has been
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Pre-Stack 2.2

Velocity Analysis 2.3

Post-Stack 2.4

Data Input 2.2.1

Raw Stack 2.3.1

Deconvolution 2.4.1

Trace Editing 2.2.2

NMO Correction 2.3.2

Seafloor Mute 2.4.2

Adding Geometry 2.2.3

Final Stack 2.3.3

Band-Pass Filter 2.4.3

High-Pass Filter 2.2.4

Finite Difference Migration 2.4.4

Removal of Direct Arrival 2.2.5

Sorting to CMP 2.2.6
Figure 10: General processing flow showing sections in which each component is discussed.

applied to both the DUN06 and OMV08 data sets, enabling meaningful comparisons between
them.
When processing seismic data, there is overarching goal: to convert the data into a form
useful for interpreting geological features. In the data sets here, that is achieved by producing
2D seismic profiles that maximise signal and attenuate noise. In order to discuss how I
processed the data, it is necessary to explain aspects of the seismic software, Globe Claritas.
It should be noted that much of the data processing was reliant on the pre-developed filtering
algorithms and default settings provided by Globe Claritas. It is acknowledged that much of
processing discussed in this section, unless otherwise specified, is broadly based on the
Claritas dictionary and manual by Ravens [2001]. References to this manual are therefore not
included in the following sections within this chapter.
2.1 Acquisition
Acquisition of the DUN-06 and OMV-08 data sets was carried out independently of this
project. This section will therefore be brief. It is important, however, to understand the
differences between the data sets, particularly when it comes to comparing the results. The
main difference between the survey designs are the airgun arrays used during the acquisition.
A comparison can be made between Figures 11 and 12.
2.1.1 DUN-06 Survey details
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The DUN-06 2D seismic survey was carried out by Multiwave Geophysical on the RV Pacific
Titan for NZ Petroleum & Minerals (at the time known as Crown Minerals) on behalf of the
New Zealand Government. The purpose for the survey was to encourage petroleum
exploration in the Great South Basin prior to an exploration block offer made in 2007. The
survey was carried out between the 14th of February and the 26th of March, 2006 with a total
line length of over 3100 km. The survey was initially planned to have 23 2D lines; however,
due to rough weather the survey was cut short and only consists of 19 lines (16 full and 3
partial). The data are in the public domain and were obtained for this research from NZ
Petroleum & Minerals. In this thesis, the specific line used from the DUN-06 survey was line
DUN-06-013 (Line 13).
Survey and acquisition parameters are outlined in Tables 2 and 3, respectively, with Figures
11 and 13 outlining the gun array and towing setup.
Survey type:

2D

Client:

Crown Minerals

Total source capacity:

4140 in³ (67,842 cm3)

Streamer length:

6000 m

Number of lines:

19 (16 full and 3 partial acquired)

Full fold sail line:

3110.525 km

Contractor:

Multiwave Geophysical Company ASA

Vessel:

Pacific Titan

Table 2: DUN-06 survey parameters.

2.1.2 OMV-08 Survey Details
OMV-08 was acquired by a consortium led by OMV New Zealand between November 2007
and February 2008 on board the vessel Discoverer II. OMV-08 covered an area of around
48,000 km2 (about 40% of the size of the North Island) with a total line distance of nearly
16,000 km, marking it as the largest single seismic survey ever undertaken in New Zealand.
The purpose of the survey was to investigate the oil and gas potential of the Great South
Basin. In the area, a further 2D seismic survey dubbed OMV-10 has also been completed.
Also collected was a joint venture 3D survey, led by OMV and Shell, during the summer of
2010-2011.
Two lines from the OMV-08 data set were selected for this project, OMV-08-42 and OMV08-45. Data were acquired directly from OMV NZ as these data are still proprietary. Approval
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has been obtained to include water column data from these profiles in this thesis and
subsequent publications. The survey parameters are outlined in Table 4 and the airgun array
geometry can be seen in Figure 12.

Figure 11: DUN-06 Gun array plot showing spatial relationships and gun volume in cubic inches. Individual
gun volumes are indicated in each gun ranging from 40 in3 (0.6 L) to 300 in3 (4.9 L) adding to a total volume of
4140 in3 (68 L) from 26 guns. Image obtained from Petroleum Report 3294 [Multiwave Geophysical Company,
2006].

2.1.3 Data
Data collected in both the DUN-06 and OM-V08 surveys were recorded digitally. The data
were demultiplexed and saved in the standard SEGD format. Additional data recorded during
seismic acquisition included the navigational (geometric) data which were stored in a standard
file type called .P190 [Morgan et al., 1983; The Surveying and Positioning Committee, 1990].
The .P190 file stores all the navigation data for each line including the shot number and shot
location as well as the location of each receiver for each shot. The navigational data are
essential, not only in obtaining an accurate line position but also in calculating the velocity of
reflected seismic waves. Although acquisition geometries can be approximated for marine
seismic data, an accurate .P190 can greatly improve the validity and quality of the results.
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Figure 12: The airgun array used in the collection of the OMV-08 data set. This figure outlines the relative
geometry of the array and indicates the centre of the source. Each of the four sub-arrays consists of ten active
and two non-active (red) airguns giving a total of 40. This figure displays the individual airgun volumes; they
range from 40 in3 (6.5 L) at the rear to 250 in3 (4.1 L) at the outer front and result in a total volume of 3980 in3
(65 L). The image was obtained from OMV New Zealand.

Number of channels:

480 (channel 001 nearest vessel)

Record length:

8000 ms

Sample interval:

2 ms

Low-cut filter:

3 Hz at 6 db/Oct

High-cut filter:

200 Hz at 372 dB/Oct

Tape format:

SEG-D 8058

Total number of guns:

26 active

Firing delay from time zero:

50 ms

Shot interval:

25 m

Group length:

12.5 m

Group interval:

12.5 m

Group sensitivity:

21.5 v/bar

Hydrophones per group:

8 in parallel connection (8 per 12.5 m base group)

Streamer depth:

7 m +/- 1.0 m

Table 3: DUN-06 acquisition parameters.
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Figure 13: Towing setup in relation to the Pacific Titan used for the acquisition of DUN-06. Note gun array and
streamer positions. Image obtained from Petroleum Report 3294 [Multiwave Geophysical Company, 2006].

Survey type:

2D

Client:

OMV

Total source capacity:

3980 in3 (65,220 cm3)

Total Number of guns:

48 (40 active, 8 inactive)

Vessel:

Discoverer II

Streamer length:

6000 m

Number of channels:

480 + 27 aux

Record length:

8000 ms

Sample rate:

2 ms

Firing delay from time zero:

50 ms

Shot interval:

25 m

Group length:

12.5 m

Group interval:

12.5 m

Streamer depth:

10 – 12 m

Table 4: OMV-08 survey and acquisition parameters.

2.2 Pre-stack processing
Pre-stack processing (Figure 10) involves the conversion of recorded data into a stacked
seismic profile. Pre-stack processing includes all the procedures applied to the data up until
the raw (first) stack. Noise attenuation is typically a secondary goal and is only done on
particular forms of coherent noise such as obviously bad traces where post-stack filtering will
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have a minimal effect. A swell filter is sometimes applied if marine-data were collected
during rough conditions (e.g., Table 3).
Specific to processing for water column targets is the need to remove the direct arrival within
the near offset gathers. This step is only ever important in the far offsets in conventional
methods, where reflections from the sub surface reach the receivers before the direct arrival.
Section 2.2.5 explains this step.
2.2.1 Data input
The first step in my processing flow can be dubbed data input. It involves the compiling of the
individual SEGD files for each shot into one ordered file. The format used for the compiled
file is called SEGY [Barry et al., 1975]. Globe Claritas uses a slight variation, a Claritasspecific SEGY, for which file names are generally appended with a .csgy extension. The first
shots read in were the first good shot points (FGSPs) and the last were the last good shot
points (LGSPs) as specified by the ship board observer’s logs. As the data were read in, a
bulkshift of 50 ms (up-trace) was applied to all traces to account for the shot firing delay
(Tables 3 and 4).
The following modules were executed in the data input job flow:
1. READSEGD
2. BULKSHIFT
3. DISCWRITE
READSEGD has the ability to read in multiple SEGD files with the aid of a selection file that
I compiled. The selection file is an ordered list of the SEGD file locations. BULKSHIFT was
used to remove the firing delay by applying an up-trace shift of 50 ms, resulting in traces with
a new length of 7950 ms; this was specified in DISCWRITE which was used to output the
data as one CSGY file for each line. The DISCWRITE module is used in each job flow and
from now on in this manuscript will be omitted from the job flow descriptions.
2.2.2 Trace Editing
This step is a form of quality control. It involves removing all or muting parts of noise
contaminated traces including the auxiliary traces (Tables 3 and 4). The method I used for
detecting bad traces was with a module called AREAL. AREAL enables a visual comparison
of amplitudes between all the traces. AREAL plots a grid of the average amplitude (RMS) of
each trace (the value is defined by a colour bar) against the shot number and receiver number.
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Receivers or shots that have higher or lower average amplitudes can easily be identified and
selected for removal. For a more reliable plot the average amplitudes were taken from a time
window of 1000 ms close to the end of the trace (6900 - 7900 ms). This provides a more
accurate view of the noise created from recording system as the sound of the shot has mostly
been attenuated.
The following modules were executed in the trace editing job flow:
1. DISCREAD
2. TREMOVE
3. TREDIT
DISCREAD is the standard module used to read in Claritas-formatted SEGY (CSGY) files
and is used in each job flow; from now on in this manuscript it will be omitted from job flow
descriptions. The TREMOVE module was used in this case to remove all non-live traces
(dummy or auxiliary traces that provide alternate data, i.e., not seismic data). TREDIT is the
module which mutes/zeros specified traces as chosen using the AREAL application.
2.2.3 Adding geometry
Adding the geometry information is the step where traces are labeled with their geospatial coordinates and assigned a common midpoint (CMP) location. There are two main methods
within the Globe Claritas software to calculate the CMP position of each trace. The first is to
calculate the expected CMP value for each trace based on the survey design. The second is to
calculate the CMP position with the shot and receiver spacing from real measurements made
during acquisition. The first method assumes an idealistic situation where all traces have the
expected shot and receiver locations. This, however, is unlikely to be the case due to
unexpected environmental factors such as wind and surface currents. The second method
makes no assumptions and assigns the more accurate CMP positions. The first option is
generally only used if actual measurements are not available.
To assign the geometry, I first used the Claritas geometry application which can convert
.P190 files (Section 2.1.3) into a Claritas formatted geometry file, a .geom file. The .geom
file can be displayed spatially and the amount of receiver drift can be assessed. Following
this, I assumed a straight-line configuration for the CMP bin locations and chose a bin spacing
of 6.25 m (half the receiver spacing). The chosen bin dimension was 4.375 m (parallel to line)
by 100 m (perpendicular). A large perpendicular bin size was required to account for the
streamer’s drift. Each bin represents one CMP and each CMP contains up to 120 traces (with
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an ideal geometry). The geometries of some traces were deemed to be too inaccurate to
include and were, therefore, removed from the data sets. The number of traces in a bin is
called the ‘fold’. For any given multichannel survey the maximum fold can be calculated
using the following equation:
Eqn.1
Where Fmax is the maximum fold, Cn is the number of channels (480 in this case), Cx is the
channel spacing (12.5 m in this case) and Sx is the shot spacing (25 m in this case). A quick
calculation confirms a max fold of 120.
ADDGEOM is the module which adds the geometry data (.geom file) created in the Claritas
geometry application to the trace headers in the CSGY file. If traces are missing from the
geometry file they are muted and the headers are changed accordingly.
2.2.4 High-pass filter
A high-pass (or low-cut) frequency filter is required prior to the removal of the direct arrival
(Section 2.2.5). The high-amplitude low-frequency banding resulting from ocean swell noise
(Figure 14) was found to inhibit the removal of the direct arrival, making this filter necessary.
The application of the filter, however, produced some unwanted edge effects resulting from
the previously applied bulkshift (Section 2.2.1). To counteract this, a taper was applied to the
tops of all the traces prior to the filter. The taper smoothes the top of the traces, which creates
a more natural waveform and when filtered, the result has less aliasing.
A high-pass filter not only makes the direct arrival removal more effective, it also increases
the signal-to-noise ratio, which will in turn strengthen the resolution of the raw stack (Section
2.3.1). An improved raw stack enables a more accurate velocity analysis.
The modules used in the high-pass filter job flow were:
1. TAPER
2. BUTTERFILT
The TAPER module was used to create the taper at the top of each trace. The taper type was
set to cosine function with a length of 130 ms. The effect of this essentially mutes traces down
to 130 ms without having a sharp cut-off. BUTTERFILT was used to apply the filter.
BUTTERFILT was chosen as it can be applied in minimum phase as opposed to zero phase
(the only option for the FDFILT module). BUTTERFILT applies a Butterworth filter, which
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attempts to minimise the ringing (Gibbs) effect as much as possible. The result, however, is a
slight shift in the wavelet. The shift is still significantly less than the zero phase. Chosen
frequency vales for the high-pass filter were 5 and 10 Hz with corresponding amplitudes of
0.05 and 0.95. The chosen frequencies were determined to be the lowest, whilst still removing
an adequate amount of swell noise.

Figure 14: Typical shot gathers of: a raw unfiltered shot (left) and the corresponding filtered shot (right). The
high amplitude banding seen in the raw shot has been removed with a high-pass filter. Frequencies of 5 and 10
Hz were chosen corresponding to amplitudes of 0.05 and 0.95. Note the linear direct arrival and the curving sea
floor reflection. No reflections can be seen from within the water column in these shots as the gain is set too low

2.2.5 Direct arrival removal
The significance of this step differs from conventional methods where its use depends on
water depth. For seismic oceanography, the removal of the direct arrival, is desirable in all
circumstances and importance was first recognised by Nakamura et al. [2006]. The direct
arrival obscures much of the desired reflections in the water column (Figure 15). The direct
arrival is a sound wave that has travelled in a relatively straight line directly from the shot to
the receiver. Figure 15A illustrates what it looks like in a typical shot gather. Because the
direct arrival is a linear function, its removal should not affect the primary data significantly.
It is important, however, to note that far offset reflections can be approximated with a linear
relationship and therefore a cautious approach is necessary.
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To remove the direct arrival, I applied a linear move-out (LMO) at 1480 m/s to the shot
gathers and then removed all linear events with a 1D filter. 1480 m/s is the calculated velocity
of the direct arrival which was obtained by comparing receiver time to the offset and then
finding an average. Following this, an inverse LMO was applied to realign the gathers to their
original positions. The process unfortunately removed some of the primary data (Figure 15D).
Figure 15B shows that the direct arrival has not been completely removed, particularly over
the offset range 0 to 300 m. I have tried several methods to remove the rest, including copying
or ‘mirroring’ the gathers as it was thought that the filter window length may be limiting the
near offsets. The benefit of mirroring was minimal at best and took a long time; it was
therefore left out of the final processing flow.
Direct arrival removal job flow:
1. LMO
2. MEDIAN_H
3. LMO
The LMO module has been used twice in this job flow, the first applies a forward LMO at
1480 ms-1 with a shift of 1000 ms. The second applies an inverse LMO with the same

A

B

Figure 15: A comparison of the effect of the two different attempts at removing the noise from the direct arrival.
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(Figure 15 cont. below) ‘A’ shows the filtered shot gather from Figure 14, ‘B’ and ‘C’ are shot gathers with the
filters applied. A visual comparison can be made between (B) the combined LMO and MEDIAN_H method and
(C) using just the MEDIAN_H module. ‘B’ shows the result of the better filter; however, it is clear that not all of
the direct arrival has been removed. In ‘B’ the direct arrival noise still persists to around trace 15 corresponding
to an offset of around 330 m. In ‘C’ the noise is persistent to an offset of around 630 m. ‘D’ shows the amount of
data which has been removed to produce plot ‘B’.

C

D

parameters. MEDIAN_H is the module which applies the linear filter. I found that the using
the median filter mode (as opposed to average) with a window width of 11 traces worked the
best. A shorter window length removed too much primary data while a longer one did not
remove enough of the direct arrival. The module MEDIAN_H has an option to remove linear
events at specified velocities which means that the LMO modules aren’t necessary; however,
I found that using this function was less effective (Figure 15C).
2.2.6 Sorting to CMP
Sorting to CMP reorders the traces from shot-receiver domain to CMP-CMP trace (or offset).
Each shot gather is separated by 25 m and contains 480 traces; in the CMP domain, each
gather has up to 120 traces that are only 6.25 m apart (Figure 16). The data are sorted based
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on the geometry which was applied earlier. Since sorting to CDP collects reflection data
together from the same geographical position, it is a necessary precursor to stacking.
DISCSORT is the only module (aside from DISCWRITE) used in the job flow. DISCSORT
sorts shot gathers into CDP (primary key) and CDP trace (secondary key) gathers as the data
are read in to a job. This can only be done once the geometry has been added, as the sorting
process uses values from the input files’ trace headers. DISCSORT reads in the chosen file so
in this case DISCREAD is not needed in the job flow.

Figure 16: An example of a typical common midpoint (CMP) gather showing the upper 1.5 s. Several
reflections from within the water column can just be made out over the background noise. The noise and signal
are of comparable amplitudes. The reflections curve downwards as dictated by normal move-out (NMO) and
become incoherent beyond CDP trace 35. Reflections can be seen here because the gain is around 100 times
higher than plots shown in Figures 14 and 15. The plot has been cropped to show only the first 60 (out of up to
120) traces. The top and bottom have also been cropped, hiding both, the remnants of the direct arrival and the
sea floor.
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2.3 Velocity analysis
The velocity analysis (Figure 10) is essentially an iterative forward modeling process and it is
a crucial step in enhancing the resolution in multi-channel seismic data. The aim is to remove,
as best as possible, the effects of normal move-out (NMO) as seen in Figure 16. To do this,
the average (or NMO) velocity at which the seismic wave travelled from each shot to each
receiver must be determined. However, as sound travels across a boundary with a contrast in
the acoustic impedance the velocity changes. It is therefore important to model the changing
velocity with depth. The iterative process works by applying an initial velocity model (2.3.1),
updating it and re-applying it numerous times (2.3.2) until a satisfactory final result (final
stack) can be produced (2.3.3).
An NMO velocity model enables the calculation of the travel time of reflections. The
calculation is based on the offset between the source and receiver as defined by the geometry
and the velocity of the sound wave. The move out for relatively low angles of incidence can
be assumed to be hyperbolic in shape and thus is sometimes referred to as hyperbolic move
out. The equation used is as follows:
Eqn. 2
where t is the travel time, t0 is the travel time at zero offset, v is the seismic velocity above the
reflecting surface and x is the offset. The hyperbolic approximation works better with small
offsets and horizontal (flat) events. It begins to break down when layer boundaries hold
arbitrary shapes [Yilmaz and Doherty, 2001].
As the variation of velocities within the ocean is small (compared to geological targets) one
might be forgiven for assuming a constant sound-speed velocity function when processing
seismic data for oceanographic targets. However, Fortin & Holbrook [2009] showed, by
comparing different velocity models, that a high-resolution velocity model is essential for
observing detail in oceanographic structures. The importance of a thorough velocity analysis
also becomes plain when comparing the examples shown in Figure 17. Figure 17 displays a
comparison between a constant NMO velocity model and an accurate NMO model.
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Figure 17: A section from Line 45 showing a comparison between the quality of a constant NMO velocity
model (1480 ms/s) (left) and the final NMO velocity model (right). Both sections have followed identical
processing steps including post stack processing. Reflections seen in the flat model section (left) appear blurry
and are of lower amplitude than those corresponding in the accurate section (right). Many reflections present in
the right example are difficult to distinguish on the left over the background noise. Of particular importance is
the highlighted low amplitude reflection; without an accurate velocity model, this detail would have been
overlooked.

2.3.1 Raw stack
Stacking is a process that improves the quality of the seismic data by increasing the signal-tonoise ratio. Each NMO corrected CMP gather in these data sets contains up to 120 traces
(maximum fold) each representing a binned geographical location. The stacking process sums
these traces then divides the amplitude of each sample by the number of input traces to give
an average trace. The process constructively strengthens coherent signal and minimises
discrete incoherent events, thereby improving the signal-to-noise ratio. Adjacent summed and
averaged (stacked) CMP traces are then plotted to form a profile.
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The raw stack (e.g., Figure 18) is the first stack made and includes a simple velocity model
that is not necessarily specific to the data set. To produce a raw stack, an initial NMO file
must be created, e.g., by using the initialise .nmo function in the Claritas velocities menu.

Figure 18: A section of the raw stack of Line 45. In this plot the noise is louder at the top of the trace and only
high amplitude reflections can be distinguished. The white band above the seafloor is a result of the applied
AGC.

The function lets the user select velocities for particular times, I chose a constant velocity of
1480 m/s, i.e., 1480 m/s at t = 0 s and 1480 m/s at t = 7950 s (the end of the trace). 1480 m/s
is the calculated velocity of the direct arrival wave (Section 2.2.5). Choosing a constant
function with an expected velocity value produces a more accurate raw stack. This means that
fewer changes will need to be made to the velocity model. Also required, when creating an
initial NMO file, is the geometry file previously used to sort the CMPs and an initial CMP
increment of which I chose 800 (5 km).
The job flow for the raw stack is as follows:
1. AGC
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2. NMO
3. STACK
The AGC module acted in this case as a pre-plot visual aid to enable simpler modification of
the velocity model (Section 3.2.2). The AGC regularises the reflection amplitude in a given
window length (30 ms in this case) enhancing the relatively low amplitude water column
reflections. The process significantly alters relative amplitude information and for this reason
was not used in the final processing flow.
NMO is a module that applies a velocity model as defined by the previously created .nmo file,
in this case the constant velocity model. The NMO module also lets the user choose the
percentage and type of trace stretching to mute out (called a stretch mute). This is necessary
for the farther-offset traces due to the stretching of the trace as a result of velocity corrections.
There is a choice of top-mute or sample-mute. I used a 70% top-mute, meaning traces are
muted down to where the sample rate is within 70% of the collected rate of 2 ms.
The STACK module sums the seismic traces from each CMP gather, outputting a single trace
for each CMP. There are a range of stack modes to use including: Stack (conventional),
Median, Diversity, Alpha Trim, Nstack, Unnormxc, Normxc, Energynormxc and Semblance.
The conventional method was used in this case. The method applies a simple 1/N
normalisation, where N is the number of traces stacked.
2.3.2 NMO correction
NMO corrections were determined using the Claritas Velocity Analysis (CVA) application.
This step took significantly longer than the rest due to its need for detailed interpretive input
from the processing geophysicist. It is perhaps the most important step in improving the
resolution of water column reflections. In this step, the initial velocity model is modified and
updated and the CMP gathers are then re-stacked.
The CVA application allows the user to assign different velocities to each major reflection or
boundary for a selected CMP gather or range of gathers. This process builds and adds to a
velocity map as shown in Figure 19. Figure 19 consists of evenly spaced vertical velocity
functions which have more accurate velocities than the initial, flat, NMO model. CVA
provides tools which aid in this process including constant-velocity gathers (CVG), Figure 20,
constant-velocity stacks (CVS), Figure 21, and semblance plots, Figure 22.
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The CVG utility enables visualisation of pre-stack NMO-corrected CMP gathers at various
velocities. The correct velocity can be identified by aligning or flattening an event as shown
in Figure 20. CVA allows the comparison of up to 10 neighboring CVGs, which aids in
distinguishing between noise and real events. As the pre-stacked CMP gathers have not had
any gain control, CVA enables the application of an AGC to facilitate picking. Care must be
taken when selecting the AGC window length as the difference in reflectivity between the

Figure 19: A screen shot from the Claritas CVA application. Visible here is a section of Line 45 overlain with
NMO velocity ‘picks’. It should be noted that these velocities are very low (compared to the tpical speen of
sound in water ~1500), this is because of a descrepency in the start time (i.e., time zero is innacuratey
represented).

sea-floor and the water is large; if the window length is too great, the lower section of the
water column, just above the seafloor, is effectively muted (Figure 20). A small AGC window
length is therefore needed to resolve events near the sea floor. The use of CVGs is a slow
method for picking velocities; however, it was generally found to be a more accurate method
than semblance plots because of the ability to finely resolve particular reflections over a range
of offsets. For this reason, it was the predominant method used in this project to create the
velocity model.
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Figure 20: A screen shot of the constant velocity gather (CVG) tool used to pick velocities. The left gather has a
constant NMO function set at a velocity of 1438 m/s. This velocity aligns or flattens the reflections at the top of
the trace as indicated by the red arrow. When the velocity is adusted, as seen on the right where the velocity is
set to 1460 m/s, a shift is seen and the aligned refelctions are now further down the trace at around 700 ms. This
CMP gather is from midway along Line 45.

Semblance contour plots were the secondary means for picking velocities. With marine 2D
seismic data, this is typically the main velocity analysis method as it is fast and can be very

precise. However, for SO, the method can be problematic. The precision is affected by faroffset consistency and the signal-to-noise ratio [Yilmaz and Doherty, 2001]. Due to the
stretch, caused by the application of the NMO correction, the far-offsets in the near seasurface were muted out. This, when coupled with the low-amplitude water column reflections,
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resulted in the semblance plots having large uncertainties and could therefore could only be
used as guides (Figure 22). The semblance plots were, however, helpful in identifying
obviously inaccurate interval velocities.
CVSs were also only used as a guide and in this case acted as a backup. I used the CVS
method to check and compare adjacent velocity functions picked with the CVGs.

Figure 21: A comparison of three CVS at different velocities. The CVA application allows up to 250 CMP
gathers to be simultaneously stacked for analysis.

The initial velocity model has functions with a CMP increment of 800 (5 km). The lateral
spacing of the final velocity model was reduced considerably to reduce the uncertainty of
continuous events and to increase the horizontal accuracy. The final velocity function spacing
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was, in general, 200 CMPs (1.25 km). In areas where the complexity was greater, the
increments were reduced to 100 CMPs (750m). A typical NMO corrected CMP gather is
shown in Figure 23.

Figure 22: An example of a semblance plot used to aid in velocity picking. The black line represents the NMO
function with the squares representing individual picks. The blue line is the calculated interval velocity and the
red and purple lines are adjacent NMO functions. The interval velocities acted as a helpful guide for choosing
appropriate velocities of the NMO picks.

2.3.3 Final stack
A section of the final stack of Line 45 can be seen in Figure 24, where a comparison is made
with the raw stack. The final stack can be considered the last output of the velocity analysis as
it uses the final NMO velocity model to produce the stack.
The AGC module was used to control the gain in the raw stack; however, it is more
appropriate for the final stack to use a less “ad hoc” gain correction such as spherical
divergence. Spherical divergence compensates for amplitude attenuation resulting from
geometrical (spherical) propagation of the wave-front through the various layers. It also
counts for the attenuation due to energy dissipation. The amplitude scaling factor (G) for each
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sample is controlled by the time (t) and velocity (V) as defined by the NMO model and is
calculated using the following equation:
Eqn. 3
Spherical divergence, unlike AGC, does not destroy relative amplitude information which
means that meaningful amplitude analyses can be undertaken at a later time.

Figure 23: A comparison of an uncorrected CMP gather (left) with its NMO-corrected counterpart (right). In the
corrected gather, at least three coherent reflections can clearly be made out with positive amplitudes. Note that a
stretch-mute has also been applied, which explains why the traces on the upper right side of the plot are zeroed.

The modules included in the final stack job flow are as follows:
1. SPHDIV
2. NMO
3. STACK
SPHDIV is the module which applies the spherical divergence gain correction. The module
requires the input of an NMO velocity model. Failing that, an option of inputting specific V(t) 39

values is available. In this case, the final velocity model, as determined by the analysis
process above, was used. The default parameters of SPHDIV apply a scaling factor, G(t), as
defined by Equation 3; however, the equation can be modified if desired to account for
specific energy dissipation or dispersion considerations. I used the default parameters
(Equation 3).

Figure 24: A comparison between a section of the raw stack (left) and the final stack (right). Much of the
difference in these plots is due to the method used for gain control. Automatic gain control (AGC) has been
applied to the raw stack and spherical divergence has been applied to the final stack. The final stack has a lot of
noise close to the sea floor but less noise is observed at the surface. This is in contrast with the raw stack where
reflections near the surface are barely distinguishable.

The NMO and STACK modules are essentially the same as those in the raw stack job flow
(Section 2.3.1), the only difference being the chosen NMO velocity model. In this case the
model used was the one defined during the NMO correction (Section 2.3.2).
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2.4 Post-stack processing
The post-stack processing undertaken in this project consists of noise attenuation, both
coherent and incoherent, followed by a finite difference migration. The final profiles can be
seen in Appendix A.
2.4.1 FX Deconvolution
FX deconvolution is a 2D predictive filter used to attenuate random noise (Figure 25). The
filter works first by transforming each trace from the time domain into the frequency domain

Figure 25: A before (left) and after (right) comparison of FX deconvolution. The FX deconvolution results in a
significant reduction in noise while removing minimal signal.

using a Fourier transform, giving a section in FX space (hence FX deconvolution). A Wiener
deconvolution is then applied in the x direction that calculates the predicted signal based on
adjacent traces. Any recorded signal that significantly differs from the expected signal is then
subtracted. Other post-stack coherency filters that were tested included RUNMIX and
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FXRUNMIX. These, however, resulted in a section with a ‘wormy’ appearance and were
therefore not used.
FXDECON is the only module needed for this job flow. FXDECON can only be applied to
one dip at a time and therefore is applied in multiple windows of a chosen size. A larger
window size tends to result in stronger attenuation. I chose a window size of 250 traces by
50 ms with an overlap of 6 traces.
2.4.2 Sub-seafloor mute
In order for the post-stack band pass filter and the migration to work as desired, signals below
the seafloor (i.e., the geology!) need to be muted. If a sub-seafloor mute is not applied
significant edge effects appear above the seafloor (e.g., Figure 26). The issue arises because
of the strong amplitude contrast between the seafloor and the water column.

Figure 26: An example of what happens without muting below the seafloor. The vertical lines in the centre of
the plot are artefacts from the migration and the high amplitude noise between 1.30 and 1.70 s, running parallel
to the sea floor, are a result of the bandpass filter. The noise from the filter masks about a 0.3 s of any potential
signal above the sea floor.
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In order to mute the seafloor a specific mute file for each profile had to first be created. This
was done in Claritas’ XVIEW where the sea floor was picked as a digital horizon (.smu). The
file was then used in conjunction with the SMUTE module to apply the mute.
The SMUTE module is used for end mutes (top or bottom of traces) or surgical mutes
(between chosen horizons). Using the previously created .smu file as an end mute, all the data
below the digitised seafloor horizon were removed.
2.4.3 Band-pass filter
This is the second frequency spectrum filter applied to the data sets, the first being a minimum
phase high pass filter preceding the removal of the direct arrival as discussed in section 2.2.4.
A band-pass filter was used to further attenuate random high frequency noise and to remove
more low frequency noise obscuring some higher frequency detail (Figure 27).

Figure 27: A before (left) and after (right) look at the effects of the post-stack band-pass filter. The filter
removes high frequency noise which is most evident in the deep water. Low frequency noise removal is minimal
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(Figure 27 cont.) removing rare anomalies like that highlighted. Note that the filtered plot has also had the subseafloor muted (see text).

Band-pass filter job flow:
1. BUTTERFILT
As with section 2.2.3 the BUTTERFILT module was used. However, this time a zero-phase
filter was used as it proved to produce the best image. Chosen frequencies were 10, 15, 80 and
100 Hz were the chosen values with corresponding amplitudes of 0.05, 0.95, 0.95 and 0.05
respectively.
2.4.4 Migration
Migration is the step in seismic processing where misplaced seismic energy is shifted to its
correct location in time (or depth) and offset position (x direction). This includes dipping
reflections and diffractions. Energy misplacement is greater in areas where there are larger
horizontal or vertical changes in velocity such as steeply dipping or curving reflections.
Migration is essential for accurately displaying geological features such as faults and folds
and intrusion boundaries. When it comes to processing for water column targets migration
may be most important for images of dipping water masses and rapid changes in lateral
properties. However, the velocity structure of the water column typically has little horizontal
and vertical variation in relative terms, and reflections have shallow dips (the steepest dip
calculated from this projects sections can been seen in Figure 28 with a dip of around 5°).
The chosen method for migration in this project was finite difference migration. Finite
difference migration is a time migration routine that works well on sections with relatively
flat (up to ~60°) dip and is also able to account for lateral variation in the velocity field. This
was because there were no steeply dipping (>60°) structures and the method accounts for
lateral velocity variation. Another method which was considered was a post stack Kirchhoff
migration; however, the output image was inferior.
A finite difference migration requires the conversion of NMO velocities into interval
velocities. Interval velocities represent the constant velocity of single layers. An interval
velocity grid can be constructed using the Claritas Isovels application. Isovels is a graphical
velocity model editor which can be used to edit individual velocity functions and apply simple
smoothing processors. Smoothing was first applied to the velocity functions before being
output into an interval velocity grid. Smoothing processes included running mixes of the
functions coupled with a low pass filter and a vertical de-spike.
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Once the interval velocity model was created, the finite difference migration could then be
run. The module is called FDMIG and is the only module needed in this flow. FDMIG lets the

Figure 28: A section from Line 45 showing the steepest sloping reflections seen across the data sets. The
calculated angle of dip is 5°. The reflections appear much steeper in this image due to large vertical
exaggeration.

user vary the factor of the cosine cut-off angle between 0° and 60°. The optimal angle is 45°,
which was used in this case. If dips exist that are steeper (e.g., up to 70° or 80°) it might be
worth trialing the cut-off at 60°; however this creates stronger impulse responses. FDMIG
also lets the user select the time window size for the calculation, the smallest being 25 ms. A
smaller window length increases processing time but results in a more realistic result. I chose
a 25 ms window. The final migrated profiles of lines 13, 42 and 45 can be seen in Appendix
A-1, A-2 and A-3 respectively. The difference between the pre- and post-migration images is
fairly small; this is due to the fairly flat nature of the reflections.
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3 Observations and Interpretations
In this section, the key observations associated with the general configuration of the
thermohaline structures seen in Appendix A-1, -2 and -3 are highlighted and their significance
is described. Then a range of specific anomalous features are identified and examined in
detail. At the end of the section are temporal comparisons between the profiles

3.1 General Thermohaline Structure
The final migrated sections (Appendix A) show images of the thermohaline structure along
the three parallel transects. Note that these plots have a very large vertical exaggeration factor
of 25 where 100 m in depth is equivalent to 2.5 km laterally.
3.1.1 Resolution

The resolution is defined as how close two points can be whilst still remaining
distinguishable. There are two types of resolution to consider for 2-D multi-channel seismic
data, vertical and horizontal, and both are controlled by the bandwidth of the controlled
source (airgun array). The following is based on information from Yilmaz and Doherty
[2001] which should be referred to for further details.
3.1.1.1 Vertical Resolution

Figure 29 shows the frequency spectra of Lines 13, 42 and 45. The spectra have been taken
from the entire plot seen in Appendix 1, below the effect of the direct arrival (~150 ms). The
peak amplitude occurs at a frequency of 30.0 Hz; it can be used to determine the effective
vertical resolution, as given by the Rayleigh criterion. The Rayleigh criterion is the minimum
separation needed to discern two sharp reflections [Sheriff and Geldart, 1995]. The
approximate vertical resolution R can be calculated as follows:
Eqn. 4
Where c is the sound speed, f0 is the peak frequency and

is the equivalent wavelength.

Using the frequency at the peak amplitude from Line 13, 30.0 Hz, and a constant velocity of
1480 m/s, the approximate vertical resolution is found to be 12.3 m. For Line 42 (peak
amplitude at 28.3 Hz) the calculation yields a vertical resolution of approximately 13.1 m.
The vertical resolution of Line 45 was calculated to be around 12.7 m. This is from a peak
amplitude at 29.2 Hz.
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From Figure 29 it is evident that the frequency spectrum from Line 13 has a slightly higher
frequency peak amplitude and also has a greater bandwidth. Its effect can be seen when
comparing the profiles (Appendix A). The reflections from Line 13 appear thinner revealing
slightly more detail than the OMV lines, particularly with Line 42, the bandwidth of which is
the smallest. This is likely due to a difference in acquisition parameters as the processing
procedure was identical. The difference is likely that of the airgun array configuration
(Figures 11 and 12). The array for DUN-06 has a slightly higher volume, 4140 in3 (68 L) as
opposed to 3980 in3 (65 L). DUN-06 also uses fewer airguns, 26 as opposed to 40. Both of
these factors are likely to produce differing effects on the frequency spectrum.

Figure 29: A comparison of the normalized frequency spectra taken from each data set. Line 42 is seen to have
the overall lowest frequency and the smallest bandwidth. Line 13 has the highest bandwidth and higher overall
frequencies. These frequency data have been extracted from the entire water column lying below the effect of the
direct arrival (~150 ms). Peak amplitudes occur at 28.3 Hz, 29.2 Hz and 30.0 Hz for Line 42, 45 and 13
respectively.
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3.1.1.2 Horizontal Resolution

The horizontal resolution, before migration, is defined by the radius of the Fresnel zone [cf.
Yilmaz and Doherty, 2001] and is defined by equation 5 below [Yilmaz and Doherty, 2001 eq.
11-2b].
Eqn. 5

The Fresnel radius (r) increases with depth (t0), sound velocity (v) and decreasing peak
frequency (f0). For Line 13 at 1.00 s, using a velocity of 1480 m/s and the peak amplitude
frequency of 30.0 Hz (Figure 29), the radius is calculated to be 130 m. The Fresnel radius is
improved by applying a migration, which collapses the radius, in an ideal situation, to a
distance equal to the effective vertical resolution, i.e., Equation 4 [cf. Yilmaz and Doherty,
2001]. Post migration, therefore, the horizontal resolution lies between the Fresnel radius and
the effective vertical resolution. This is between 130 m and 10.5 m for Line 13 at 1 s.
3.1.2 Observations

Appendix A contains full plots of the final migrated sections. Four main regions are observed
in each of the three profiles (Figures 30 – 32) as characterised by distinct reflectivity patterns
as described below.
(1) The shallowest, most NW region (Region 1) exists down to a time of 0.5 - 0.65 s
(375 - 500 m). The region is characterised by continuous sub-horizontal reflections,
some extending up to lengths of 25 km, and exhibit relatively high amplitudes. The
limits of Region 1 extend furthest to the SE in Line 13 (Figure 30), with its boundary
located at CMP 18500. This is equivalent to a distance of 55 km from the shelf break.
Region 1 as seen in Lines 45 and 42 (Figures 31 and 23, respectively) extends a
shorter distance, only around 22 km in line 45 and 35 km. Region 1 reaches the
greatest depth in Line 42, around 500 m.
(2) Region 2 represents the upper 400 – 500 m of the rest of the profiles and lies directly
below and SE of Region 1. Reflections in this region are generally low in amplitude;
however, there are also many short isolated reflections with moderate amplitudes
(Figure 30). High- amplitude reflections are rare and exist only in Line 45 as localised
vertical stacks around CMPs 14000, 17000 and 19000 (e.g., Figure 33). Where
Regions 2 and 1 meet, a low- amplitude region is found that is mostly free of
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reflections and extends down to the sea floor in Lines 42 and 45 at around 700 m. In
Line 13, this region only reaches a depth of around 600 m. Further to the SE, the low
amplitude region gives way to a chaotic arrangement of isolated reflections with
varying amplitudes. Region 2 is host to a number of isolated lenses that are discussed
later in sections 3.2 and 4.3. The area within Region 2 that is host to the most
reflections is seen on Line 13, SE of CMP 10000. The boundary separating Region 2
from the region below (Region 3) is not well defined and varies in a disordered
fashion between depths of 400 – 700 m.
(3) Region 3 is defined as a moderate-to-high amplitude band of reflections between
depths of 400 – 1000 m. The band slopes gently downwards at the NW end of the
profile before it contacts the sea floor on the slope. The strongest reflections can be
seen in Line 45 between CMPs 15000 and 23000 at a depth of around 600 m.
Reflections tend to be the strongest below the lenses. As with the boundary between
Regions 2 and 3; the boundary between Regions 3 and 4 is also poorly defined,
varying between 1.0 s and 1.4 s (750 m and 1000 m).
(4) Region 4 is the deepest region and is in contact with the sea floor for most of the
length of all three profiles. This deep region is mostly free of reflections with the
exception of a few dispersed between CMP’s 9500 and 23000 in Line 42. These
reflections have low amplitudes and appear to be semi-continuous (up to 12 km).
3.1.3 Interpretation

The general oceanographic water masses in the study area are well understood at a coarse
lateral scale and a broad array of literature discusses their various characteristics (Section 1.4).
The nature of the data presented in this study, however, is different to any previously
collected in the area (Section 1.2). This section, therefore, draws upon previous studies to aid
in the interpretation of the observations recorded above. Also included are two satellite SST
images collected contemporaneous to the seismic acquisition of Lines 13 and 45 (Figures 34 –
35). Unfortunately satellite images are not available for the period of Line 42, due to cloud
cover.
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Figure 30: Line 13 overlain by an interpretation. The green (Region 1) represents the extent of the Southland Front, blue (Region 2) represents the SAW, yellow (Region 3)
represents the boundary between the SAW and the AAIW and the red (Region 4) represents the lower AAIW. The white section represents the muted seafloor. The vertical axis is
measured in time (two-way-time) and the x-axis refers to the CDP number (each separated by 6.25 m). For further discussion on the regions refer to text.
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Figure 31: Line 45 overlain by an interpretation. The colour scheme is as mentioned in Figure 30 above.
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Figure 32: Line 42 overlain by an interpretation. The colour scheme is as mentioned in Figure 30 above.
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Figure 33: An example of a ‘vertical’ stack of reflections from line 45. The structure appears less vertical here
than in Figure 31 due to reduced vertical exaggeration. Above 0.5 s high-amplitude reflections appear to gently
slope SE. Below, however, the reflections appear to slope NW. The amplitude to the NW of the structure is very
low, showing little to no reflections. This is inconsistent with water to the SE where the amplitude is moderate
and reflections are clearly visible.

3.1.3.1 Southland Front Region

Due to its geometry and position, Region 1 is thought to represent the thermohaline structures
of the Southland Front (SF) region at depth. This may be in contrast, however, with what the
contemporaneous satellite SST images suggest (Figures 34 and 35). The SST images show
that the position of the greatest temperature change occurs just NW of the sections. While this
may be the case, the surface water at the NW end of the profiles is still much warmer, ~11°C,
than the observed SAW, <9.5°C. It is assumed that the collection of high amplitude
reflections, defined as Region 1, is the result of this temperature change. This interpretation is
also supported by CTD data from October 2000 displayed below in Figures 36A and 36B
[Sutton, 2003]. The figures show cross sections of temperature and salinity, respectively.
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Figure 34: An SST image from data collected from the Moderate-resolution Imaging Spectroradiometer MODIS
onboard the satellite Aqua. The data in this image are from an 8-day composite collected during night passes
over the period from 22nd to 29th of March 2006. The resolution is 4 km. Also in this image is the location of
Line 13 (collected on the 23rd of March 2006). The black spots represent the lack of data due to cloud cover. The
position of the SF is indicated by the 1°C decrease change from around 12 (pink) to 11°C (red). Note that Line
13 does not cross it. Surface temperatures along Line 13 lie mostly around 10.7°C until the SE end where the
temperature drops to around 10.2°C. Temperature scale is in °C

The CTD data in Figure 36A show a relatively rapid change of around 3°C from the water’s
surface in the west to where the isotherms widen. This occurs over similar depths
representative of Region 1. The CTD data have large limitations when compared with seismic
data as they are not contemporaneous and their location is about 150 km further north.
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Figure 35: An SST image from data collected from the Moderate-resolution Imaging Spectroradiometer MODIS
onboard the satellite Aqua. The data in this image are from an 8-day composite collected during night passes
over the period from 19th to 26th December 2007. The resolution is 4 km. Also in this image is the location of
Line 45 (collected on the 25th – 26th of December 2007). The position of Line 45 falls just short of the SF surface
expression, which appears more defined in this image than in Figure 34. The surface temperatures for the NW
20-30 km of Line 45 are around 11°C before dropping to a range 0f 10.3°C to 10.6°C for the rest of the profile.
A large warm mesoscale surface feature is visible to the NE. Temperature scale is in °C

Previous measurements of the Southland Front put its width between 8 and 25 km [Hopkins et
al., 2010; Shaw and Vennell, 2001]. The width of Region 1 is significantly wider, up to 55 km
as suggested in Line 13 (Figure 30). This is likely because of the region’s depth. An ocean
front is defined by an enhanced horizontal change in hydrographic properties, i.e., a near
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vertical boundary; however, at depth the boundary between STW and SAW water becomes
sub-horizontal as shown in the seismic sections.

Figure 36: Temperatue (A) and salinity (B) profiles taken from Figure 2 of Sutton [2003]. The plots have been
created from CTD measurments from a profile collected during October 2000 running east-west just north
of -46° S (about 150 km north of the sismic dat asets). The triangles above the temperature plot indicate the
location of the measuements. In ‘A’ note the relatively closely spaced isotherms between 7°C and 4°C. A
salinity minimum is visible eastwards of 172° and between 500 m and 1000 m depth.

3.1.3.2 Sub-Antarctic Water

Region 2 is assumed to represent the greatest part of the SAW. This interpretation is based on
its seaward position relative to the SF and its water depth [Heath, 1985; Jillett, 1969; Sutton,
2003]. The general low amplitude character of Region 2 is indicative of a homogeneous
temperature field or one with a gradual change. This is consistent with previous investigations
of the SAW [McCartney, 1977; Sallee et al., 2006; Sutton, 2003]. Figure 36A shows a
relatively gradual temperature change between 8° and 7°C at depths between 100 and 500 m.
These temperatures lie within the limits of SAW, as defined in Table 5.
Water Mass

Temperature (°C)

Salinity (psu)

Subtropical Water (STW)

9 – 13

34.6 – 34.9

Subantarctic Water (SAW)

7 - 12

34.3 – 34.5

Antarctic Intermediate Water (AAIW)

4-6

34.3 – 34.4

Pacific Deep Water (PDW)

1-2

34.6 – 34.8
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Table 5 (previous page): Temperature and salinity values for water masses off the East Coast of New Zealand’s
South Island. Data are from Jillett [1969], Heath [1972; 1981], and Smith [1994], as seen in Shaw and Vennell
[2001].

3.1.3.3 Antarctic Intermediate Water

The interpretation of the Region 3 is thought to represent an upper section of AAIW, perhaps
including the boundary with the overlying SAW. It has been identified as a sub-horizontal
region with an increased level of reflectivity. This is compared with relatively reflection free
areas both above and below (i.e., Regions 2 and 4). The increased reflectivity, especially
beneath the lenses, is suggestive of an increase in the rate of temperature change. Figure 36A
shows an increased rate of temperature change between 7° - 4°C at depths which correlate
well with Region 3. A comparison with these temperatures and those from Table 5 yields a
temperature overlap between SAW and AAIW. A salinity minimum can be identified from
data shown in Figure 36B at around 750 m. The minimum is the signature for the core of the
AAIW [Heath, 1985]. A depth of 750 m would put the core close to the base of Region 3.
3.1.3.4 Lower part of the Antarctic Intermediate Water

Region 4 is the deepest section and is therefore assumed to represent the lower part of the
AAIW. The lack of reflections is attributed to the fairly constant cool temperatures at depth
(Figure 36). Amplitudes may also be lower due to attenuation of signal in the overlying water
masses. This seems unlikely, however, as previously collected seismic data with a smaller
source [e.g., Quentel et al., 2010], produced strong amplitude reflections to depths close to 2 s
(1500 m). Water at greater depths than AAIW is defined as Pacific Deep Water (PDW),
which has a core depth between 3000 - 3500 m. Depths in these data do not exceed 1300 m
and therefore, PDW is not likely to be present.

3.2 Mesoscale and Sub-mesoscale features
The high lateral resolution of these data allows for the investigation of structures that are
smaller, more intricate and more detailed than just ocean masses. Such features include, but
are not limited to, mesoscale and sub-mesoscale eddies. Eddies can be identified as
anomalous areas of very low reflectivity (in this case ranging from 9 – 30 km across, see
Figures 37 - 41). Mesoscale features range in size from 10 – 500 km across whereas submesoscale features are between 1 and 10 km [cf. Capet et al., 2008]. The scale that SO can
resolve is perfect for examining detailed ocean features associated with eddies at both of these
scales.
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3.2.1 Lens 1

Within Line 13, located at the base of Region 1 between CMPs 19500 and 21000, is a
concave structure (Lens 1, Figure 37). The structure appears to be ‘intruding’ into the lowamplitude SAW below (Region 2). The structure is about 300 m in depth and around 9 km
across. Its top is at a depth of approximately 200 m and it extends down to around 500 m. The
concave lens is outlined by a semi continuous curving reflection at the base and short subhorizontal reflections at its sides. The lens broadens nearer the surface with the reflections on
its lateral bounds opening out. Inside the structure lies a low amplitude core, mostly free of
reflections. However, there are curving sub-continuous reflections with moderate amplitude
crossing its width near the base.

Figure 37: Lens 1 from Line 13. See text for description of the identified features. CMP spacing 6.25 m.
Vertical exaggeration ~20:1

The low-amplitude core of Lens 1 implies a zone of well mixed water. It is thought to
represent a sub-mesoscale eddy. Eddies observed in SO data have broadly been described as
having low amplitude cores with high amplitude reflections dominating the upper bounds and
reflections of varying amplitudes at the lower and lateral bounds [Biescas et al., 2008; Buffett
et al., 2009; Pinheiro et al., 2010]. This lens differs from other lenses seen in these data. First,
it broadens towards the surface, suggesting that it may have a surface expression.
Unfortunately this could not be determined from coincident SST data due to cloud cover
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(Figure 34). Second, it is within the interpreted SF region (Region 1) where it is assumed the
other lenses (within the SAW, Region 2) have originated (Section 3.2.2). If the assumption is
correct it implies that Lens 1 was, at the time of acquisition, in development. Further aspects
of this lens are discussed later in Section 4.3
3.2.2 Lens 2

Figure 38 shows perhaps the most obvious feature in Line 13 which lies near the centre of the
plot, between CMPs 15500 and 13000. The feature (Lens 2) is an enclosed lens of water that
consists of up to three concentric rings of reflections. It is centered on CMP 14000 at a depth
of around 200 m. The high-amplitude reflections at the base of Lens 2 are continuous,
whereas the sides are manifested as stacks of very short horizontal reflections with
comparably lower amplitudes. The top of the structure cannot be seen as it is masked by the
remnants of the direct arrival. Lens 2 appears to be around 15.5 km across and has a thickness
of about 950 m.
Lens 2 likely represents an eddy. This idea is again based on previous seismic observations of
known eddies [e.g., Biescas et al., 2008] and its spiral extent [Brandt, 1975]. The upper bound
of Lens 2 is unfortunately too shallow to be imaged and thus cannot aid in the interpretation.
The centre of Lens 2 lies at a depth of about 200 m within the SAW and is assumed to be
gravitationally stable. Because of its close proximity to the SF region, it is assumed that the
eddy formed at its edge in association with turbulence. The lens also shows well-developed
internal fine structure contrary to the typical description; however, this is not unheard of [e.g.,
Biescas et al., 2008]. The cause of the apparent internal fine structure is not yet well
understood. Biescas et al. [2008] proposed two explanations for those associated with the
Mediterranean Outflow, either: (a) a snapshot of the eddy within the outer intrusive mixed
section, or (b) a well evolved eddy where the lateral intrusions have made their way into the
centre. Conversely, Buffet et al. [2009] attributed the structure to a lack of evolution,
suggesting that the eddy had not had time to fully mix. There is no evidence for this feature in
the SST image (Figure 34).
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Figure 38: Lens 2 from Line 13. See text for description of the identified features. CMP spacing 6.25 m.
Vertical exaggeration ~40:1

3.2.3 Lens 3

Located within Line 45 lie two low amplitude lenses (Lenses 3 and 4). Lens 3 (Figure 39) is
centered on CMP 11700 at a depth of around 400 m. It has a width of about 30 km and a
depth of around 500 m. It has a NW boundary that lies at about CMP 9200 which is a sharp
vertical structure consisting of short stacked reflections of moderate amplitude each of which
extend no more than 600 m. The SE boundary of the lens is at CMP 14000 and is also made
of short vertically stacked reflections. The reflections of the SE boundary, however, are more
defined, have higher amplitudes and form a concave-NW curving structure (Figure 33). The
upper reflections seen in Figure 33 slope down in an apparent SE direction and the lower
reflections have an apparent NW slope. Directly inwards from both edges are areas about
6 km wide that are free of reflections (and seemingly noise). There is then a gradual increase
in amplitude further toward the centre, where three or four vertically oriented stacks or
reflections can be intermittently defined that are internal to the feature. The base of the lens is
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poorly defined, and reflections are seen to slope gradually NW until they lose continuity and
meet the inclined sea floor. The top of the lens, similar to Lens 2, is masked by the effect of
the direct arrival.

Figure 39: Lens 3 from Line 45. See text for description of identified features. CMP spacing 6.25 m. Vertical
exaggeration ~40:1.

As with Lens 2, Lens 3 is also likely to be a cross section of an eddy and its interpretation is
therefore similar. However, unlike Lens 2 its internal structure is less regular, which may
suggest a different stage in its evolution. Lens 3 is consistent with previous seismic
oceanographic reports on eddies although, again, the upper boundary is not shown [Biescas et
al., 2008; Pinheiro et al., 2010]. Lens 3 is discussed further in Section 4.3.
3.2.4 Lens 4

Lens 4 as shown in Figure 40 is centered on CMP 18200 at a depth of 400 m. This lens is
smaller than Lens 3, only about 12.5 km across, but spans the same depth (~500 m). The core
is nearly free of reflections; however, it contains one weak but distinct curving reflection
situated NW of the centre. The sides are both made of short sub-horizontal stacked
reflections. The base has similar characteristics as the aforementioned Lens 2 (Figure 38). The
base is indicated by sub-horizontal reflections with high reflectivity and strong lateral
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continuity. The top of the lens is again concealed by the effects of the direct arrival. However,
what is noticeably different is a change in the curving direction of the lens walls. At about
200 m, the edges widen a little as if opening up towards the sea surface.
Lens 4 is interpreted to be another eddy lying within the SAW. This eddy is unique in that its
lateral bounds appear to have inflections at a depth of about 200 m. This could be a result of
an interaction with the sea surface suggesting that it may have a surface expression. The SST
data (Figure 35) does not show this, however. For further discussion, refer to Section 4.3.

Figure 40: Lens 4 from Line 45. See text for description of identified features. CMP spacing 6.25 m. Vertical
exaggeration ~20:1

3.2.5 Lens 5

Line 42 is host to a relatively low amplitude lens of water seen close to the centre of the
profile at CMP 16500 (Lens 5, Figure 41). Lens 5 is about 9 km across and has a thickness of
250 m centered on a depth of 300 m. There is no internal structure and, similar to Lens 4, the
amplitude appears lower in the lens than what is assumed to be the background level. The
base of the lens is very similar to the aforementioned Lenses 2 and 4, i.e., it consists of
continuous high-amplitude sub-horizontal reflections. The sides of Lens 4 differ, however.
Both walls have a component of dip, particularly the NW wall (CMP 15800) which has a
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slope of about 5°. (The appearance appears near vertical in Figures 28 and 41 due to strong
vertical exaggeration). The top of this lens is visible in this case and consists of moderate
amplitude reflections of variable length.

Figure 41: Lens 5 form Line 42. See text for description of identified features. CMP spacing 6.25 m. Vertical
exaggeration ~25:1

Lens 5 is the smallest lens seen in these data but also is interpreted to be an eddy (of submesoscale). The upper bound is visible here at a depth of about 200 m which implies that
there should be no surface expression.

3.3 Temporal Comparisons
The analysis of closely spaced parallel data sets allows for temporal comparisons to be posed.
As Line 13 was collected in the autumn of 2006 and Lines 45 and 42 were collected in the
summer of 2007-2008, seasonal comparisons can be made. Sub-mesoscale features in the
ocean can change on timeframes as short as hours or days [Capet et al., 2008]. It is, therefore,
impractical to focus at this scale when comparing data sets separated by nearly two years.
Here the attention is focused on the relative positions of larger ocean features, such as the SF.
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The extent of Region 1, interpreted here as the SF, is in agreement with its most recent
observations [Hopkins et al., 2010]. Hopkins et al. [2010] showed that the width of the SF is
greatest in autumn and spring and smallest in winter and summer. Their data also suggests
that the SF lies furthest landward during summer. In these data, Lines 45 and 42 (summer)
have significantly smaller (narrower) areas defined as the SF than in Line 13 (autumn). Line
13 shows the SF region extending further seawards by around 20 km. A comparison of the
surface expressions shown by the SST data (Figure 34 and 35) puts the front about 10 km
further offshore at the time of the acquisition of Line 13.
There appears to be only one other difference that could possibly be interpreted as seasonal,
and that is the size of Region 3. In Line 13, Region 3 is seen to extend the closest to shore,
nearly 20 km closer than either Line 45 or 42. The region also appears to cover a more vast
depth range, particularly around CMP 16000, where it has a depth of around 0.9 s (650 m).
Region 3 is a region with relatively high amplitudes, and as high amplitudes tend to reflect
larger temperature changes, a thicker region may suggest a greater temperature change
between Regions 2 and 4 (SAW and AAIW). This idea would require the SAW to have a
higher relative temperature to the AAIW during the time of acquisition. This might be
expected during the warmer summer season but seems unlikely during autumn when Line 13
was collected. Further observations are needed in the area to confirm the validity of these
potential seasonal interpretations. It is anticipated that as more and more of OMV and
DUN-06 data are analysed, better assessments of the temporal variability of these features
will be seen.
The acquisition of Lines 45 and 42 was separated by just over three weeks (22 days). They
were collected on the 25-26th of December 2007 and 17th of January 2008, respectively. A
comparison between these two data sets shows that the general structures of the inferred water
mass boundaries tend to be comparable. The largest variation is seen in the assumed SF
(Region 1). The front appears much more defined in Line 42 than in Line 45, containing an
area with lower amplitudes in the furthest NW part of the section. It also extends further
offshore by around 5 km. This change is small in comparison to those between Line 13, which
is expected as they are both collected in the same season, summer. It is impractical to
compare smaller scale (i.e., sub-mesoscale) reflections or structures. This is based on
observations in a study by Jones et al. [2010] which show significantly different plots from
the same location separated by only 17 hours.

4. Discussion and Conclusions
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4.1 Reflection Variability
Reflections in SO occur as a result of relatively abrupt changes in sound speed, or more
correctly, acoustic impendence (Section 1.2.2). These changes predominantly arise from
thermohaline anomalies (e.g., eddies) which laterally advect along isopycnals. Isopycnals can
be assumed to have very shallow spatial gradients [Cox, 1987] and the reflections, therefore,
are typically sub-horizontal. Horizontal reflections can extend for tens of km as can be seen
on Line 13 in Region 1 and they also can be short (10s to 100s of m), like the isolated
reflections seen in the SE section of Region 2 within Line 45.
Three main reflection styles (Sections 4.1.1 – 4.1.3) are regularly observed in the data
presented in this thesis.
4.1.1 Internal Waves

Throughout the seismic data, reflections are seen to undulate across the sections. The
undulations have amplitudes of around 15 m and horizontal wavelengths which vary on the
order of hundreds of metres to kilometers (Appendix A). The displacement is seen to be in
phase with multiple reflections vertically separated by hundreds of metres. Holbrook and Fer
[2005] attributed this to the displacement of isopycnals by internal wave motion. Their
findings are consistent with the Garrett and Munk internal wave model [Munk, 1981] (Figure
5).
4.1.2 Isolated Stacked Reflections

An interesting arrangement of reflections occurs at the inferred boundaries on Lenses 3 and 4;
short moderately sloping reflections are seen to be stacked covering a vertical distance of
around 500 m. This is most obvious in Figure 33. Similar structures associated with eddies
have been reported in previous literature [e.g., Biescas et al., 2008; Pinheiro et al., 2010]. The
reflections within the structures are thought to represent thermohaline intrusions. A
thermohaline intrusion is the inter-fingering of an adjacent water-mass along an isopycnal
[Ruddick and Gargett, 2003]. Thermohaline intrusions are driven by a process called doublediffusion and occur at thermohaline fronts where there is a meeting of water with differing
T/S profiles [Ruddick, 1992]. The interleaving of water between the eddy core and its
surroundings give rise to narrow (several km) regions of temperature and salinity inversions
that can be detected by seismic waves.
4.1.3 Steep reflections
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There are several locations where reflections appear steep, too steep to be explained by
thermohaline intrusions [Pinheiro et al., 2010; Ruddick, 1992]. An example of this is seen in
Figure 28. Figure 28 shows the NW boundary of Lens 5 sloping at around 5°. The set of
reflections appears to cross isopycnals, the orientations of which are assumed to be subhorizontal in accordance with nearby reflections. Without supporting density measurements,
however, an accurate orientation of isopycnals can’t be determined.
There are currently two ideas surrounding the presence of steeply dipping features in SO
profiles. One hypothesis involves the tilting of thermohaline intrusions by sheared isopycnal
advection [Pinheiro et al., 2010], and the other dismisses them as artefacts resulting from the
insufficient resolving power of low-frequency seismic data [Géli et al., 2009; Hobbs et al.,
2009]. Pinheiro et al. [2010] fails to address the theory put forward by both, Géli et al. [2009]
and Hobbs et al. [2009] although it should be noted, that although the publication by Pinheiro
et al. [2010] postdates the works by Géli et al. [2009] and Hobbs et al. [2009]; its reception
and acception dates predate them. It seems therefore likely that the steep reflections seen in
these data are mostly in accordance with conclusions drawn by Géli et al. [2009] and Hobbs et
al. [2009], i.e., that they are not of high enough frequency to be accurately resolved. The
theory put forward in Pinheiro et al. [2010] still cannot be ruled out and warrants further
investigation.

4.2 Water mass characterisation
The collected seismic data reprocessed for this project provide a new way to examine the
local oceanographic setting. Previously established methods used in physical oceanography,
such as XBTs and CTD casts, do not have the capability of examining large areas of the ocean
with high lateral resolution, leaving their finer scale nature largely unknown. The SO method
can overcome this (Section 1.2), providing a more detailed view of ocean structures and
boundaries. Several prior studies have identified water-mass boundaries using SO, the first
being the front separating the Labrador Current from adjacent North Atlantic Current (NAC)
off of the east coast of North America [Holbrook et al., 2003]. The front is identified as a
sloping ‘slab’ of reflections beneath a relatively transparent zone (the warm NAC). This
observation is in agreement with observations of the STF/SF in these data, particularly in Line
42 (Figure 32). Similar observations are reported in Nandi [2004] where the sloping
collections of reflections separate the warmer Norwegian Atlantic Current from the
underlying Norwegian Sea Deep Water (Figure 42). This pattern is also repeated in Nakamura
et al. [2006] off of the east coast of Japan between the boundary of the warm Kuroshio and
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the cold Oyashio water-masses. The observations of water-mass boundaries with SO provide
high resolution information which will hopefully lead to a better understanding of their
nature.

Figure 42: This figure, taken from Nandi et al. [2004], shows a seismic section overlain with temperature
contours derived from XBT data (located by the red stars). The image shows the boundary between the warm
(7 – 14°C) Norwegian Atlantic Current overlying the colder (0.5 – 2°C) Norwegian Sea Deep Water. The
boundary is characterised by a region of increased reflectivity.

The images presented in Appendix A show three 2-D profiles, each more than 150 km long,
with an average sample spacing of just 6.25 m. From the seismic images, interpretations of
the plots identify the SAW, the AAIW and the SF region which fit with previous observations
(Section 3.1). The high lateral resolution also enables a detailed observation of the fine
structure associated with the boundaries. The nature of the seismic data, however, results in
several limitations when it comes to making such interpretations.
The strongest limiting factor is the lack of coincident physical measurements of the water
parameters; this is the biggest limitation for SO in general. Ocean masses, and therefore their
boundaries, are typically defined by a collection of physical parameters such as temperature,
salinity, density and, in some cases, the oxygen level. Shaw and Vennell [2001], for example,
define the SAW (based on previous observations) as water having temperature and salinity
ranges of 7 – 12°C and 34.3 – 34.5 psu, respectively (refer to Table 5 for AAIM and STW).
As the seismic data in this project are the result of relative changes in acoustic impendence
(Section 1.2.2), absolute physical parameters cannot be measured or calculated. The precise
location of the water mass boundaries, therefore, can only be inferred. In order to calculate
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such physical parameters using seismic data, supplementary data, collected simultaneously,
must also be used in combination. Papenberg et al. [2010] demonstrated how this can be done
on a 2D section. First they calculated a sound-speed model based on the temperature and
salinity values taken from XBT and CTD data. The model was then combined with the
seismic data to eventually yield an accurate high resolution sound-speed model. Finally
Papenberg et al. [2010] inverted the model to produce ‘maps’ of temperature and salinity.
Unfortunately, the method used by Papenberg et al. [2010] cannot be applied here as there are
no simultaneous physical data to ‘tie’ to the seismic data.

4.3 Mesoscale – sub-mesoscale eddies
Much of the SO research to date has taken place in the North Atlantic Ocean with a focus on
the Mediterranean outflow [e.g., Biescas et al., 2010; Biescas et al., 2008; Buffett et al., 2009;
Buffett et al., 2010; Pinheiro et al., 2010]. As a result, the documentation of anomalous lenses
in SO data are mostly defined as meddies (Mediterranean outflow eddies) [e.g., Biescas et al.,
2008]. There are only a few observations of eddies outside of this made with SO and some are
vastly different in character [e.g., Yamashita et al., 2011]. Yamashita et al. [2011] display a
Warm Core Ring, or current eddy, approximately 250 km across in contact with the surface
(Figure 43i). Their findings, when compared with meddies illustrate just how diverse eddies
can be. In order to make a meaningful comparison between the eddy structures seen in these
data and those from previously published, a tabulation of all previously published eddies is
shown in Figure 43, with their dimensions summarised in Table 6.
Lenses 1 and 5 from this work are defined as sub-mesoscale (Section 3.2) and Lenses 2 and 4
are only a few kilometers bigger (around 12 and 15 km). This is in contrast to the majority of
the previously reported lenses, which are mostly greater than 30 km across (mesoscale).
Another difference which stands out is the approximate depth at which the core of the eddy is
centered. The centre of the eddies seen in this project are all shallower than 500 m. Nearly all
of the lenses from other data are deeper, around 1000 m. The depth of a particular lens is
dependent on its average density relative to its surroundings. For example, at the
Mediterranean outflow, the dense salty water from the Mediterranean Sea, flows through the
Table 6 (next page): Reporting’s of mesoscale and sub-mesoscale eddies from published SO literature. For
comparison, the interpreted eddies from this work are also shown. The profile name column includes a letter
reference (a through j) to images taken from the said literature, which can be seen in Figure 43. Note that there
are no appropriate images for the eddy discussed in Quentel et al. [2010] or the eddy from the section IAM-11.
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Location

Publication/s

Profile Name/s
IAM-3 (a)

Core depth
(m)
1000

Apparent
thickness (m)
900

Apparent
width (km)
50

Mediterranean
Outflow

[Biescas et al., 2008]

IAM-4 (b)

1000

1200

80

IAMGB1 (c)
IAM-11 (no image)
IAM-5 (d)

1000
1000
1000

1500
1100
1000

65
30
30

1200
1000

1000
700

40
25 – 35

[Buffett et al., 2010]

IAM-5 (e)
GO-LR-01 and GO-LR13. (no image)
GO-LR-05 (f)

1100

800

80

[Sheen et al., 2009]

Not-Given (g)

750

500

Not-Given (g)

1000

PAD-95-11 (h)

[Buffett et al., 2009]
[Buffett et al., 2009;
Pinheiro et al., 2010]

[Quentel et al., 2010]

East of The Falkland
Islands

NW Ireland coast
(NE Atlantic)

[Jones et al., 2010]

Internal reflections

Further comments

Yes, concentric habit
Yes, ~two quazihorizontal moderate-low
amplitude
Negligible
Negligible
Yes, one seemingly
continuous ‘<’ shaped
reflection
Yes, concentric habit
Negligible

Double core?

Possible inner core

10

Yes, reflections mimic
the shape of the top
Negligible

1000

40

Negligible

750

500

10

Negligible

Very-well defined
boundaries, asymmetric
in shape.
Sub-mesoscale

PAD-95-11 (h)

Surface

> 1000

80

Negligible

Contacts the surface

Yes, multiple groups of
concave (up) reflections.
Negligible
Yes, moderate amplitude
undulating reflections.
Yes, concentric
Yes, chaotic style in
centre
Yes, one low amplitude
curving (concave-down)

Mesoscale Warm-core
ring

SE of Hokkaido,
Japan

[Yamashita et al., 2011]

A2OBS and A2MCS (i)

Surface

> 1500

250

SE of New Zealand

This work

A2MCS (j)
DUN-06-13 (Lens 1)

1100
350

400
300

30
9

DUN-06-13 (Lens 2)
OMV-08-45 (Lens 3)

200
400

950
500

15.5
30

OMV-08-45 (Lens 4)

400

500

12.5

OMV-08-42 (Lens 5)

350

300

9

Negligible

Sub-mesoscale

Sub-mesoscale
Possible inner core,

Lateral reflections
inflect towards the
surface.
Sub-mesoscale
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Figure 43: Images of published eddies as seen in SO literature. The images, ‘a’ through ‘j’, shown here are summarized in Table 6 above. Note that although the eddy seen in image
‘f’ was published in Buffet et al. [2010] the image shown here was actually taken from an unpublished cruise report from the GO project [Hobbs, 2007] as it is a larger image. Image
‘g’ contains two eddies (Table 6) with the smaller of them identified by the red arrow. The case is similar for ‘h’ where the larger surface eddy is highlighted by the yellow arrow and
the smaller by the red arrow.
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Strait of Gibraltar, with a maximum depth of 400 - 500 m to meet the North Atlantic Current
Water (NACW). The Mediterranean water has a density anomaly of around 0.7 kg/m3,
causing it to sink about 500 m to a depth of around 1000 m, until the difference in density can
be compensated for, i.e., the Mediterranean water reaches neutral buoyancy [Buffett et al.,
2009; Price et al., 1993; Richardson, 1993].
In contrast to the Mediterranean outflow, the density of local STW off New Zealand is
slightly less dense than the adjacent SAW [Heath, 1972; Hopkins et al., 2010]. This suggests
that if the eddies contained solely STW they would be forced to the surface. The data in this
project suggests that this is not the case, with Lenses 3 and 4 having core depths of around
400 m and Lens 5 appearing completely submerged. To account for this, the lenses need to at
least have a higher density than the surface of the SAW. A mechanism that may account for
this, is the upwelling of deep cold SAW filaments in the region of the front, as is described in
Hopkins et al. [2010]. Colder and therefore denser SAW may become entrained during lens
formation increasing the lens density. Further evidence for upwelling is unfortunately not seen
in these data.
All the eddies shown in the data presented in this thesis differ in some way to those associated
with the Mediterranean outflow; however, there are three lenses in particular which warrant
further discussion: (1) Lens 1 seen in Figure 37, (2) Lens 3 seen in Figure 39 and (3) Lens 4
seen in Figure 40.
(1) Lens 1 is situated within the interpreted SF, close to, if not where the lenses are
thought to form (Section 3.2). What is different about Lens 1 is that it does not exhibit
the typical elliptical shape of meddies [e.g., Biescas et al., 2008; Pinheiro et al., 2010]
which is thought to exist due to the stable density relationship between a lens and its
surroundings. Lens 1 has a shape tending more towards that of a bowl. This shape is
similar to eddies seen in contact with the surface (e.g., the warm core ring seen in
Figure 43i). This observation, therefore, suggests that the lens is in contact with the
surface. If this were the case, however, the overlying reflectors might be expected to
follow a similar bowl-like curvature as observed in Yamashita et al. [2011]
(Figure 43i). This is not seen. Another possibility for the shape of Lens 1 is that it may
be gravitationally unstable, i.e., it might be sinking. As mentioned above, it is thought
that the lens’s make-up may be influenced by the upwelling of cold, dense SAW. This
would cause a relatively abrupt density contrast resulting in the lens’s downward
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movement. Both of these ideas are highly speculative and further evidence of lenses
within the SF needs to be collected to get a better picture of the situation.

(2) Lens 3 appears to have strong lateral boundaries, on the SE side in particular (Figure
33). However, the reflectivity at base of the lens is inconsistent with what is expected.
The base is expected to be host to a moderate to high amplitude set of reflections as
seen in meddies shown by Pinheiro et al. [2010] and also Lenses 2, 4 and 5 in these
data. Although there are reflections beneath Lens 3, they appear not to be related and
instead slope gradually down to the inclined sea floor. Another point of difference
with Lens 3 is its core region. The centre contains short chaotic reflections that are
unlike internal reflections seen in other lenses. Internal reflections have mostly
appeared as concentric structures like those in Lens 2 (Table 6 and Figure 43). Other
types of internal reflections have been thought to represent the boundaries between
separate overlying cores within a single lens [Biescas et al., 2008]. Finding a cause for
the internal reflections in Lens 3 is difficult without having its physical parameters.

(3) Lens 4 is significant in two particular ways. First, is its shape near the top of the lens,
at a water depth of about 200 m; here the lateral boundaries show an inflection. The
stacks of reflections begin from below with an encircling pattern and then at 200 m
they begin to open up. The inflection is more notable on the SE boundary. It is unclear
why this infection occurs; it may be to do with an interaction with the sea surface. An
alternative hypothesis is that the inflection may represent a second overlying core. If
this were the case, however, a reflection separating the cores would be expected
[Biescas et al., 2008]. Either way, without resolvable reflections from the shallow
water, any interpretation remains uncertain.

The second way in which Lens 4 differs is in its internal structure. A low amplitude
curving reflection (concave down) separates the lower NW section. The reflection
appears continuous and a measurement taken from the steepest section, before it
becomes irresolvable, gives a gradient of about -0.09 corresponding to an apparent (in
the plane of the section) dip of 5° SE. 5° contrasts greatly with the eddy’s quasihorizontal reflections that make up its lateral boundaries. Based on observations made
by Géli et al. [2009] and Hobbs et al. [2009], however, it is assumed that the ‘curving’
structure is likely to be made up of irresolvable short flat reflections. The cause for
this structure could be the result of a secondary core. Further investigation of this
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reflection is needed using physical measurements of its thermohaline properties. This,
unfortunately, is beyond the scope of this project.
A test for further evidence which may support the interpretation of these lenses could come
from SST and Sea Level Anomaly (SLA) satellite data [e.g., Pinheiro et al., 2010]. However,
SST images will only provide information on the near surface characteristics of the eddies.
Much of the detail of the lenses appears to be below the surface so additional analysis will be
needed to constrain such features. Also, the sub-mesoscale lenses may be hard to identify with
both SST and SLA data due to their relatively small size [cf. Pinheiro et al., 2010]. The best
satellite data found to supplement the findings in this project consist of eight day composites
of the area with a resolution of 4 km (Section 3.1.3.1, Figures 34 - 35). The image is able to
aid in the interpretation of the position of the SF but was not helpful for identifying specific
eddies. There are signs of eddy-like features/patters to the SE of the STF that support such
variability and mixing of surface waters in this region.
The existence of eddies in these data is important when trying to address the mechanism
which causes the episodic periods of elevated levels phytoplankton production across the STF
[Boyd et al., 1999; Boyd et al., 2004; Boyd et al., 2000; Butler et al., 1992]. An image from
this project shows a possible eddy in the midst of formation situated within the assumed SF
region (Lens 1, Figure 37). Also present are multiple eddies within the SAW (Lenses 2 – 5,
Figures 38 – 41). The implications are that lenses containing a significant amount of warm,
relatively iron-rich, and macro-nutrient poor STW form within the SF region and then, driven
by the SC flow, break off into the cold, iron and silicate poor, but macro-nutrient rich SAW
enabling an increased rate of productivity. Without further investigation the frequency of
these events can only be speculated, although, all three profiles used in this project have at
least one lens, suggesting that they are commonplace and may be the main contributor
providing nutrients across the front. It is uncertain whether or not eddies at depth as well as
those in the shallows (i.e., within the photic zone), could effectively contribute to nutrient
transport; such mechanisms are worth investigating.

4.4 Conclusions
This project has reprocessed three closely spaced 2-D multi-channel seismic lines, originally
collected for the petroleum industry, with the intention of examining the thermohaline finestructure within the water column. The reprocessing has produced three profiles with
remarkable images of the local oceanographic setting which are the first of their type in New
Zealand. The dense lateral spacing of seismic data enables an investigation into the finer
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details of small-scale (sub-mesoscale) ocean features, even at depth. Conventional
oceanographical techniques typically use largely spaced probes (XBTs and CTDs) to measure
the physical properties. While such measurements are accurate, they lack the lateral resolution
to resolve much of the finer cross-sectional detail.
This study builds on the existing understanding of the local oceanography and also
contributes to the general understanding of eddies from a seismic oceanography angle. From
the images, the thermohaline fine-structure of a local section of the global STF, the SF, can be
identified with never-before-seen detail (Figures 30 - 31 and Appendix A). Data from this
project show that the width of the SF at depth varies between the summer and autumn by
around 20 km seawards. Also identified in this project is the local boundary between the
SAW and the underlying AAIW.
A total of five isolated lenses, both at the mesoscale and sub-mesoscale, have been identified
on the three data sets, ranging in size from 9 to 30 km in diameter. These lenses have been
interpreted as eddies and appear to form at depth within the STF/SF region, associated with
the flow of the SC, before spinning off into the SAW. The eddies in these data have been
compared to much of the previously published SO observations of eddies, which on average
tend to be larger. The significance of their size may be a result of their formation at the STF.
This remains to be tested by observations of similar features elsewhere in the world’s oceans.
Without further investigation, the amount of water carried by these eddies can only be
speculative; however, these observations may provide a means for understanding the
mechanisms for mixing across the SF that episodically give rise to the unexpected increased
rates of productivity observed at the Southland Front.

4.5 Recommended Future Work


To confirm the interpretation of eddies seen in this project and to investigate their
frequency in order to estimate how much water is transported, it is recommended that
coincident satellite images be examined. Investigations should consider both SST and
SLA data. SLA satellite data are limited by their special resolution (data tracks are
separated by up to 270 km) and can, therefore only accurately resolve large structures
[Pinheiro et al., 2010]. Although SST data are more accurate (1 – 4 km) they are
highly limited by cloud cover. Therefore obtaining coincident SST satellite images
with a previously acquired seismic line comes down to luck.
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Further seismic lines in the area should be processed to confirm the possible seasonal
variations interpreted in this project. Reprocessing of seismic data collected both
spatially and temporally close may overlap the same sub-meso/mesoscale features.



In order to produce an accurate representation of the temperature it is recommended
that coincident seismic data and CTD data be collected to make an accurate
temperature model.



An investigation is recommended into the roles that both shallow eddies and deep
eddies have on mixing and nutrients supply.



Seismic reflectivity modeling to further investigate water mixing processes (incl. eddy
generation) and structure. For example, a topic to consider should include: models of
seismic response of two constituent fluids.
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