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INTRODUCTION

The worthwhile problems are the ones you can really solve or help solve,
the ones you can really contribute something to. No problem is too small
or too trivial if we can really do something about it
--Richard Feynman

1
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___________________________________________________________________Introduction

Scientific problem, motivation and research objectives
Large scale global ocean1 circulation redistributes heat and freshwater and therefore
affects global climate. One of its main forcing mechanisms is, in addition to surface
heat and freshwater fluxes, the diapycnal (across lines of equal density) mixing in the
ocean interior. The energy needed to drive the mixing processes is mainly provided by
tides and wind [Wunsch, 2002]. It is transformed into internal wave energy, cascading
through a range of smaller scales leading finally into turbulence and molecular
dissipation. Water masses in the ocean are stratified and often separated by relatively
thin layers with strong gradients in temperature and/or salinity across which heat and
mass transfer occur in order to maintain global circulation and stratification. However,
these processes are difficult to observe in practice. Below a few meters, the ocean is
opaque to light, and thus to direct optical observations of deep processes [Thorpe,
2005]. Therefore, the development of scientific methodologies and instruments to
directly or indirectly measure processes in the ocean interior are of high importance to
understanding those processes and their implications.
The motivation behind this research is two-tier: 1) broadly, and academically, it is the
scientific curiosity of understanding the ocean in order to better comprehend its role in
the context of Earth systems; 2) expressly, the motivation is to develop the
methodological toolset necessary to observe the ocean on a spatial and temporal scale
not possible with traditional oceanographic techniques, thus allowing the foundation of
more accurate models of ocean circulation and thereby, ocean-climate interactions.
The toolset is emerging as a robust technique of physical oceanography known as
'seismic oceanography'. By definition, seismic oceanography is the application of multichannel seismic (MCS) reflection profiling to physical oceanography. This definition,
however, could be subject to future revision and refinement because the development of
seismic oceanography observational tools will inevitably lead to newer perspectives.
For instance, the method of seismic acquisition may be modified as suggested by

1

Throughout this text, the word 'ocean' refers to the sum of the world's major oceans, their connected
seas and straits as well as continental shelf waters and inland seas such as the Mediterranean Sea.
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Ruddick et al. [2009] such that a weaker, continuous source is used, or it may become
applicable to other facets of oceanography (or limnology) such as marine biology or
chemical oceanography. In its short history it has already made significant advances
into understanding physical oceanographic processes and stands to gain more through
further development and application in areas of the oceans where physical
oceanographic techniques alone leave gaps in our data and our knowledge. The crucial
advantage inherent in the MCS technique is its lateral resolution, which is
approximately ten times higher than what is possible with oceanographic instruments
alone. However, as will be demonstrated, there are many other advantages to the
technique that offer great potential for the study of the ocean.

The study area: Gulf of Cádiz and western Iberian coast.
The Mediterranean Outflow Water (henceforth, MOW) is a natural laboratory for
seismic oceanography. The MOW was chosen to test seismic reflection in oceanography
for three main reasons: 1) The strong oceanographic signature of the MOW. Due to the
penetration of the MOW into the North Atlantic through the Strait of Gibraltar, strong
characteristic contrasts in temperature (1.5 °C) and salinity (0.3 psu) and thus, density
(0.4 kg/m3) are observed between the MOW and the surrounding Atlantic waters
[Baringer and Price, 1997]. These contrasts in density (along with sound speed) are the
contributing factors to reflection coefficient, making the identification of structures and
processes possible. 2) The large variety of oceanographic and topographic features, such
as a continental slope, undulating seafloor (including seamounts and basins) and mesoscale Mediterranean salt lenses (Meddies). These structures and processes are believed
to play an important role in maintaining the temperature and salinity distribution in the
north Atlantic [Bower et. al., 1997]. 3) Finally, extensive archived data sets of both
oceanographic and seismic data place interpretive constraints on the data collected.
The MOW is a large high salinity tongue of Mediterranean Water (MW) which flows
out of the Strait of Gibraltar into the Gulf of Cadiz, forced mainly by density (Figure
A). MW, due to the high level of evaporation in the Mediterranean Sea, is more saline,
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and hence, denser than Atlantic Water (AW) [Richardson et al., 2000]. The MOW
cascades down the continental slope and equilibrates at depths between approximately
500 and 1500 m, meanwhile entraining the upper North Atlantic Central Water
(NACW) and flowing as a westward guided current called the Mediterranean
Undercurrent (MU), while remaining more buoyant than the denser North Atlantic Deep
Water (NADW) (e.g. Heezen and Johnson [1969]; Madelain [1970]; Bower et al.
[2002]).

Figure A - Diagram showing the Mediterranean outflow and Mediterranean Undercurrent.

The MU veers north along the coast of Iberia as a result of the Coriolis effect, which
describes how angular momentum is conserved on a rotating Earth. Like a moving river,
confined by its banks, the MU flows semi-confined by the surrounding Atlantic waters,
with which it interacts. One expects that with increasing distance from the MU source,
there would be a change in its physical properties due to internal mixing and interaction
with surrounding water masses and the continental shelf. Figure B shows the location of
all lines analyzed during the study period (July 2006 -November 2010).

5
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Figure B - Map showing all analyzed lines during the study period. Lines beginning with 'IAM' are from the Iberian
Atlantic Margin survey which took place in August and September 1993; Lines beginning with 'GO' are from the GO
(Geophysical Oceanography) survey of April and May, 2007.

State of the art : a brief history of seismic oceanography
Ocean dynamics have long been the subject of much interest and the ocean's
significance has long been recognized. However, in recent decades we have been able to
study the ocean and its dynamics with unprecedented detail and accuracy, telling us
more about the physical, biological and chemical processes that control it, how we
affect it and how we are affected by it. Modern physical oceanography involves
measurements of temperature, salinity and density variations in the ocean as well as the
study of waves, tides and currents, the ocean-atmosphere interaction and the properties
of seawater such as the propagation of light and sound [Knauss, 1997]. Our ability to
construct models that represent objective physical reality regarding ocean processes
helps build a comprehensive understanding of the ocean’s role in the distribution of heat
around the planet and thereby, the effect this has on climate. A thorough understanding
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of the ocean permits a more coherent understanding of the role of the global ocean in
Earth systems and is therefore essential to a collective understanding of the planet and
how society's actions influence it.
As will be shown, seismic oceanography 'sees' contrasts in density and sound speed, or,
acoustic impedance contrasts. Density in the ocean depends on three variables: pressure
(determined by depth), temperature and salinity. Since pressure in the ocean increases
linearly (in the absence of other factors), we look to temperature and salinity variations
as the main determinants of density at a given depth. Fundamentally, sound speed2
(csound) of a compressional wave varies as a function of the medium's incompressibility,
or bulk modulus (K) and density (),
 =

,

eq. A

,

eq. B

where K is given by the relation,


= − ,

where V is volume and P is pressure. Therefore at a given depth (pressure) sound speed
is fundamentally a function of density. Density in the ocean at a given depth is
determined by temperature and salinity, resulting in a complex estimate of sound speed.
This is partly because sound speed is proportional to salinity and temperature while
density increases in-step with salinity but decreases with increasing temperature. This
relationship between temperature, salinity, sound speed and density makes the
prediction of temperature and/or salinity directly from seismic data difficult in practice.
However, since we know that sound speed is the most important factor influencing
reflection coefficient [Sallarès et al. 2009], an accurate estimate of the former through
iterative 'velocity analysis' (Section 5.4.7) can be done for this purpose. This is
2

I shall refer to the speed of propagation of sound as simply 'sound speed' throughout the text, as
opposed to the more common usage in seismology as 'velocity'. This comports with the usage in
physical oceanography and reserves the term velocity for actual vectors such as current velocity.
Moreover, since the ocean is a fluid where shear waves (S-waves) do not propagate, I shall exclusively
refer to sound speed as the speed of sound of pressure waves (P-waves), or those which vibrate in the
direction of their propagation.
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preferably done starting with a 1-D sound speed profile as a function of depth, which is
derived from an in situ probe (XBT, XCTD, CTD – Section 6.2.1). In this manner, it is
possible to create accurate seismic maps that can be thus interpreted within the
framework of physical oceanographic processes.
Density variations in the ocean affect its dynamics since differences in weight cause
pressure differences, which drive motion. Density driven currents are controlled by
buoyancy forces and are generally a result of temperature and/or salinity variations
caused by heat fluxes at the boundaries of fluids [Thorpe, 2005]. Seismic oceanography
methods are sensitive to these density variations because they measure the degree of
wave energy reflected from acoustic impedance boundaries. Acoustic impedance is the
product of density and sound speed. The reflection coefficient (R) is proportional to the
density and sound speed contrast across the interface,
=

    

    

.

eq. C

Stronger gradients of density and sound speed mean a higher proportion of reflected
energy and a lowered proportion of transmitted energy. The reflected energy is recorded
by sensors (hydrophones) near the sea surface and digitally processed to create a large
scale ‘reflectivity map’ of the ocean. The high degree of correlation between in situ
sound speed measurements and seismic reflectivity is remarkable, demonstrating the
potential of seismic reflection profiling as a new tool through which to study the ocean
[Ruddick et al., 2009].
There have been numerous attempts to use sound to measure ocean fluid dynamic
properties (eg. Obukhov [1941]; Batchelor [1957]; Chernov [1957]; Ottersten [1969];
Tatarski [1971]; Munk and Garrett [1973]; Brandt [1975]; Goodman [1990]; and Ross
and Lueck, [2003]). Brandt [1975] studied high-frequency sound scattering from
density variations of a turbulent saline jet in the laboratory. He concluded that the
observed scattering was a result of acoustic impedance fluctuations produced by the jet
and therefore surmised that acoustic imaging techniques could be used to study oceanic
diffusion processes and thermohaline structures. Orr and Hess [1978] acquired a joint
physical oceanography/high-frequency acoustic backscatter dataset and reported that at
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depths corresponding to the maximum temperature gradient there was increased
backscatter intensity, concluding that oceanic microstructure was responsible.
Following this work, Haury et al. [1983] provided further constraints on the relationship
between oceanic microstructure and acoustic backscatter. By combining the methods of
Orr and Hess [1978] with plankton measurement constraints, they were able to produce
an acoustic snapshot of a breaking internal wave, identifying thermohaline fine structure
as the source of the backscatter. Munk and Wunsch [1979] first used travel-time ocean
acoustic tomography by adapting a technique used in seismology to image the interior
of the earth to represent large scale ocean structures. Thorpe [2005] describes
backscatter reflection from turbulent microstructure in the frequency range of 100-200
kHz stating that the acoustic return from a 'clear water' scattering region, meaning one
devoid of algae, bubbles or particles, depends on range and attenuation in the water
column as well as the acoustic cross-section of the scattering volume, in addition to
sound frequency.
The first reported observations of ocean reflectivity from MCS reflection profiling came
from Gonella and Michon [1988] and Phillips and Dean [1991], but neither group
associated it to thermohaline finestructure. Water column reflections were also reported
in the acquisition summary (noted as a curiosity) during the seismic data analyses stages
of the Iberian-Atlantic Margin (IAM) survey in the Gulf of Cadiz, Gorringe Bank at the
EU Large Scale facility at GEOMAR but were never analyzed further. In fact, it is still
commonplace within the geophysical community to consider the ocean as
homogeneous, at least to the degree of accuracy of seismic surveys. To geophysicists
and geologists in search of hydrocarbons or in study of the solid Earth, the ocean is an
inconvenient nuisance that is generally muted (or not recorded at all by delaying the
start of recording by several seconds). It was not until the recent serendipitous rediscovery by Holbrook et al. [2003] of ocean reflectivity during a seismic cruise off the
east coast of Newfoundland, that significant interest arose and research began in earnest
toward MCS as a tool of physical oceanography. Holbrook and colleagues delved much
deeper into the seismic data than previous authors to find that distinct water masses
could be mapped and their internal structure imaged to depths of at least 1000 m, in
much the same way as for the solid Earth. This resulted in striking visual images of
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large eddies and filaments of interleaving water masses. They then deduced that the
images represented an oceanic front, possibly between Labrador Sea Water and
Norwegian-Greenland Overflow Water of the Deep Western Boundary Current.
Ruddick [2003] then explained the intrusions observed by Holbrook et al. [2003] as
related to double-diffusion processes.
Nandi et al. [2004], using newly acquired seismic and in situ temperature data (XBT)
from the Norwegian Sea, followed upon the work of Holbrook et al. [2003] and
established a direct correlation between reflection amplitudes and temperature contrasts
as small as 0.03°C, demonstrating the method's high sensitivity.
In 2005 there were at least four publications in seismic oceanography starting with the
news article in EOS by Géli et al. [2005] which presented seismic data acquired off the
Brazilian margin in 2004. Tsuji et al. [2005] published the first application of seismic
oceanography to image the Kuroshio Current off the coast of Japan showing that
coherent fine structure could persist for at least 20 days. Holbrook and Fer [2005] made
the first successful attempt to image internal waves using seismic techniques and later,
Páramo and Holbrook [2005] demonstrated the applicability of Amplitude-vs-Offset
(AVO) methods to measure temperature contrasts.
Nakamura et al. [2006] continued the work of Tsuji et al. [2005] on the Kuroshio
Extension Front off Japan, but added the use of in situ temperature and salinity and
current velocity measurements to corroborate it. They found that synthetic seismograms
created from temperature and salinity measurements compared favorably with
independent seismic data.
In 2007 acquisition for the first large-scale joint seismic and oceanography project, GO
(Geophysical Oceanography), started in the Gulf of Cadiz. The GO project included
participation from eight separate European research institutions from The United
Kingdom, France, Italy, Germany, Spain and Portugal. It was carried out with two
ships, the British ship RRS Discovery and the German vessel FS Poseidon, conducting
high and low resolution seismics coincident and simultaneous to the launching of in situ
probes, along with Acoustic Doppler Current Profilers (ADCP) and ocean bottom
seismometers (OBS) among other oceanographic tools. A 2D+time profile was obtained
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by repeatedly acquiring a seismic transect in the same geographic location to observe
how quickly thermohaline structure changed. Large structures were found to change
noticeably in as little as four hours. The GO project, which was the first attempt to
calibrate MCS in the context of oceanography, led to subsequent publications and a
heightened international interest in seismic oceanography.
Krahmann et al. [2008] derived horizontal wave number spectra from Iberian Atlantic
Margin (IAM) seismic profiles, thereby developing some of the tools necessary to
estimate internal wave energy directly from seismic data. Kormann et al. [2008]
provided a method to recover simulated reflected data with a degree of sensitivity of one
order of magnitude better than what is observed in actual physical phenomena. Wood et
al. [2008] performed the first 1-D full-waveform inversion of seismic reflection data to
obtain estimates of temperature. Biescas et al. [2008] (Chapter 4) provided the first
seismic imaging of a Meddy and made the connection to double-diffusive processes at
its margins. International and interdisciplinary cooperation flourished at the first
European Science Foundation Exploratory Workshop on Seismic Oceanography
(SOW), which included researchers from countries within the EU (France, U.K.,
Germany, Spain, Italy, Portugal and Ireland) and around the world (Canada, U.S.A.,
China and Japan).
Ruddick et al. [2009] put forward the idea of seismic images as maps of the temperature
gradient. Their publication in Oceanography Magazine made headway to alleviating the
general skepticism of some oceanographers toward the seismic reflection method.
Buffett et al. [2009] (Chapter 1) analyzed seismic data from along the trajectory of the
Mediterranean Undercurrent, observing the correlation between decreasing seismic
amplitude and decreasing temperature and salinity values as a function of distance from
its source at the Strait of Gibraltar. They deduced that the processes responsible for the
progressively diminishing seismic amplitudes within the Undercurrent were mixing and
entrainment processes. Next, Blacic and Holbrook [2009] performed the first analysis
on a 3D dataset and estimated the orientation of internal waves. Finally, a special
section

in

Geophysical

Research

Letters

was

published,

entitled

"Seismic

Oceanography: A New Tool to Understand the Ocean Structure". This brought together
a wide spectrum of research from initiates in the field (Geophysical Research Letters,
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vol. 36, no. 24, 2009). In the said volume Fortin and Holbrook [2009] addressed sound
speed requirements for optimal imaging of seismic oceanography data, Géli et al. [2009]
explored the limits of high-resolution sources and showed that there is appreciable short
scale temporal variability of thermohaline fine structure in as little as four hours, Hobbs
et al. [2009] measured the effect of the seismic source bandwidth, Holbrook et al.
[2009] imaged internal tides near the Norwegian continental slope, Klaeschen et al.
[2009] estimated reflector movement, Kormann et al. [2009] investigated acoustic
modeling, Krahmann et al. [2009] evaluated seismic reflector slopes with a Yoyo-CTD,
Ménesguen et al. [2009], through numerical simulations, investigated the effect of
seismic bandwidth on rotating, stratified turbulence of an anticyclonic eddy, Sallarès et
al. [2009] (Chapter 4) determined the relative contribution of temperature and salinity to
ocean acoustic reflectivity, Sheen et al. [2009] estimated mixing rates from seismic
images and Vsemirnova et al. [2009] estimated internal wave spectra using constrained
models of the dynamic ocean.
In late 2010 at the time of this writing there have been contributions from Quentel et al.
[2010] whom characterized mesoscale and sub-mesoscale structures in Mediterranean
Water and Buffett et al. [2010] whom applied stochastic methods to seismic
oceanography data to estimate scale lengths. Most recently, Biescas et al. [2010] and
Fer et al. [2010] both imaged thermohaline staircases and Pinheiro et al. [2010] imaged
the MOW and meddies off western Iberia.
It is clear from the high intensity of publication in seismic oceanography that it is
quickly being recognized as an important tool to study oceanic thermohaline
finestructure. However, notwithstanding the abovementioned, the ocean has not been
extensively explored with seismic waves, although many reflection seismology surveys
have been conducted over the oceans to explore the solid Earth for several decades.
These surveys pertained to the collection of crustal and deep solid Earth data for use in
(especially) petroleum exploration and (less so) for purely academic studies such as in
plate tectonic research.
This work deals with imaging thermohaline finestructure within the ocean, not the solid
Earth, but some of the data contained herein (the IAM Survey) were acquired in the
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context of solid Earth studies. Other datasets not included in this volume show various
intensities of thermohaline finestructure from weak, diffuse reflectivity to strong
reflectors that are laterally coherent for hundreds of kilometers. The reason for the
disparity in data quality between datasets may be due to the acquisition parameters
having been customized to image the solid Earth and thus, for various reasons (e.g. low
frequency content; non-optimal shot or receiver spacing), were not sensitive to the
comparatively weak reflectivity of the ocean. Alternatively, the non-appearance of
reflectivity in the water column in a given part of the ocean may simply be due to the
fact that thermohaline acoustic impedance contrasts are too weak or effectively nonexistent to be observed3. Some of these variables can be partly constrained by finetuning the seismic method to be highly sensitive to ocean reflectivity and thus perhaps
less so to crustal reflectivity. This approach is currently being done in all new
exclusively seismic oceanography studies (e.g. The GO Project). New seismic
oceanography surveys may also take place as so-called 'piggy-back' surveys [Ranero et
al., 2010], where the seismic oceanographer has no control over the survey parameters,
but has access to the dataset and may jointly acquire in situ oceanographic data as
constraints on later analysis. However, analysis of historic or archived datasets are
limited by the data they contain. In this case, novel processing techniques are being
developed in order to extract as much information from the data as possible. Success in
this approach will offer valuable insights into past and present ocean circulation such
that we may hope to understand how the ocean is changing contemporaneously and
what the implications are for that change in the context of the ocean dynamics and
global climate change.

3

Ubiquitous on all seismic sections in this thesis in the deep water abyssal zone known as the North
Atlantic Deep Water which, to the limit of the measurement, is transparent to seismic waves. Since
notable reflectivity is observed in shallower waters, this is likely a result of more homogeneous (and
therefore, well-mixed) waters at depth.
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Thesis layout
The objective of a doctorate thesis is to present original research. In this respect, Part I
of this thesis consists of two peer-reviewed papers published by the author and coauthors (Chapters 1 and 2), one manuscript submitted for publication (Chapter 3) and
two published peer-reviewed research letters that the author played a lesser role
developing (Chapter 4). Part II of the thesis addresses the seismological (Chapter 5) and
oceanographic backgrounds (Chapter 6) in the context of some of the structures and
processes that are amenable to seismic ensonification. This section is not intended as a
complete work on those respective topics, but rather to guide the uninitiated reader to
the references therein such that they may pursue lines of research of their own interest.
Part III consists of general discussions and conclusions (Chapter 7) and potential future
research and development (Chapter 8). Appendix I consists of a summary of the thesis
in the Catalan language, Appendix II presents the precise seismic processing flows
conducted by the author, Appendix III contains fold-out style broadsheets of the seismic
sections, which are not well-represented on typical A4 paper and Appendix IV includes
a useful glossary of terms to help bridge the gap between for readers not initiated in
either seismology or oceanography.
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PART I.
Research Contributions to
Seismic Oceanography
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CHAPTER 1
Seismic Reflection Along the
Path of the Mediterranean Undercurrent

Out there, just at the edge of the where-we-couldn't-see, big waves
were thundering in, dimly seen white shapes that boomed and shouted
and threw great handfuls of froth at us. Together we laughed for
pure joy - he a baby meeting for the first time the wild tumult of
Oceanus, I with the salt of half a lifetime of sea love in me. But
I think we felt the same spine-tingling response to the vast,
roaring ocean and the wild night around us.
-- Rachel Carson
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Seismic reﬂection proﬁling is applied to the study of large scale physical oceanographic processes in the

Gulf of Cadiz
and western Iberian coast, coinciding with the path of the Mediterranean Undercurrent.
The multi-channel seismic reﬂection method provides clear images of thermohaline ﬁne structure with
a horizontal resolution approximately two orders of magnitude higher than CTD casting. The seismic
data are compared with co-located historical oceanographic data. Three seismic reﬂectivity zones are
identiﬁed: North Atlantic Central Water, Mediterranean Water and North Atlantic Deep Water. Seismic
evidence for the path of the Mediterranean Undercurrent is found in the near-slope reﬂectivity patterns,
with rising reﬂectors between about 500 and 1500 m. However, the core of the undercurrent is largely
transparent. Seismic images show that central and, particularly, intermediate Mediterranean Waters
have ﬁne structure coherent over horizontal distances of several tens of kilometers. However, the
intensity of the reﬂectors, and their horizontal coherence, decreases downstream. This change in
seismic reﬂectivity is probably the result of diminished vertical thermohaline contrasts between
adjacent water masses, so that double-diffusion processes become unable to sustain temperature and
salinity staircases. Comparison of root-mean-square seismic amplitudes with temperature and salinity
differences between the Mediterranean Undercurrent and the overlying central waters suggests a causal
relationship between observed thermohaline ﬁne structure and true seismic amplitudes. We estimate
that, within this intermediate water stratum, impedance contrasts are mainly controlled by sound speed
contrasts (a factor between 3.5 and 10 times larger than density contrasts), which are mainly controlled
by temperature contrasts (a factor between 1.5 and 5 times larger than salinity contrasts).
& 2009 Elsevier Ltd. All rights reserved.

Keywords:
Seismic oceanography
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Mixing
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1. Introduction
Seismic reﬂection proﬁling is unique in its application to
oceanography because of its method of implementation. Its low
acoustic frequency, yet high level of lateral sampling allows
oceanographers to create a quasi ‘snapshot’ of the ocean to
visualize rapid changes in density and/or sound speed, which
results in the identiﬁcation of constant-property surfaces and
their coherence over large horizontal distances. The multi-channel
seismic reﬂection method (MCS) has been shown to be well suited
to analyze the nature of thermohaline ﬁne structure for many
processes, from internal waves to frontal regions, with a lateral
resolution of approximately two orders of magnitude greater than
conventional oceanographic data (Ruddick, 2003; Thorpe, 2005).

 Corresponding author. Tel.: +34 93 409 5410; fax: +34 93 411 0012.

E-mail addresses: gbuffett@ija.csic.es, gbuffett@gmail.com (G.G. Buffett).
0278-4343/$ - see front matter & 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.csr.2009.05.017

Although acoustic probing of the ocean in various ways has
been commonplace for decades, the ﬁrst applications of seismic
reﬂection proﬁling to the ocean were done by Gonella and Michon
(1988) and Phillips and Dean (1991). These works, followed by the
inﬂuential work of Holbrook et al. (2003) and subsequent studies
(Biescas et al., 2008; Holbrook and Fer, 2005; Nakamura et al.,
2006; Nandi et al., 2004; Pa ramo and Holbrook, 2005; Tsuji et al.,
2005; Wood et al., 2008), have reﬁned the seismic reﬂection
‘common mid-point’ (CMP) method to remotely image the ocean
on a large scale—to full ocean depths and horizontally on the
order of hundreds of kilometers.
Mediterranean Water (MW) enters the Atlantic Ocean through
the Strait of Gibraltar as a result of the overﬂow of dense, saline
water from the Mediterranean Sea, in the so-called Mediterranean
Undercurrent (MU) (Bower et al., 2002). Guided by buoyancy and
seaﬂoor bathymetry the MU cascades down into the Gulf of Ca diz
and mixes with North Atlantic Central Water (NACW) (Johnson
et al., 1994) until it equilibrates at depths between 500 and
1500 m (Richardson et al., 2000), conﬁned between the NACW and
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the North Atlantic Deep Water (NADW). Due to the Coriolis effect,
the MU ﬂows attached to the western continental slope of Iberia
(Ambar et al., 1999) all the way into the Bay of Biscay and along
the Porcupine Banks. Ochoa and Bray (1991) applied inverse
methods to several sections in the Gulf of Ca diz to determine the
existence of intense two-way mixing and one-way entrainment.
Mixing, however, does not stop there because MW is progressively
diluted along its path (Iorga and Lozier, 1999).
Near the Strait of Gibraltar the MU has a high thermohaline
contrast and mixing may result from shear mixing (Price et al., 1993),
while further downstream mixing may be the result of doublediffusive processes (Ruddick, 1992; Schmitt, 1994). The background
upper-thermocline NACW becomes layered as a result of doublediffusion salt-ﬁngering (St. Laurent and Schmitt, 1999). The MU
intrusion causes salt ﬁngering to be enhanced at the base of the MW,
especially in the form of lateral intrusions (Ruddick, 1992; Ruddick
and Kerr, 2003). MU intrusions also bring about the possibility of a
diffusive regime on top of the MW intrusion (Ruddick and Gargett,
2003; Schmitt, 1994). We expect that these processes act all together
and with different intensities resulting in a variety of thermohaline
structures that change along the MU path.
Here we analyze seismic data for several normal-to-shore
sections situated along the path of the MU, in order to investigate
how inner-ocean reﬂectors evolve with distance from the source
of MW, in the Strait of Gibraltar. These sections are examined in
combination with historical, co-located CTD data, to appreciate
how changes in these reﬂectors may respond to progressive
mixing of MW in the North Atlantic Ocean.

2. Methodology
Since Obukhov (1941) there have been numerous treatises on
acoustic methods to measure ocean ﬂuid dynamic properties
(Batchelor, 1957; Brandt, 1975; Chernov, 1957; Goodman, 1990;
Munk and Garrett, 1973; Ottersten, 1969; Tatarski, 1971). Brandt
(1975) studied high-frequency sound scattering from density
variations of a turbulent saline jet in the laboratory. He concluded
that the observed scattering was a result of acoustic impedance
ﬂuctuations produced by the jet and hence, that acoustic imaging
techniques could be used to study oceanic diffusion processes and
thermohaline structures. Orr and Hess (1978) acquired a joint
physical oceanography/multifrequency (high-frequency) acoustic
backscatter dataset. They observed that the intensity of back
scatter was higher where the temperature gradient was maximum. They therefore suggested that oceanic microstructure
played a role. Following this work, Haury et al. (1983) provided
further constraints on the relationship between oceanic microstructure and acoustic backscatter. By combining the methods of
Orr and Hess with plankton measurement constraints, they were
able to produce an acoustic snapshot of an ostensibly breaking
internal wave, thereby identifying thermohaline ﬁne structure as
the source of the backscatter. Munk and Wunsch (1979) ﬁrst used
travel-time ocean acoustic tomography by adapting a technique
used in seismology to image the interior of the earth to represent
very large scale ocean structures.
2.1. Seismic acquisition
The seismic acquisition survey was carried out in August and
September 1993 to study the Iberian–Atlantic Margin (IAM)
tectonic plate boundary (Gonza lez et al., 1996). It proceeded by
towing an impulsive source and a streamer (a cable ﬁlled with
hydrophones), which recorded both signal and noise. The survey
design and acquisition parameters were customized to the study
of deep crustal structures. Nonetheless, the high energy source
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and narrow receiver spacing provides a rich seismic oceanography
dataset (Fig. 1). In this work we have analyzed four seismic
proﬁles, chosen to intersect perpendicularly with the known path
of the MU (Bower et al., 2002; Richardson et al., 2000; Serra and
Ambar, 2002) at different distances from its origin, in the Gibraltar
Strait. The ﬁrst proﬁle is located nearly 400 km west of the Strait
of Gibraltar while the distance between adjacent transects is
about 200 km.
Source generated seismic waves travel through the water
column. Acoustic impedance boundaries deﬁned by varying
density and sound speed modify the transmission to reﬂection
ratio. As a result, the changes in density and sound speed partially
backscatter propagating acoustic energy. The imaging procedure
(Sheriff and Geldart, 1982; Yilmaz, 1987), takes advantage of the
redundancy of sources and receivers to produce a continuous
image of the subsurface and to attenuate random noise. In this
method, instead of a single source and receiver, there are many
sequentially ﬁred sources and an array of receivers at regular
intervals with varying source–receiver offsets.
In terms of imaging the solid earth, a seismic reﬂection proﬁle
is effectively a ‘snap-shot’ in time (due to the enormous time
involved in geological processes). However, in application to
physical oceanography, the seismic section is skewed in time due
to the dynamic nature of ocean current velocities, which circulate
in a time comparable to seismic data acquisition resulting in a
picture of a progressively changing ocean. Recent seismic studies
have shown that subtle thermohaline ﬁne structure changes can
occur in as little as 3 h (Ge li and Cosquer, in preparation). Detailed
acquisition parameters are summarized in Table 1.
Vertical resolution is much lower than the resolution available
in oceanographic in situ probing (e.g. CTD) and is determined by
the frequency content of the source, how sound is ﬁltered by the
water column and, ultimately, by what frequency bandwidth is
recorded. Widess (1973) deﬁned a one-quarter wavelength
relationship for seismic data, whereby the smallest resolvable
interface is expressed as one-quarter of the dominant seismic
wavelength. Therefore, given a dominant frequency of 50 Hz,
structures no smaller than about 7.5 m are resolvable. In practice
however, one-quarter wavelength resolution is not obtainable due
to the thickness and sharpness of the reﬂecting interface. Thus, we
can conﬁdently image interfaces of only about one-half the
dominant frequency, or 15 m for a 50 Hz dominant frequency. As
a result, although scattering and reﬂection of acoustic waves is
known to occur from biological sources, plankton for instance
(Haury et al., 1983; Stanton et al., 1996), seismic acoustic sources
produce lower frequency waves that are not sensitive to these
organisms.

2.2. Seismic data processing
The Iberian–Atlantic Margin lines were processed and analyzed similarly (with the exception of particular dataset dependent parameters) to ensure consistent interpretation from line to
line. The linear direct wave (the wave which travels directly from
source to receiver without reﬂecting) is shown emanating from
the source at the surface and becoming deepest at the farthest
offset. The acoustic reﬂections are hyperbolic and have lower
amplitudes than the direct wave. Since this is a shot from a marine
survey, we see water column reﬂections, seaﬂoor reﬂections and
those beneath the seaﬂoor (Fig. 2).
The ultimate goal of seismic data processing is to produce an
accurate, interpretable zero-offset section. All recorded seismic
data contain signal and noise. To increase the interpretability of
seismic data, it is necessary to increase the signal-to-noise ratio.
Noise can be present in the form of random or coherent noise.
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Fig. 1. Study location map showing seismic lines and oceanographic stations. Both databases supply quality-controlled data acquired throughout the 20th century. IAM
sections are indicated. Stations within 20 km from these sections (red color) are used to build characteristic temperature and salinity ﬁelds. Left panel: WOD05 database
(http://www.nodc.noaa.gov/OC5/SELECT/dbsearch/dbsearch.html). Right panel: Coriolis database (http://www.coriolis.eu.org/cdc/data_selection.htm).

Table 1
IAM Acquisition Parameters—the streamer used was the HSSQ/GX600 analog
model.
Energy source—SWAG air gun array (bolt)
Total volume: 0:123 m3
Nominal source depth: 10 m
Nominal shotpoint interval: 75 m
Peak energy: 20–50 Hz
Instrumentation—type: DFS-V
Format: SEG-D
Sample rate: 4 ms
Record length: 25 s
Low-cut ﬁlter OUT
High-cut ﬁlter 90 Hz
Cable Conﬁguration—no. groups ¼ 192
Streamer length: 5 km
Group interval: 25 m
Nominal cable depth: 15 m
Near offset (in-line): 254 m
CMP spacing: 12.5 m
The air gun array consisted of 36 BOLT guns organized into six identical sub strings.

While random noise is greatly reduced in the process of stacking
(in the CMP method), due to the inherent redundancy of data
traces, coherent noise has to be identiﬁed and attenuated to better

enhance the reﬂection signal. In the case of seismic oceanography,
the direct wave is the most prominent coherent noise and strongly
masks shallow reﬂections.
We used an eigenvector ﬁlter to suppress the majority of direct
wave energy and as a result enhance reﬂections. This ﬁlter, based
on the Kahrunen–Loeve transform (Jones and Levy, 1987),
decomposes the seismic traces into eigen-images. To suppress
the direct wave, the shot record was ﬁrst ﬂattened using a linear
moveout (LMO) correction with a constant sound speed of
1505 m s1 . The eigenvector ﬁlter was applied and the LMO
correction removed (Fig. 2) (Claerbout, 1978; Yilmaz, 1987).
An Ormsby band-pass ﬁlter was then applied, truncating the
frequency range to between 15 and 90 Hz, to increase the signalto-noise ratio, with tapered ends ð8=15290=100 HzÞ to prevent
discontinuities such as oscillatory edge effects.
Next, a correction for divergence energy loss (geometric
spreading) was applied that operates on the basis of an inverse
distance, 1=r, relationship. This cylindrical spreading correction
assumes that the majority of energy comes from directly below
the source, as opposed to off-line, as if energy propagates on a 2D
vertical surface. This contrasts with spherical divergence corrections for 3D surveys, that would use a 1=r 2 relationship. A single
trace scalar was applied to balance trace amplitudes for display
purposes. This trace scalar balanced all samples in a trace by the
same scalar value, as opposed to scalars which are calculated in a
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Fig. 2. Typical shot record from one IAM proﬁle (IAM-3, SHOT 101) showing seismic events. (A) Direct wave. (B) Water column reﬂections. (C) Seaﬂoor reﬂection. (D)
Random noise. The shot record on the top shows the high amplitude direct wave (that masks lower amplitude water column reﬂections) and signiﬁcant random noise. After
application of the eigenvector ﬁlter, the direct wave is largely suppressed, with the exception of some residual energy at near offsets. The eigenvector ﬁlter is also very
effective in reducing random noise.
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sliding time window. In this way, lateral variations in amplitude
are better preserved for data visualization. For true amplitude
analysis (Section 3.2), no trace scalar was applied.
For a given CMP gather, in order to correct for the effect of
normal moveout (NMO), that is, the effect of increasing reﬂection
travel time to longer offset receivers, one needs to apply an
appropriate shift in sound speed (known as ‘stacking velocity’) to
ﬂatten the hyperbolic reﬂectors (Hatton et al., 1986). In the water
column, sound speed does not vary greatly, and indeed an
assumed constant sound speed of 1500 m s1 will produce a stack
(zero-offset section), yet velocity (sound speed) analysis is
necessary and does improve the ﬁnal stacked section, especially
in the shallow ocean, where interfaces are more sensitive to
processing sound speed adjustments (Fig. 3). Traces were then
stacked, the process of summing together traces. This process
increases coherent signal and attenuates random noise. Post-stack
processing included an f–x deconvolution to improve signal-tonoise ratio (Cowen and Grant, 1985; Treitel, 1974).
Following post-stack noise reduction, a phase-shift time
migration was applied to move reﬂectors to their true spatial
locations and to collapse diffraction artifacts (Gazdag, 1978).
Migration makes an adjustment of dipping interfaces but requires
a priori knowledge of the acoustic structure of the media in
question. In practice (in the absence of co-located and simultaneously recorded in situ oceanographic sound speed measurements) this is not known and must be arrived at iteratively
through ‘velocity analysis’. These ﬁne depth variations are better
sampled with oceanographic instruments and then used as the
basis for seismic velocity analysis (that is, which sound speed
function gives the best seismic stacking response). The result is a
proﬁle in two-way-time (vertical travel time to a reﬂection event
and back) and horizontal distance. The two-way time proﬁles
were converted to depth using the interval sound speed function
calculated from picked stacking velocities using the Dix equation
(Yilmaz, 1987). Fig. 3 illustrates the improved structural clarity
obtained after velocity analysis. This is an important result, given
the relatively small variations in water column sound speed as
compared with those found in the solid earth.
2.3. Oceanographic data
Oceanographic data from 353 N to 42:53 N and 63 W to 13:53 W
have been extracted from two historical databases: World Ocean
Database 05 (WOD05) and Coriolis (Fig. 1a and b). Since most
stations are present in both databases, some effort has been made

Fig. 3. Comparative results of semblance velocity (sound speed) analysis for a
section of line IAM-3 (red, inset). Upper panel stacked with a constant sound speed
of 1505 m s1 . Lower panel stacked using a carefully picked temporally and
spatially varying sound speed function. Note the better imaged reﬂections and
improved structural clarity, especially in the shallow ocean.

to identify and delete duplicate stations. Stations acquired at the
same time within 0:013 in latitude and longitude are considered to
be duplicates (such a radius is larger than the usual precision in
navigation systems, but short enough to distinguish between two
different, yet proximally located stations). The number of stations
available for each IAM section is 16 (IAM-3), 55 (IAM-5), 115 (IAM9) and 58 (IAM-11). It is important to note that these stations,
separated by an average distance that varies between 10 and
20 km, are not simultaneous in time (to one another, nor to their
respective seismic proﬁles). Rather, the stations come from many
different years and seasons, so the ensembled oceanographic
sections in Fig. 1 cannot be used to examine any sort of horizontal
coherence. Nevertheless, they are useful to illustrate the distribution of water masses along the path of the MU. Moreover, the
outﬂow of MW from the Strait of Gibraltar does not experience
substantial seasonal or interannual changes (Ambar et al., 2002;
Candela, 2001), so we may expect that the large-scale characteristics of the MU, including its path and the characteristics of its
exchange with the surrounding North Atlantic waters, are largely
invariant.
NACW salinity decreases monotonically with depth from a seasurface maximum value, until reaching the inﬂuence of MW. In
the absence of North Atlantic intermediate waters (such as MW or
Antarctic Intermediate Water, AAIW) salinity decreases rapidly
with depth in the upper-thermocline until it becomes roughly
constant at intermediate water levels (e.g. Machı́n et al., 2006, Fig.
3). Off the Iberian Peninsula, however, the presence of MW is
easily detected through a change of sign in the slope of the
salinity–depth relationship, which typically begins at neutral
density values of 27:3 kg m3 or at depths of about 500–600 m,
and corresponds to the salinity increasing back above 35.7.
At
deeper
levels,
in
the
1700–1800 m
depth
and
27:90227:93 kg m3 density range, the presence of MW disappears. These characteristics are easily appreciated in the temperature–salinity (T–S) diagrams (Fig. 4).

3. Results
Figs. 5–8 present co-located seismic and oceanographic data.
Characteristic features in the seismic sections are labeled by their
section name (3, 5, 9 or 11) and a corresponding letter. We now
present a brief description of these sections and the way they are
partitioned using both seismic and oceanographic criteria.
3.1. Partition of seismic lines
Each seismic line is divided using both oceanographic and
seismic criteria. The oceanographic partition into three principal
zones is based on the presence of MW, which is brought by the
MU either via advection or lateral and vertical diffusion. Zones 1
and 3 comprise pure NACW and NADW water masses, respectively, while Zone 2 includes all MW as well as the transitions
between it and the overlying and underlying NACW and NADW.
To establish this zonation we use a very simple criterion that
intermediate waters with salinity above 35.7 have a signiﬁcant
contribution from MW and hence deﬁne Zone 2. Waters above and
below correspond to Zones 1 and 3, respectively. In general, Zone
1 comprises waters between 0 and 600 m, Zone 2 between 600
and 1600 m and Zone 3 from 1600 m to the seaﬂoor. The width of
Zone 2 decreases with distance from the Strait of Gibraltar.
In order to have a comparable seismic partition in three zones
we deﬁne the MW (Zone 2) based on the root mean square (rms)
amplitude of seismic traces. Where this amplitude increases by a
factor of ﬁve or more, we interpret this to represent the relatively
high acoustic impedance of the MW. Amplitudes above and below
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Fig. 4. T–S proﬁles for the co-located oceanographic sections. Depths (m) are indicated by colors. Isopycnals increase upward, with 0:25 kg m3 intervals. The 27.3 and 27.93
isopycnals, which grossly delimit MW, are drawn as thick black lines. The gray line corresponds to an MW core station.

Fig. 5. Co-located seismic (line IAM-3) and historical oceanographic data. Zone 1 (NACW): green. Zone 2 (MW): red. Zone 3 (NADW): yellow. Seaﬂoor: gray. MU is labeled
on the top right of sections in white. See text for interpretation. Thick black lines in oceanographic data correspond to neutral density isopycnals ðkg m3 Þ. Vertical black
lines indicate locations of CTD casts with respect to seismic line. Bottom right inset shows location of seismic line relative to CTD casts (points). White zones indicate
oceanographic data gaps.

the MW that fall outside this amplitude criterion are deﬁned as
either NACW (Zone 1) or NADW (Zone 3). Using this zonation, we
overlay our interpretation by using three different colors:
green—NACW; red—MW; yellow—NADW. By using these simple
criteria a good correlation between the seismic images and the
conventional oceanographic data is emphasized.
The seismic section in Fig. 5 is line IAM-3, a 186 km SW-NE
line. There is a prominent lens shaped structure (Feature 3A)
located at depths between 500 and 1500 m, extending from 17 to
66 km. The structure has high amplitude reﬂectivity at its top
boundary and low amplitude reﬂectivity at its lower boundary.

The low amplitude reﬂectivity contrasts starkly with the high
amplitude horizontal reﬂectors present on either side and
protrudes approximately 300–400 m below them. Feature 3A also
shows moderate-to-high internal concentric reﬂectivity banding.
Between about 78 and 98 km there is a sharp drop in the
reﬂectivity of the lower boundary of Zone 2 (1400–1600 m), below
which there are some lower amplitude sub-horizontal reﬂections
extending to about 2000 m depth, notably deeper than the high
amplitude adjacent horizontal reﬂectors. The north-east side of
IAM-3 displays distinct lateral reﬂection continuity in Zone 2 and
exhibits moderately dipping reﬂection events near the continental
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Fig. 6. Caption as in Fig. 5, but now for co-located seismic (line IAM-5) and historical oceanographic data.

Fig. 7. Caption as in Fig. 5, but now for co-located seismic (line IAM-9) and historical oceanographic data. Asterisk indicates seismic processing artifact.

shelf (Feature 3B). Lateral seismic coherence (reﬂector lengths)
range from 7 to 8 km in some sparse localities to over 60 km long
in areas such as the western part of the proﬁle, between 1200 and
1400 m. Zone 3 is largely featureless.
Seismic proﬁle IAM-5 is a 330 km E–W line (Fig. 6). It is
characterized by relatively horizontal layers in the upper 400 m
(Zone 1). Zone 2 (from 400 to 1600 m) shows long seismic
stratiﬁcation in its easternmost portion (east of 200 km), but this
coherency decreases towards the west, so that west of 160 km
individual reﬂectors extend no more than 2–3 km. Two interesting
features are noted: Feature 5A, located between 170 and 200 km is
a distorted lens-like structure with two apparent cores. Feature
5B, in the eastern part, also appears spherical with low internal
reﬂectivity. Below depths of approximately 1800 m reﬂectivity
diminishes quickly (Zone 3).
Seismic line IAM-9 is a 300 km E–W proﬁle (Fig. 7). Zone
1 contains horizontal reﬂectors, with maximum continuous
lengths of 10 km. Zone 2 clearly exhibits higher amplitude
reﬂections than Zone 1. From 0 to 10 km reﬂectors are intense
and display long lateral continuity. From 10 to 55 km reﬂectors are

no longer than 2–3 km. Between 55 and 70 km there is an increase
in reﬂection continuity. These lengths increase across the MU, so
that between 104 and 230 km we observe high lateral coherence,
especially at depths between 1400 and 1700 m, where a single
reﬂector can be traced for 85 km. East of 230 km, approaching the
continental shelf, lateral seismic coherence degrades dramatically,
with reﬂectors no longer than 5 km. Seismic features include the
pronounced decrease in reﬂectivity between 600 and 1200 m
centered around 84 km (Feature 9A). There are other transparent
zones, with little internal structure, such as between 204 km and
235 km (Feature 9B), and between 140 and 170 km. Zone 3 is
nearly featureless.
The northernmost line studied is IAM-11, a 220 km long E–W
proﬁle (Fig. 8). It shows high amplitude reﬂectivity with patches
of low lateral coherence. At depths corresponding to Zone
1 continuous reﬂectors can extend up to 30 km, but are nominally
between 10 and 20 km long. In Zone 2, in the western part of the
proﬁle (from 0 to 50 km) there is high amplitude reﬂectivity with
maximum horizontal reﬂector lengths of 8 km. From 50 to 80 km
and depths between 500 and 1600 m, where the continental shelf
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Fig. 8. Caption as in Fig. 5, but now for co-located seismic (line IAM-11) and historical oceanographic data.

noticeably rises, there is a large transparent area (Feature 11A). It
is characterized by a high amplitude, relatively horizontally
coherent upper boundary that is mimicked directly above (in
length and signal strength) by a Zone 1 coherent reﬂector. Its
bottom boundary shows high amplitude signal but is less laterally
coherent. Within Zone 2, between 80 and 140 km, there is high
amplitude seismic reﬂectivity but coherent lengths are no more
than about 8 km, similar in signal character to the western part of
the proﬁle. From 140 km to the continental shelf (approximately
80 km) there are two main features, 11B and 11C. Feature 11B is
deﬁned by a high amplitude laterally coherent reﬂector that
moderately rises toward the continental shelf exhibiting reﬂector
lengths up to 20 km. Below this reﬂector there is a region of low,
discontinuous reﬂectivity (Feature 11C) with sub-horizontal
reﬂectors not longer than 2–3 km. Zone 3, corresponding to
depths below 1800 m is highly seismically transparent across the
line.

3.2. Seismic amplitude analysis
For display purposes, trace scaling was applied to Figs. 5–8. A
trace balance processing algorithm, which applies a single value
scalar across all data traces, was selected to preserve lateral
amplitude variations and thus improve interpretive potential.
However, amplitude contrasts between the seaﬂoor and those
internal to the water column are prominent, due to the fact that
vertical trace balancing may distort relative amplitudes. Therefore, to further understand the quantitative relationships between
the oceanic physical characteristics that inﬂuence reﬂectivity it is
necessary to analyze true seismic amplitudes.
Using non-scaled data we calculated the rms seismic amplitude, within a chosen analysis window, for depths corresponding
to the Mediterranean Water (500–1500 m; Armi et al., 1989;
Richardson et al., 2000). The window locations and dimensions
were chosen to coincide with the dominant ﬂow of the MU, within
about 80 km of the coast of Iberia (Ambar et al., 1999), while
ignoring extremely noisy or clear areas (e.g. near the sea ﬂoor and
the interior of Feature 5B, Fig. 6). The rms amplitudes are
4:26  105 (IAM-3), 3:29  105 (IAM-5), 2:71  105 (IAM-9) and
1:64  105 (IAM-11), a consistent trend of decreasing seismic

amplitude with respect to distance from the source of the MW at
the Strait of Gibraltar.

4. Discussion
The MU ﬂows along the south and west coasts of Iberia, from
its source in the Strait of Gibraltar (Madelain, 1970). As the MW
enters Portima~ o Canyon at the south coast of Portugal it makes
the transition from a density driven bottom current to an
intermediate-depth jet, while entraining neighboring water with
less momentum (Bower et al., 2002). From Portima~ o Canyon to
Cape St. Vincent a deep and dense continuous MW stream forms
(Bower et al., 2002), which is then coerced north along the
continental slope by the Earth’s rotation. Climatological salinity
maps illustrate a high-salinity intermediate-water wedge stretching west of Cape St. Vincent. This is the result of enhanced lateral
mixing operating far from the MU through large MW eddies
(meddies) (Serra and Ambar, 2002). The MU continues further
north along the western coast of Europe, possibly as far as
Porcupine Bank ð503 NÞ, becoming progressively more diluted
(Daniault et al., 1994; Iorga and Lozier, 1999).
4.1. Temperature and salinity ﬁne structure
MW is distinct from the surrounding Atlantic Waters because
of its relatively high salinity and temperature values (Ambar et al.,
1999). In the Strait of Gibraltar the MU core has a temperature of
13:2 3 C and a salinity of 38.45, which gives it a density of nearly
1030 kg m3 , more than the underlying NADW (Richardson et al.,
1989; Xu et al., 2007). As the MU enters the Gulf of Ca diz it rapidly
entrains the neighboring waters and its density decreases until it
eventually levels in the 27:7227:8 kg m3 isopycnic range, at the
1000–1500 m depth level. This has a positive anomaly of about 1.0
in salinity and 1:5 3 C in temperature, as compared with NACW of
the same density, which may be redistributed in the form
of intermittent steps (ﬁne structure) that become the source of
reﬂectors. These steps consist of nearly constant temperature and
salinity values with thicknesses on the order of 10 m (treads in the
staircase) that change abruptly over distances of typically 1 m
(risers in the staircase).
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As the MU moves away from its origin, the temperature, and
especially the salinity anomalies become progressively eroded, as
is apparent from the T–S diagrams in Figs. 4 and 9. Such a decrease
goes together with a reduction in the intensity and number of
temperature and salinity steps, and hence in the seismic reﬂectors
seen in the northernmost seismic section (Fig. 8). The erosion of
these reﬂectors along the path of the MU is most probably the
result of the interplay between along-stream advection and
vertical/horizontal diffusion with the surrounding waters. The
evolution of a layer between the MU and the background waters
depends on three time scales: (1) an advective time scale Ta ,
which is the time the MU takes to travel from its Gibraltar source,
(2) a vertical diffusive time scale Tv , or the time that the vertical
diffusion takes to affect this layer and (3) a horizontal diffusive
time scale Th , the time that this layer takes to laterally incorporate
the surrounding properties.
Let us estimate the order of magnitude of these time scales.
The diffusive time scale for a layer of thickness h depends on the
2
vertical diffusion coefﬁcient Kv as, Td ¼ sh =Kv , where s is a factor
that considers the fraction of the property transferred to the
adjacent layer (Batchelor, 1977, p. 190). For the MW characteristics
to become recognizable we choose s ¼ 1, which corresponds to
50% dilution, so that with Kv C105 m2 s1 (as reported by Ledwell
et al. (1998), for the eastern subtropical Atlantic) we get Td  115
days for h  10 m. The horizontal diffusive time scale for a layer
b  30 km long has a similar dependence on the horizontal
2
diffusion coefﬁcient, Kh , i.e. Te ¼ sb =Kh . A sensible choice is
Kh C10 m2 s1 , again from Ledwell et al. (1998), so that Te C 104
days ðs ¼ 1Þ. These two mechanisms tend to erode the layers and
compete with its downstream advection. The advective time scale
depends on the distance traveled from the region where the
temperature and salinity steps were formed. For example, an
average current speed of U  0:1 m s1 would take a time Ta ¼
L=U  115 days to travel a distance L  1000 km.
Within the MU these diffusive times are probably upper bound
estimates, as vertical mixing will be enhanced through bottom
friction and vertical shear, while lateral shear will cause enhanced
horizontal diffusivity. Furthermore, in some instances the vertical
and horizontal diffusive processes will interact such that, in some
locations, ﬁne structure may disappear in substantially shorter
times. For example, a combined effective diffusive time scale on
the order of 10 days implies that layers would not last more than
some 100 km as they are advected by the MU.

4.2. Seismic proﬁles
Fine structure features within the MU are transient. Nonetheless, they have enough spatial and temporal coherence to be
imaged by seismic data via strategically located cross-cutting
sections of the MU. The coherence and intensity of these seismic
reﬂections not only provide a measure of the sharpness and lateral
coherence of the temperature and salinity steps but also draw the
bounds of mesoscale structures such as meddies, and the rising/
dipping of isopycnals associated with geostrophic currents. Let us
now brieﬂy describe some of these features as observed from the
processed seismic lines (Figs. 5–8).
We identify the prominent lens shaped structure in IAM-3,
Feature 3A (Fig. 5), as a meddy because of its spatial extent (Bower
et al., 1997), its location at the depth range predicted by CTD and
ﬂoat surveys (500–1500 m, Armi et al., 1989; Richardson et al.,
2000), and the marked horizontal reﬂection continuity (Che rubin
et al., 2003). At the top of the meddy there is a higher than normal
amplitude contrast. This agrees with reports of high density
contrasts at the top of meddies as the result of lateral intrusions
between MW and NACW and double diffusion processes (Biescas

et al., 2008; Serra and Ambar, 2002). An abrupt drop in reﬂectivity,
at about 80 km from the coast, seems to correspond with the
western boundary of the MU (Ambar et al., 1999). The north-east
side of IAM-3 displays increased lateral reﬂection continuity but
also shows dipping events and areas of lower reﬂection amplitude
(Fig. 5). Notable here is a half lens-shaped structure, 3B, possibly a
meddy formed at Cape St. Vincent (Ambar et al., 1999; Serra and
Ambar, 2002).
Structures 5A and 5B in IAM-5 (Fig. 6) may represent meddies
generated at Cape St. Vincent (Bower et al., 2002; Richardson et
al., 2000; Serra and Ambar, 2002). At approximately 200 km, there
is a sudden change in signal character, from short-broken
reﬂectors to long-smooth ones. This is likely an artifact due to
changes in sea state during seismic recording on either side. The
portion from 0 to 200 km (section A offshore) was recorded on
28–29 August 1993. The eastern portion of the line, from 200 to
325 km (section B nearshore), was recorded on 2–3 September
1993. Given that the acquisition parameters were invariant, the
difference is most probably due to varying surface conditions at
the times of acquisition. Wind speeds were noted on the Beaufort
Wind Scale (Ruiz, 1997), of F6 (strong breeze: 41–50 km/h) for
section A and F3 (gentle breeze: 13–19 km/h) for section B. As a
result wave heights were signiﬁcantly greater in section A as
compared with section B, explaining the discontinuity in signal
character and emphasizing the sensitivity of the method to the
measurement of environmental conditions. In section A reﬂectivity and lateral coherence increases toward the coast, pointing to
the presence of ﬁne structure reﬂectors within the MU.
The broken reﬂectivity observed in the eastern and western
parts of IAM-9, such as in Features 9A and 9B, suggests that less
ﬁne structure is present (Fig. 7). There are some instances of
stable reﬂections in the central part of the line, but reﬂectivity
appears broken in the nearshore region. This is surprising as the
co-located oceanographic data displays a MU core of high salinity,
and suggests lateral mixing or intrusions of surrounding water
masses. Yet another possibility is that the MU decreases
intermittently, for example during the formation of meddies off
Cape St. Vincent (Serra and Ambar, 2002).
Proﬁle IAM-11 contains a large lens shaped structure (Feature
11A), a meddy on the basis of its spatial dimensions (Armi et al.,
1989; Richardson et al., 2000). Curiously, unlike the meddy from
line IAM-3 (Feature 3A), it contains little internal structure
(Fig. 8). This suggests an evolution of the meddy interior, which
becomes more well mixed as it evolves downstream, resulting in
smaller acoustic impedance contrasts and lower reﬂectivity.
Toward the eastern part of the proﬁle, a large sub-horizontal
reﬂector separates NACW and MW (Feature 11B). Below this, a
large area of broken reﬂectivity (Feature 11C) is imaged, suggesting that ﬁne structure layers have less spatial coherence.

4.3. Along-stream changes in seismic reﬂectors and hydrographic
properties
There are abundant seismically imaged mesoscale structures in
the MW stratum. In particular, the MU core is easily identiﬁed
through the rising reﬂectors against the continental slope, and
several meddy-like structures are contoured by long horizontal
reﬂectors. This is in accordance with studies showing increased
MW-NACW mixing that occurs as a result of entrainment further
away from the source of the MW at the Strait of Gibraltar
(Daniault et al., 1994; Iorga and Lozier, 1999; Ochoa and Bray,
1991). However, the MU core displays intermittent reﬂectivity,
which progressively breaks down along its path so that, far from
Gibraltar, it becomes nearly transparent. This suggests that the
edges of the MU sustain mixing processes, such as double
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diffusive vertical mixing and lateral intrusions, prone to result in
salinity and temperature staircases, while the MU core is possibly
too turbulent to sustain vertical structures. It is possible that these
structures are temporally produced through shear-mixing (Pelegrı́
and Sangra , 1998) but do not appear to last long enough.
Therefore, in the core of the undercurrent, the effective vertical
and horizontal diffusivities may be substantially larger than at its
edge, at least of order Kv C104 m2 s1 and Kh C100 m2 s1 . This
would cause the relevant diffusive times (between vertically
adjacent layers or between the MU core and the surrounding
water) to be shorter than the advective times between adjacent
IAM sections, separated by some 200 km.
With the exception of the MU core, the amplitude of seismic
reﬂectors remains maximum within the MW (Zone 2) for all seismic
lines. Nevertheless, the rms amplitudes in Zone 2 decrease with
distance from the Strait of Gibraltar. We hypothesize that these
reﬂectors are the result of double-diffusion processes, either through
diffusive or salt-ﬁnger vertical diffusion (on the upper and lower
parts of the MW stratum, respectively) or through lateral intrusions.
Hence, we may expect that downstream changes in rms seismic
amplitudes within the MW are related to changes in salinity and
temperature contrasts between the MU and surrounding waters. It
could be argued that the observed thermohaline ﬁne structure is the
result, to a large degree, of epipycnal (near-horizontal) processes, so
that epipycnal contrasts are the most relevant quantities. However,
the long-term near-horizontal diffusion of MW is so important that
the salinity and temperature contrasts at the MW level are relatively
small (Fig. 4), particularly if we are to consider relatively short
horizontal distances within the eastern boundary subtropical gyre.
Hence, by only considering temperature and salinity values on
isopycnals we would likely underestimate the property differences
necessary to maintain a long-term and large-scale ﬁne structure
ﬁeld in the whole eastern boundary region. Therefore we believe it is
best to consider the properties of the vertically adjacent water
masses as they are ultimately responsible for the ﬁne structure in
the region, that is the core MW and the deepest NACW.
To calculate the salinity and temperature contrasts we have to
deﬁne both the MU core and NACW background salinity and
temperature values. Here we will use the simplest possible
approach for both salinity and temperature. The NACW background salinity is estimated as the minimum salinity value in
layers with neutral density less than 27:3 kg m3 (roughly in the
top 600 m). The MU core salinity is estimated from data between
27.2 and 27:90 kg m3 (about 500 and 1400 m) in two different
ways: (i) directly as the maximum salinity value, and (ii) as the
salinity value associated with the maximum temperature value.
Similarly, the NACW background temperature is estimated as the
temperature corresponding to the minimum salinity value in the
top 1000 m. The MU core temperature is estimated from data
between 600 and 1400 m in two different ways: (i) directly as the
maximum temperature value, and (ii) as the temperature value
associated with the maximum salinity value. The NACW and MW
data points are shown in Fig. 9 on top of the T–S diagrams for
intermediate waters. The salinity, temperature, depth, density and
sound speed values are reported in Table 2. When applying the
temperature criterion to section IAM-3 we ﬁnd two cores of MW
at different depths, consistent with historical reports of two levels
of MW in the western Gulf of Ca diz (Ambar et al., 2002). The two
data points are shown in Fig. 9 and the corresponding numbers
are reported in Table 2, but thereafter we set the corresponding
salinity, temperature and depth values as the average of these
pairs of values.
Temperature and salinity contrasts are directly calculated from
the NACW and MW temperature and salinity values in Table 2.
A plot of rms seismic amplitudes together with salinity and
temperature contrasts, as a function of distance (Fig. 10a) does
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suggest a direct relation between these quantities. We may
appreciate that seismic intensity, as well as salinity and
temperature contrasts, decreases along the path of the MU. The
precise salinity and temperature contrasts depend on whether we
use the maximum salinity (subindex S: DSS , DTS ) or the maximum
temperature (subindex T: DST , DTT ) criteria, yet both methods
show the same tendency. We may further examine if there is a
relationship between seismic intensity and the overall salinity and
temperature vertical gradients. These gradients are estimated as
the property contrast divided by the vertical distance between the
corresponding NACW and MW data points, e.g. the salinity
contrast attained using the salinity criterion is divided by the
vertical distance between the NACW point and the maximum
salinity MW point (Fig. 10b). The vertical gradients depend largely
on the selected criterion, the gradients being roughly twice as
large when using the temperature criterion compared with the
salinity criterion. Nevertheless, no matter which criterion, we ﬁnd
that the gradients decrease with distance from the Strait of
Gibraltar, roughly paralleling the decrease in seismic amplitude.
A linear regression between seismic amplitude and overall vertical
temperature gradient gives a slope of 1:2  108 with a correlation
coefﬁcient of 0.95 when using the salinity criterion and 2:4  107
with a correlation coefﬁcient of 0.99 when using the temperature
criterion.
These results reinforce the hypothesis that the intensity of the
reﬂectors responds to temperature and salinity vertical differences that favor double-diffusion processes. Yet, we still have not
explored two important issues: if one of the two properties,
temperature or salinity, has a predominant inﬂuence on the
presence of these reﬂectors, and whether the reﬂectors are mainly
controlled by either density or sound speed differences. Let us ﬁrst
explore the latter question. As mentioned in the Introduction, the
presence of acoustic reﬂectors depends on the vertical contrasts of
acoustic impedance I ¼ rc, deﬁned as the product of in situ
density r and sound speed c. Changes in impedance are given by
DðrcÞ ¼ rDc þ cDr, such that the relative effect of the two is given
by the fraction ðcDrÞ=ðrDcÞ.
The results are reported in Table 3, with subindices S and T
referring to the differences obtained using the maximum salinity
and temperature criteria, respectively (data in Table 2). The mean
sound speed and density contrasts are calculated as the average of
the values obtained using both criteria, i.e. Dc ¼ ðDcS þ DcT Þ=2 and
Dr ¼ ðDrS þ DrT Þ=2. Notice that to compute the last column we
use mean speed and density values calculated simply as the
average between core MW and deep NACW values. In order to
avoid having differences induced by the overwhelming pressure
effect we use one single reference pressure, taken to be that
corresponding to a depth of 1000 m, a characteristic depth of the
MW. Contrasts in sound speed cause a change in impedance
which is typically one order of magnitude larger than those
changes caused by contrasts in density, although for section IAM11 the difference reduces to a factor of about 3.5. These results
could have been anticipated, as the difference in potential density
between NACW and MW is about 0:2 kg m3 while the sound
speed difference is of a few m s1 (at the same pressure), so that
Dr=r is one order of magnitude less than Dc=c.
Finally, we may assess the relative effect that salinity and
temperature contrasts have on impedance. We may estimate the
speed and density changes due to the salinity contrast as DcðSÞ ¼
cðSm ; Tb ; z0 Þ  cðSb ; Tb ; z0 Þ and DrðSÞ ¼ rðSm ; Tb ; z0 Þ  rðSb ; Tb ; z0 Þ,
and the speed and density changes due to the temperature contrast as DcðTÞ ¼ cðSb ; Tm ; z0 Þ  cðSb ; Tb ; z0 Þ and DrðTÞ ¼
rðSb ; Tm ; z0 Þ  rðSb ; Tb ; z0 Þ, where Sm and Tm correspond to the
maximum MW salinity and temperature values, Sb and Tb
correspond to the deep NACW salinity and temperature values,
and z0 ¼ 1000 m is a characteristic depth of the MW.
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Fig. 9. T–S proﬁles for the co-located oceanographic data in the MW region, illustrating the criteria used to obtain the background and maximum salinity values. The black
lines represent 27.2, 27.3 and 27.9 neutral densities. The dots indicate the background salinity and temperature values, the diamonds show the maximum salinity and
temperature values as derived from the maximum salinity criterion, and the squares locate the maximum salinity and temperature values as derived from the maximum
temperature criterion. Notice there are two squares in section IAM-3 corresponding to the two MW levels as explained in the text.
Table 2
Salinity, temperature, depth, density and sound speed values.
MW core (T criteria)

IAM-3
IAM-5
IAM-9
IAM-11

IAM-3
IAM-5
IAM-9
IAM-11

MW core (S criteria)

Deep NACW

Tmax (3 C)

Smax

z (m)

Tmax (3 C)

Smax

z (m)

T ð3 CÞ

S

z (m)

13.19
12.83
12.02
11.60

36.03
36.39
36.14
36.08

482.7
733
661.8
790

11.96
12.14
11.73
10.87

36.62
36.54
36.56
36.23

1176.7
1098.7
1383.6
1153

10.77
11.12
10.96
10.91

35.53
35.54
35.50
35.54

555.2
489.7
428.9
427.5

r ðkg m3 Þ

c ðm s1 Þ

r (kg m3 )

c ðm s1 Þ

r (kg m3 )

c ðm s1 Þ

1031.84
1031.92
1031.93
1031.94

1517.74
1517.81
1514.99
1513.27

1032.29
1032.19
1032.29
1032.21

1515.16
1515.68
1514.30
1510.92

1031.69
1031.62
1031.62
1031.67

1509.72
1510.96
1510.36
1510.22

The results are reported in Table 4, again with subindices T and
S indicating the criterion used to obtain the salinity
and temperature differences (Fig. 9). The last column of Table 4
displays the salinity/temperature ratio as obtained using the
mean speed contrasts DcðSÞ=DcðTÞ ¼ ðDcðSÞT þDcðSÞS Þ=ðDcðTÞT þ
DcðTÞS Þ; in parenthesis we show the range (DcS ðSÞ=DcS ðTÞ to
DcT ðSÞ=DcT ðTÞ. The results indicate that changes in seismic
amplitude are more likely related to temperature than to
salinity changes. The mean salinity/temperature ratio varies
between 0.20 near the MW source to as high as 0.66 in
downstream regions, where salinity contrasts are thus likely to
play an increasing (but, still lesser) role in determining
thermohaline ﬁne structure. These values agree with recent
studies (Nandi et al., 2004; Ruddick et al., 2009) that point to
temperature as the major inﬂuence on reﬂection coefﬁcient.
Ruddick et al. (2009) obtained a synthetic seismic trace through a
meddy located southwest of line (IAM-3) and found

temperature–salinity contributions
salinity/temperature ratio of 0.20.

of

0.83–0.17,

giving

a

5. Conclusions
Analysis of four seismic lines acquired as part of the Iberian–
Atlantic Margin survey, transecting the Mediterranean Undercurrent,
shows distinct seismic reﬂectors in the upper 1800 m of the ocean.
Layering is most prominent from approximately 500 to 1500 m,
though this thickness varies from line to line. This corresponds to the
base of the North Atlantic Central Water (NACW) and the whole
Mediterranean Water (MW) stratum, in many instances with
reﬂectors coherent over distances of over 100 km. Common to all
sections is a signiﬁcant decrease in seismic amplitude between
1400 m and approximately 1800 m, which we interpret as the base of
the MW, beyond which North Atlantic Deep Water (NADW) is
seismically near-transparent.
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Amplitude
ΔTT
ΔTS
ΔST
ΔSS

5 x 105

4 x 10

5

Table 3
Sound speed and density contrasts calculated using both the temperature and
salinity criteria.

2

T criteria

1.6

0.8
2 x 105

ΔT (ºC), Δz

Amplitude

1.2
3 x 105

IAM-3
IAM-5
IAM-9
IAM-11

0.4
1 x 105

800
Distance (km)

Amplitude
ΔTT/Δz
ΔTS/Δz
ΔST/Δz
ΔSS/Δz

5 x 105

4 x 105

Amplitude

1200

0.016

0.012

3 x 105
0.008
5

0.004

1 x 105

IAM-3
IAM-5
IAM-9
IAM-11

ΔT (ºC)/Δz (m), ΔS/Δz (m)

400

DrT (kg m3 )

DcT (m s1 )

0.22
0.30
0.29
0.27
S criteria

8.02
6.85
4.63
3.05

DrS ðkg m3 Þ

DcS (m s1 )

0.60
0.57
0.67
0.54

5.44
4.72
3.94
0.70

Mean

-0.4

0

2 x 10

IAM-3
IAM-5
IAM-9
IAM-11

0

0
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r (kg m3 )

Dr (kg m3 )

c ðm s1 Þ

Dc ðm s1 Þ

ðcDrÞ=ðrDcÞ

1031.89
1031.84
1031.87
1031.90

0.41
0.44
0.48
0.36

1513.09
1513.86
1512.51
1511.16

6.73
5.79
4.29
1.88

0.10
0.11
0.16
0.28

Table 4
Sound speed contrasts caused by changes in salinity, DcðSÞ, and temperature, DcðTÞ.

IAM-3
IAM-5
IAM-9
IAM-11

DcS ðSÞ

DcT ðSÞ

DcS ðTÞ

DcT ðTÞ

r ¼ DcðSÞ=DcðTÞ

1.33
1.21
1.28
0.84

0.94
1.02
0.78
0.64

4.13
3.50
2.69
0.16

7.11
5.81
3.68
2.39

0.20
0.24
0.32
0.66

(0.32–0.13)
(0.35–0.18)
(0.48–0.21)
(5.25 to 0.27)

See text for explanations.

0

0
0

400

800
Distance (km)

1200

Fig. 10. (A) Decreasing rms seismic amplitudes for the MW and corresponding
temperature and salinity contrasts between the MU core and the background
NACW, DT (solid lines, circles) and DS (dotted lines, squares), respectively. We
display two different values for the temperature and salinity contrasts, calculated
as explained in the text. (B) Seismic amplitude variation alongside the overall
vertical temperature and salinity gradients, DT=Dz (solid lines, circles) and DS=Dz
(dotted lines, squares), respectively. In both panels we use the following key.
Temperature criterion: empty circles/squares; salinity criterion: ﬁlled circles/
squares (black: temperature, gray: salinity); rms seismic amplitude: crosses.

Three seismic reﬂectivity zones are identiﬁed, which we associate
with NACW, MW and NADW, respectively. The thermohaline spatial
structure of NACW and, particularly, MW strata may be studied using
seismic oceanography because of the existence of large temperature
and salinity contrasts between vertically adjacent water masses.
These contrasts translate into gradients of density and sound speed,
which bring about impedance gradients and correspondingly large
variations in the amplitude of seismic reﬂectivity. Typical temperature
and salinity contrasts between the MU core and the base of the
overlying NACW are 1 3 C and 1, respectively, which lead to (potential)
density differences of about 0.3–0:5 kg m3 and sound speed
differences of about 5–7 m s1 . Note that despite the fact that
acoustic impedance depends on in situ density, while we look at the
role of salinity and temperature contrasts on impedance gradients we
must set one single depth in order to remove the overwhelming
pressure effect, this is why here we speak of potential density.

Seismic characterization of the Mediterranean Undercurrent (MU)
is found in the reﬂectivity patterns seen within Zone 2 (MW). The
undercurrent is located within some 80 km of the Iberian Peninsula
continental slope, as viewed through the rising of reﬂectors against it,
while the MU core remains largely transparent. We interpret these
layers of reﬂectors as representing staircase-type structures induced
by double-diffusion processes, which last longer than eroding
diffusive processes, while within the MU core the erosion mechanisms dominate.
The analysis of root mean square (rms) amplitudes reveals a
decreasing trend of MW seismic amplitude with respect to distance
from the Strait of Gibraltar, alongside decreasing temperature and
salinity contrasts between MW and the overlying NACW. We deduce
that the decrease in seismic amplitude is a result of reduced doublediffusion processes that cannot compete with other diffusive
processes that tend to erode the layering. Considering the deepest
NACW and the core MW, the latter characterized by the mid-depth
temperature maximum, we ﬁnd a linear relationship between the
overall vertical temperature gradient (in 3 C m1 ) and the true seismic
amplitude with a linear regression slope of 2:4  107 . This relation
strongly suggests a causal relationship between the intensity of
double-diffusion processes, and therefore ﬁne structure, and true
seismic amplitude.
Finally, we ﬁnd that impedance changes are mainly controlled by
sound speed changes, as opposed to density contrasts (a factor
between 3.5 and 10), and that the speed variations are predominantly
caused by temperature rather than salinity contrasts (a factor
between 1.5 and 5).
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CHAPTER 2
Stochastic Heterogeneity Mapping
Around a Mediterranean Salt Lens

Mother, Mother Ocean, I have heard your call. I wanted to sail upon
your waters since I was three feet tall. You've seen it all.
--Jimmy Buffett
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Abstract. We present the first application of Stochastic Heterogeneity Mapping based on the band-limited von Kármán
function to a seismic reflection stack of a Mediterranean water eddy (meddy), a large salt lens of Mediterranean water.
This process extracts two stochastic parameters directly from
the reflectivity field of the seismic data: the Hurst number,
which ranges from 0 to 1, and the correlation length (scale
length). Lower Hurst numbers represent a richer range of
high wavenumbers and correspond to a broader range of heterogeneity in reflection events. The Hurst number estimate
for the top of the meddy (0.39) compares well with recent
theoretical work, which required values between 0.25 and
0.5 to model internal wave surfaces in open ocean conditions
based on simulating a Garrett-Munk spectrum (GM76) slope
of −2. The scale lengths obtained do not fit as well to seismic reflection events as those used in other studies to model
internal waves. We suggest two explanations for this discrepancy: (1) due to the fact that the stochastic parameters are
derived from the reflectivity field rather than the impedance
field the estimated scale lengths may be underestimated, as
has been reported; and (2) because the meddy seismic image is a two-dimensional slice of a complex and dynamic
three-dimensional object, the derived scale lengths are biased
to the direction of flow. Nonetheless, varying stochastic parameters, which correspond to different spectral slopes in the
Garrett-Munk spectrum (horizontal wavenumber spectrum),

Correspondence to: G. G. Buffett
(gbuffett@ictja.csic.es)

can provide an estimate of different internal wave scales from
seismic data alone. We hence introduce Stochastic Heterogeneity Mapping as a novel tool in physical oceanography.

1

Introduction

Mediterranean Water eddies, or “meddies”, are large, warm,
isolated lenses of highly saline Mediterranean Water that
are found in the North Atlantic ocean. Mediterranean Water flows through the Strait of Gibraltar as an undercurrent
(Bower et al., 2002), cascades down the continental shelf,
while entraining less dense North Atlantic Central Water
(Bower et al., 1997) and settles at depths between 500 and
1500 m (Richardson et al., 2000). The undercurrent then
rounds the corner of the Iberian peninsula at Cape St. Vincent, directed north by the Coriolis force. It is here that meddies form, spinning off the main undercurrent, translating
westward and rotating anti-cyclonically (Serra et al., 2002).
Meddies were first reported in the western North Atlantic
ocean by McDowell and Rossby (1978). Since that time they
have been found to be a common feature in the North Atlantic
ocean, (Richardson et al., 2000). Many different aspects of
meddies are currently being researched to understand their
properties as well as their influence on large-scale mixing
and climate (e.g. Bashmachnikov et al., 2009).
Meddies have traditionally been studied using established
oceanographic techniques, such as CTD (ConductivityTemperature-Depth) probes to measure salinity and temperature (Ruddick, 1992) and acoustically tracked SOFAR floats
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(Armi et al., 1989). Recently, multi-channel seismic (MCS)
reflection profiling has been employed as a thermohaline
imaging tool starting with the work of Holbrook et al. (2003)
(e.g. Nandi et al., 2004; Nakamura et al., 2006; Buffett et
al., 2009). Holbrook and Fer (2005) used this technique to
study internal waves in the Norwegian Sea. They found that
horizontal wave number spectra derived from digitizing seismic reflector horizons in the open ocean compared favorably
with the Garrett-Munk spectrum (Garrett and Munk, 1975),
which describes oceanic internal wave displacements. Biescas et al. (2008) performed the first detailed MCS analysis
of a meddy. They found distinct seismic reflectivity differences in the upper and lower bounds of the meddy that are
consistent with differences seen in historical temperature and
salinity data. The upper boundary of the meddy was characterized by a few high-amplitude, laterally continuous reflections, whereas the lower boundary exhibited more numerous,
shorter, lower amplitude reflectors.
To further understand meddy processes, we apply Stochastic Heterogeneity Mapping to the study of a meddy in the
Gulf of Cadiz (Fig. 1). This method of statistically analyzing
the reflection field of seismic data has been used extensively
to study complex acoustic impedance variability in the solid
earth (e.g. Goff et al., 1994; Holliger et al., 1994; Hurich and
Kocurko, 2000; Carpentier and Roy-Chowdhury, 2007) even
in areas where there is a predominance of diffuse reflectivity
(as opposed to specular reflectivity) observed. This research
represents the first application of Stochastic Heterogeneity
Mapping to the ocean.
Stochastic Heterogeneity Mapping is based on the premise
that the seismic reflection wave field contains information
on the spatial properties of the reflecting bodies and could
thereby be used to extract quantitative information about
thermohaline finestructure. By extracting these parameters
from a stacked seismic image of a meddy we can estimate the
range of scales of its reflectivity patterns. In this way, we provide an estimate of the characteristic scales of internal waves
of physical oceanographic processes directly from seismic
data on zones of particular interest to oceanographers: the top
and bottom (Biescas et al., 2008) and the sides of a meddy
(Armi et al., 1989; Ruddick, 1992). Since Stochastic Heterogeneity Mapping operates on the reflectivity field of a
processed seismic reflection profile, we focus here on that
methodology and its interpretive implications, not on MCS
data acquisition or processing. For an introductory treatise of
MCS methodology as it relates to physical oceanography, we
refer the reader to Ruddick et al. (2009). See Yilmaz (1987)
for a more complete discourse on seismic data processing.

Fig. 1. Location of seismic profile and approximate trajectory of
Mediterranean Outflow Water.

Hurst number (ν), a measure of surface roughness or equivalently, the richness of the range of scales in the power law
distribution (having values between 0 and 1), and statistical
variance. We apply unit variance to standardize the distribution. For scale sizes smaller than the correlation length, the
von Kármán model describes a power law (fractal) process,
where ν represents its exponent. The parameter, ν relates to
the fractal dimension (D) by
D = E + 1 − ν,

where E is the Euclidean dimension. For scales longer than
the correlation length, the von Kármán model represents a
process that is uncorrelated, such as white noise (Hurich and
Kocurko, 2000). The structure of the impedance field, and
hence its autocorrelation, are in accordance with the defined
power spectrum. This spectrum could take on a variety of
forms. However, we choose a von Kármán stochastic distribution because it is capable of describing a band-limited
power law process and has been thoroughly tested for this algorithm, albeit for deep crustal studies (Carpentier and RoyChowdhury, 2007). However, the original work of Theodore
von Kármán was to characterize random fluctuations in the
velocity field of a turbulent medium (von Kármán, 1948), indicating that the method is also suited to the characterization
of ocean fluid dynamics.
We express the analytic radial 2-D von Kármán power
spectrum as (Carpentier, 2007),
P (k) =

2

The stochastic model

The 1-D von Kármán model is described by three parameters: the correlation length (a), which is the upper limit for
the scale invariance in heterogeneity (Carpentier, 2007), the
Ocean Sci., 6, 423–429, 2010

(1)

4π vax az
(1 + k 2 )v+1

(2)

where ax and az are the correlation lengths in the lateral and
vertical directions, respectively, νqis the Hurst number, k is
the weighted radial wavenumber,

kx2 ax2 + kz2 az2 . In the space
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domain, we express a 2-D autocorrelation function (Goff and
Jordan, 1988),
Gν (r)
C(r) =
,
(3)
Gν (0)
where Gν (r) = r ν Kν (r), Kν (r) being the second modified
Bessel function of fractional order, qand r the weighted ra-

dial autocorrelation lag, defined as x 2 /ax2 + z2 /az2 . Gν (0)
is defined according to Carpentier (2007),
Gν (0) = 2ν−1 0(ν),

(4)

where the gamma function, 0(ν)=(ν − 1)!.
From here we shall refer to correlation lengths as scale
lengths because, in band-limited fractal fields, these lengths
give the threshold below which scaling is determined by a
power law (Carpentier and Roy-Chowdhury, 2007) and due
to the fact that the decorrelation length is the dominant visual
scale of the fabric morphology. Furthermore, we restrict our
analysis to estimating horizontal scale lengths because determination of the vertical scale length is complicated by the
estimation of source wavelet characteristics. This is because
the source impulse is not a perfect spike, but is instead contaminated by side lobe energy, especially in the near offset
traces (Yilmaz, 1987, pp. 17–20).
We estimate ax and ν by performing a 2-D Fast Fourier
Transform, from which we derive a 2-D power spectrum.
We sum over the frequency direction and apply an inverse
Fourier transform to obtain an autocorrelation function of
NxM samples (Holliger et al., 1994; Carpentier and RoyChowdhury, 2007). We choose window sizes to be representative of the areas of interest. Constraints are placed on
window sizes to cover a minimum of 10 times the horizontal
scale length, and at least 2 cycles vertically. Next, the 1-D analytic von Kármán autocorrelation function (Eq. 4) is fitted to
the calculated autocorrelation function using a model-space
grid search and an L2 norm misfit, providing the estimate of
ax and ν. Temporal and spatial band-limiting of the broadband von Kármán spectrum of the seismic data affects the
accuracy of estimating ν, which, based on impedance contrast fields and Primary Reflectivity Sections can be overestimated by a factor of 2. Likewise, ax can be underestimated
by a factor of 3–6 (Carpentier and Roy-Chowdhury, 2007).
More recently, for complex scattered visco-elastic reflection
data, Carpentier et al. (2009a) found underestimation factors
for ax of between 6 and 10 and overestimation factors of up
to 10 for ν. These errors are due to the fact that, although the
impedance field is highly correlated to the reflectivity field,
they are not equivalent. Nonetheless, they represent the current state of the art of Stochastic Heterogeneity Mapping.
The Stochastic Heterogeneity Mapping algorithm accounts for the fact that reflectors may have some apparent
dip by performing dip searching so that the values are derived
along the angle of maximum coherence. However, apparent
dips are small: 3◦ on average across the seismic section, with
a standard deviation of 0.3◦ .
www.ocean-sci.net/6/423/2010/
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Results

Under the premise that the statistical properties of the scattered wave field are highly correlated to the properties of the
acoustic impedance field (Carpentier and Roy-Chowdhury,
2007), we analyzed a meddy in the seismic line GO-LR-05
acquired in the Gulf of Cadiz during the GO (Geophysical
Oceanography) cruise of April and May, 2007 (Fig. 1) for
the distribution of the stochastic parameters Hurst number
(Fig. 2) and correlation length (Fig. 3) around its margins.
Four zones are described: The top of the meddy (A), the bottom of the meddy (B) and its sides (C and D). The stochastic
parameters were extracted from the seismic section and overlaid using two different color schemes. The mapping procedure reveals the stochastic heterogeneity of the thermohalinerelated fabric observed in the reflectivity field. Median and
average Hurst numbers and scale lengths and their statistical
distribution are reported in Fig. 4.
Zone A exhibits middle to higher Hurst number values,
with median and average values of 0.35 and 0.39, respectively. Zone B is dominated by lower Hurst numbers, having a median value of 0.14 and an average of 0.17. Zone
C/D Hurst numbers both lie approximately between those
of Zone A and Zone B, showing median/average values of
0.24/0.27 (C) and 0.23/0.26 (D). However, the distributions
of Zones C/D Hurst numbers both resemble that of Zone A,
in that there is an absence of the lowest values (those between
0 and 0.1). The majority of Hurst numbers for Zone A lie in
the range between 0.15 and 0.5 (67%). In contrast, Zone B
shows the dominant Hurst number distribution between 0 and
0.25 (80%). The majority of the Hurst numbers for Zones C
and D fall between 0.1 and 0.5, 68% and 64%, respectively.
Scale lengths for Zone A are the highest of the four zones:
1120 m (median) and 1310 m (average). Zone B values
are lower than those of Zone A, having median and average values of 946 m and 1220 m, respectively. Zones C/D
show a predominance of lower scale lengths, with median/average values of 697 m/961 m and 598 m/980 m, respectively. Further illustrating the difference between the
sides and top/bottom: approximately 40% of scale lengths in
Zones C and D are between 0 and 500 m, whereas only 12%
and 22% of scale lengths for Zones A and B, respectively, lie
in this range.

4

Discussion

The top of the meddy (Zone A), shows more lateral reflector continuity and a smaller variety of length scales than the
bottom (Zone B). The Hurst numbers we obtained at Zone A
(0.39) are in agreement with theoretical results Vsemirnova
et al. (2009) modeled for open ocean conditions by emulating
internal wave surfaces of a −2 slope Garrett-Munk spectrum
(GM76). The Garrett-Munk spectrum describes the variation
in internal wave energy in frequency and both vertical and
Ocean Sci., 6, 423–429, 2010
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Fig. 2. Hurst number (ν) overlaid on seismic data along with
stochastic parameter analysis boxes.

Fig. 3. Horizontal scale length (ax ) overlaid on seismic data along
with stochastic parameter analysis boxes.

horizontal wavenumber spaces (Garrett and Munk, 1975). To
simulate the GM76 slope they used Hurst numbers in a range
of 0.25–0.50 with horizontal scale lengths of 5–10 km.
Internal waves develop in the ocean when density stratification is disturbed, thereby driving turbulent processes and
diapycnal mixing (Müller and Briscoe, 2000; Garrett, 2003).
The recorded seismic signal is reflected from ocean density
stratification whether it is strong specular reflectivity or weak
diffuse reflectivity. Acoustic impedance boundaries, which
are what give rise to the reflectivity as revealed by the multichannel seismic (MCS) method, are expressed as the product
of in-situ density and sound speed. Density and sound speed,
in turn are functions of the relative proportions of temperature and salinity of the reflecting interface (Sallarès et al.,
2009). Ruddick (1992) reported that the upper boundaries
of meddies are dominated by diffusive convection processes,
whereas the lower boundaries are susceptible to salt fingering. Salt finger scales are several orders of magnitude smaller
than that directly resolvable by MCS methods (typically, in
the tens of centimeter range, Linden, 1973). However, we
may expect to detect them indirectly through our estimation
of the Hurst number. The reason for this is that the Hurst
number is a measure of surface roughness, low Hurst numbers being representative of a richer range of high wavenumbers. As seen in Fig. 4, Hurst numbers calculated for the
bottom of the meddy are found to be dominated by lower
numbers, whereas for the top and sides of the meddy, a lack
of these lower Hurst numbers is found. This seems to indicate that, although we can not hope to actually resolve the salt
fingers themselves with seismic frequencies, the richer range
of high wavenumbers may point to the presence of such finer
structures at the bottom as opposed to at the meddy’s top and
sides.
The scale lengths estimated from the seismic section are
significantly lower than those used to model internal waves
by Vsemirnova et al. (2009), even for Zone A (ca. 1 km compared to their 5–10 km). This difference is possibly due to
the factor of 3–6 underestimation that was reported by Carpentier and Roy-Chowdhury (2007). Alternatively, the lower

estimated scale lengths of the meddy may be explained by the
fact that it is a dynamic, three-dimensional structure with currents that may be moving obliquely to the two-dimensional
acquisition path. This is supported by an observation by
Klaeschen et al. (2009), who estimated reflector motion by
using an in-situ sound speed model near the NE edge of
Zones A and B. They found longer horizontal wavelengths on
the NE side of Zone A, as opposed to the SW side, and conclude that this is an indication of a different movement between the respective sides. Direct LADCP (Lowered Acoustic Doppler Current Profiler) measurements during the seismic acquisition confirmed that different parts of the meddy
have different distributions of velocities, some along the path
of the acquisition, some oblique to it (Klaeschen et al., 2009).
That is, the meddy was not simply in solid-body rotation,
but was stretching slightly in a SW direction at the time of
acquisition. This motion could disturb the reflector undulations that we observe, as measured by the extracted horizontal scale lengths. Since we are making a two-dimensional observation in a three-dimensional domain, the stochastic values we obtained are measurements of the component of the
meddy motion in the plane of the seismic profile, rather than
in the direction of meddy motion. Thus, we can expect our
measurements of scale length to be shorter than theoretical
predictions based on two-dimensional geometries.
Due to the band limiting of the seismic data, the scales observed are most likely confined to the lower extreme of mesoscale (2–200 km) size features. It follows that the stochastic
parameters seen here are a reflection of the effects of internal waves, as seen in the Garrett-Munk spectrum, rather than
smaller turbulent, ie. Batchelor scales (Batchelor, 1959). The
notably lower Hurst numbers seen at the bottom of the meddy
(Zone B) may be partially a result of the fact that the frequency content of the source used in this survey (10–70 Hz)
was too narrow-band to recover the smaller thermohaline
staircases known to occur at the base of meddies (Ruddick,
1992). Thermohaline staircases are well-known structures in
the ocean that range from tens to hundreds of meters thick
and are found in regions where both temperature and salinity
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to bottom represent analyzed parts of the meddy, as outlined in analysis boxes (Figure 2).
Values of ν were grouped into families incremented by 0.05 between 0 and 1. Values of ax
were grouped into families incremented by 500 m between 0 and 6500 m. Median and
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average ν and ax were then calculated.

Fig. 4. Histograms of analyzed meddy zones showing the statistical distribution of Hurst number (ν) and horizontal scale length (ax ). Left
column: ν; right column: ax . Rows from top to bottom represent analyzed parts of the meddy, as outlined in analysis boxes (Figs. 2-3).
17
Values of ν were grouped into families incremented by 0.05 between 0 and 1. Values of ax were grouped into families incremented by 500 m
between 0 and 6500 m. Median and average ν and ax were then calculated.

increase upward in a manner that promotes salt fingering processes (Schmitt, 1994). Given the low frequency, narrowband source, we are only able to theoretically recover structures on the order of 5–75 m (Widess, 1973). Moreover, in
the ocean there is both heat and mass diffusion across interfaces that produce a gradual change over a finite boundary width that may extend for several tens of meters (Hobbs
et al., 2009). Hence, due to the thickness and gradient of
a reflecting interface, a safer upper estimate for maximum
resolvable thickness would be about double this estimate,
between 10 and 150 m, the reflectivity being frequency dependent. As a result, it is plausible that the scales of some
structures at the base of the studied meddy are smaller than
those resolvable by this seismic source. Horizontal resolution is determined by the Fresnel zone width (Yilmaz, 1987,
www.ocean-sci.net/6/423/2010/

p. 470), itself a function of frequency, sound speed and depth.
For the upper and lower limits of the meddy, considering a
dominant frequency of 50 Hz, the horizontal resolution thus
ranges between 12 and 30 m.
The seismic data presented herein are unmigrated. Given
the near horizontal reflectivity of the seismic data (dips average at about 3◦ with a standard deviation of 0.3◦ ) migration does not appreciably change the position of reflectors.
With this in mind and due to the fact that the spatial bandlimit that is imposed by the migration operator smoothes the
data, thus removing the information in the first few lags of
the autocorrelation function, we chose to analyze the unmigrated stacks. Intriguingly, in recent studies by Carpentier et
al. (2009a, b) Hurst numbers were found to actually exceed 1
in both synthetic and real data in order to obtain von Kármán
Ocean Sci., 6, 423–429, 2010
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best fits. These exceptionally high Hurst numbers were said
to be a result of the lateral smoothness of the data, caused
by first-Fresnel-zone averaging during migration. Although
migration, in principal, should completely collapse the 2-D
seismogram’s first-Fresnel zone, it is complicated by factors
such as the lack of a sufficient recording aperture (zone of
seismic illumination), complex scattering effects, wavelet attenuation and wavefront healing, and the uncertainty inherent in choosing the correct migration velocity (sound speed).
Therefore there will always be some residual first-Fresnelzone averaging. Furthermore, 2-D migration in a 2-D seismic
profile will only collapse the first-Fresnel-zone and does not
address out-of-plane reflections. This result supports the fact
that the Hurst numbers we obtained from unmigrated data are
not in the upper end (nor do they exceed) the range of theoretical Hurst numbers, and therefore may be closer to the
true values than those extracted from migrated data, which
are biased by many of the factors aforementioned. While
we cannot definitively state that the low-end Hurst numbers
are not a simply result of some remaining uncorrelated noise
(thereby representing high-wavenumber artifacts, not actual
sub-wavelength thermohaline finestructure) we can neither
dismiss the possibility that the information contained in the
first few autocorrelation lags actually has a positive effect on
the von Kármán fitting process.
Uncertainty in both Hurst number and scale length could
be further improved by inverting in-situ sound speed functions for acoustic impedance, thereby improving the certainty
of correlation to the reflectivity field, upon which the stochastic parameters are extracted. Improving this certainty would
also be useful to Stochastic Heterogeneity Mapping studies
of the solid earth where sufficiently sampled sound speed
functions are in practice unachievable.

trates the potential of Stochastic Heterogeneity Mapping as a
tool within the growing discipline of Seismic Oceanography
because it allows an estimate of lateral scale ranges of reflection events, and therefore actual physical oceanographic
processes, such as internal waves. The multi-channel seismic (MCS) method records seismic signal that is reflected
from ocean density stratification (i.e. boundaries of acoustic impedance). These boundaries give rise to the reflectivity
field. Acoustic impedance boundaries are functions of the
relative proportions of temperature and salinity of a given
reflecting interface, whether strictly specular reflectivity or
more diffuse reflectivity. So we may conclude that the estimations of the Hurst numbers and scale lengths are representative of actual thermohaline finestructure. We therefore
introduce Stochastic Heterogeneity Mapping as a new tool
of physical oceanography. To improve upon errors in estimation of Hurst number and scale length in-situ sound speed
functions should be inverted for acoustic impedance. In this
manner stricter constraints on the degree of correlation to the
reflectivity field, upon which the stochastic parameters are
extracted could be obtained. These constraints, in turn, could
be applied to solid earth studies, where such a sound speed
function is practically unattainable.

5
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CHAPTER 3

Near Real-Time Visualization of Oceanic
Internal Waves Using Multi-Channel
Seismic Reflection Profiling

For me, it is far better to grasp the Universe as it really is than to
persist in delusion, however satisfying and reassuring.
— Carl Sagan
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Note: This Chapter presents an unpublished work that has been submitted to a peer
reviewed journal.

Abstract
Visualization of thermohaline finestructure is an important way of understanding ocean
fluid dynamics. We present the first near real-time animation of the motion of internal
waves from the analysis of seismic reflection data. Reflection 'seismic oceanography'
images are created by the passage of a regularly repeating impulsive source and
streamer (cable filled with hydrophones) on the surface of the ocean. Seismic images
are created by summing together the signal reflected from temperature and salinity
(acoustic impedance) contrasts within the ocean creating seismic ‘stacked’ sections.
Due to the inherent redundancy of the method, random noise is attenuated, while signal
is preserved. If the original signal-to-noise ratio is good, the whole streamer need not be
stacked to create an interpretable image. A processing scheme has been devised such
that a series of images, or "stacks", are obtained in order to build up a 7-frame "movie"
of fluctuating internal waves over a period of just 20 minutes. Separate seismic stacked
sections are created by partitioning the acquisition streamer into 7 groups thereby
imaging the same seafloor-referenced location at progressively later times. As the
streamer passes over this static geographical point, motions within the water column are
observed. Each stack was created with a subset of the complete streamer. Therefore,
each stack can be considered an image of the water column at a particular time step
(movie frame). In this way each image shows a slightly different thermohaline fabric
allowing us to create a striking visualization of the temporally evolving internal waves.

3.1 - Introduction
Visualization of otherwise unseen physical phenomena such as internal waves is an
important step to a fuller understanding of these phenomena. Broadly, as a tool of
remote sensing, visualization can come in the form of a one-time spatial illumination of
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the body in question (for example, in the case of the specular reflection of light, a
photo). Likewise, in the case of the specular reflection of sound waves, we are able to
create a stacked seismic section providing us with information about the Earth or ocean
that was previously unrealized.
Seismic reflection investigations have been common for delineating the gross structure
of the Earth’s crust mantle and core for several decades - first as two-dimensional
transects, later as three-dimensional volumes. More recently, the repeated acquisition of
seismic data over the same location in time-steps of several months or years has added
the fourth dimension of time to the interpretation of such things as petroleum reservoir
monitoring [Lumley, 2001], monitoring of CO2 sequestration [Chadwick et al., 2005]
and the active migration of faults [Cheng, 2009].
Holbrook et al. [2003] made the first modern analyses of seismic data acquired of ocean
structure and found that the acoustic impedance boundaries, which give rise to seismic
reflectivity, were the result of temperature and salinity fluctuations, or thermohaline
finestructure, already known for some time by conventional oceanographic methods
[Stommel and Federov, 1967] but not able to be visualized at high horizontal resolution
(MCS method provides approximately 10 m horizontal resolution compared with
typical 1 km CTD casts).
More recent physical oceanographic studies using seismic reflection profiling as a tool
have imaged thermohaline finestructure. For example, Biescas et al [2008] imaged the
finestructure of Meddies for the first time and Sallarès et al. [2009] identified the
relative contributions of temperature and salinity to reflectivity. Further successful
attempts to utilize seismic reflection in oceanography have imaged the Kuroshio
Current, near Japan (Nakamura et al. [2006], Tsuji et al. [2005]), the Norwegian Sea
(Nandi et al. [2004], Páramo and Holbrook [2005]), the Southern Ocean [Sheen et al.,
2009] and the Caribbean Sea [Fer et al., 2010]. All these studies represented two spatial
dimensions of the ocean: in depth and horizontally along the direction of acquisition.
Blacic and Holbrook [2009] performed the first 3D study of seismic oceanography
using two parallel acquisition swaths. From these data they were able to obtain the
orientation of internal wave crests.
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The dynamic nature of the ocean presents a challenge for the seismologist for two
reasons: 1) the motion of ocean currents, and therefore thermohaline finestructure, is
variable on the order of minutes or hours not months or years (e.g. Thorpe [2005], Géli
et al. [2009]). Thus, any methods used to measure movement in the ocean on time
scales approaching real-time need to be designed accordingly. 2) Surface currents and
variable ship traffic logistically complicate repeated acquisition over the same seafloorreferenced location and require specialized, often expensive, acquisition schemes.
With these challenges in mind, we take advantage of seismic acquisition redundancy to
introduce a processing scheme which separately processes seismic data from different
offset groups. If acquisition signal quality is sufficient, only a subset of the full streamer
is needed to represent a region of the ocean in two spatial dimensions, with each
successive offset group passing over any given point at a later time, thus preserving
temporal snapshots of a progressively changing ocean.

3.2 - Data acquisition
The seismic data were acquired in August 1993 as part of the tectonic study to image
the Iberian-Atlantic Margin (IAM). Data showed strong reflections within the water
column leading to multiple publications (e.g. Biescas et al. [2008], Krahmann et al.
[2008], Buffett et al. [2009], Pinheiro et al. [2010]). Data for this analysis were acquired
off the Western Iberian Margin (Figure 3.1, line IAM-11).

3.3 - Processing scheme
The methodology used in this experiment differs from most where one image is created
from all the streamer's offsets, thus optimizing the signal-to-noise ratio. We use subsets
of the data offsets to generate seven temporally spaced images of the same acoustic
impedance interfaces as the streamer passes over it. The number of images possible to
create depends on the data quality (signal-to-noise ratio) and the frequency of repetition
of the source, as well as the more obvious streamer length and vessel speed. This is
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because so-called seismic ‘stacks’ are the result of summing together all seismic traces
within a given offset range. The inherent redundancy of this method means there are
many traces that represent the same depth-points, but from different angles (Figure 3.2).
The summing together (stacking) of these common-depth-point (CDP) traces improves
the signal-to-noise ratio by constructively boosting signal content and deconstructively
cancelling random noise. The longer the offset range, the better the statistics available
for noise cancellation. We chose 500 m offsets for this study because they allowed us to
create seven images, while preserving for the most part the signal integrity.

Figure 3.1 - Location of seismic section (small black line).
Mediterranean Undercurrent

Yellow line shows the approximate path of the

Considering the motion of the ship relative to the sea floor we re-sort the seismic data,
first by CDP and secondarily by the appropriate 500 m offset range. Next we attempted
to eliminate possible other factors that could account for apparent thermohaline
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fluctuations. This consisted of compensation for frequency loss with offset, which
permits each successive offset range a progressively lower dominant frequency due to
the filtering effect of the receiver at large incident angles (thus, longer raypaths).

Figure 3.2 - Schematic diagram showing the first and last streamer offset group imaging the same oceanic structure
over a fixed reference point.

3.4 - Results
The result is a series of seven images of the same water column, but at progressively
later times, showing what we assert to be movement of thermohaline fine structure from
frame to frame (Figure 3.3 and Appendix III). Two interpretation boxes are presented to
emphasize some of the subtle fluctuation detail. Box 1 shows an M-shaped structure in
panels A and B (500-1000 m; 1000-1500 m, offsets respectively), which becomes
distorted in panels C and D (1500-2000 m; 2000-2500 m, offsets respectively), then
appears to become restored in panels E, F and G (2500-3000 m; 3000-3500 m; 3500-

49

Near Real Time Visualization of Oceanic Internal Waves________________________________

4000 m, offsets respectively). Box 2 displays a small layered structure. The lower-most
undulating red reflector in panel A, begins to ramp-up in the centre of panels B and C,
then becomes progressively flatter in panels D, E and F. In panel G, it shows an
apparent sub-vertical discontinuity through its center.

3.5 - Verification against synthetic seismic data
The purpose of this test was to verify the processing scheme where there is zero
fluctuation in thermohaline finestructure, namely, for synthetic data. The synthetic data
were created using an explicit time-domain solver (called ADER-DG) based upon a
discontinuous Galerkin method. Reflection coefficients for synthetic seismic data were
generated from sound speed profiles derived from CTD (conductivity-temperaturedepth) data collected during the GO (Geophysical Oceanography) project. Given that
sound speed is by far the dominant factor influencing reflection coefficient [Sallarès et
al., 2009] this provides a static representation of thermohaline finestructure at the
location of the CTD casts. The solutions to generate the sections were obtained to a 4th
order accuracy in space and time, on an unstructured triangular mesh of about 20,000
elements. The simulations were carried out on 10 processors of a Linux computing
cluster. The synthetic data shot records were then processed using the same processing
flow as the real data, but by creating five stacked sections from different offset groups.
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Figure 3.3 - Seismic stacks of the same geographical location (Figure 3.1) created with different sections of the
recording streamer (see insets). Time step between animation frames based on ship velocity is approximately 3.5 min.
Horizontal distance is 12.5 km and depth ranges from 800 m to 2000 m at the sea floor. Offset ranges are: A) 5001000 m; B)1000-1500 m; C)1500-2000 m; D)2000-2500 m; E)2500-3000 m; F)3000-3500 m; G)3500-4000 m. This
figure is available as a fold-out in Appendix III at a higher resolution

The effect of frequency loss with 'offset' can be seen in the synthetic data, where there
are no real motions (Figure 3.4). This artifact causes an apparent shift from left to right
of the seismic traces with each movie frame. Notice how the synthetic data grow
progressively in wavelength, but show no intra-reflector variability like the real data.
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Figure 3.4 - Synthetic data generated from XBT/CTD sound speed model. Note the decrease in signal frequency
content seen as the 'thickening' of reflectors. However, there are no intra-reflector motions as seen in the real data.
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3.6 - Discussion ̶ proof of concept
The method used in this paper employs the separation of data recorded at different
offset groups of a seismic streamer to create unique stacked sections which are spaced
temporally at 3.5 minute intervals. Each progressive section in time shows changes in
the reflectivity pattern of thermohaline finestructure in a way which cannot be dismissed
as simply an artifact of seismic data processing. This is true for two reasons: a) the
synthetic data tested, as expected, show no changes in the reflectivity pattern other than
the reduction of frequency content consistent with how higher frequencies are
attenuated as a function of source-receiver distance (offset) (i.e. longer travel paths).
Thus, frames 1-5 show an apparent steady 'motion' from left to right caused by each
frame having lower frequency content and the wavelet shape growing accordingly.
However, intra-reflector changes seen in the real seismic oceanography data are not
present in the synthetic data. b) comparison of the seafloor reflectivity and the
thermohaline reflectivity of the real data show the same difference as the synthetic: that
is, the seafloor, being static on time scales of ocean dynamics, does not show the same
reflectivity fluctuations as the ocean. These two independent observations indicate that
it is most probable that the fluctuations observed in the real data are actual near realtime displacements of isopycnals such as those caused by internal waves, which travel
at velocities of the order 1 ms-1 [Thorpe, 2005]. Considering a velocity of 1 ms-1 and for
each 3.5 minute time step, it is plausible that fluctuations are on the order of 200 m,
movements that are easily observable on seismic data which have typical resolutions on
the order of 10 m.
However, it is virtually impossible given the limited dataset, to quantify the velocity of
the observed internal waves using this method alone. This is because of a number of
reasons. The motion of the ship at the surface leads to a Doppler-like effect. That is,
  !"
 $%" )

 = (

,

eq. 3.1

where v is velocity and  is wavelength [Vsemirnova et al., 2009b]. Furthermore, in this
dataset we do not have an independent measurement of the wavelength of internal
waves ('() ). Finally, the velocity vector of the internal wave does not likely point
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conveniently in the direction of the acquisition, rather, it is highly likely to have an outof-plane component. However, we can say that the real data processed in this research
show fluctuations in thermohaline finestructure at depths between 800 m and the
seafloor, while the same fluctuations are not observed in either the seafloor (which we
assume to be static - Figure 3.3) or the synthetic data (which are by their nature, static Figure 3.4).
In addition to the unknown velocities or wavelengths of the internal waves, one chief
limitation of this method is the trade-off necessary between maximizing CDP fold and
maximizing the number of stacks (frames) necessary to temporally image variable
thermohaline fine structure. The data used in this study were of rather good signal
quality and utilized a long streamer (5.5 km, of which 4.0 km was utilized). But a longer
streamer would allow more stacks to be created without reducing the offset range
needed to optimize the signal-to-noise ratio. This study, nonetheless shows proof-ofconcept.
Potential falsification of the validity of this method could come about by acquiring
coincident and simultaneous independent measurements of local internal waves (by
using a lowered acoustic Doppler current profiler, for example), or, seismically, but
designing an acquisition scheme such as using a buoyed and anchored streamer of a
given length at a fixed depth while doing repeated passes of a conventional airgun
source, similar in geometry to a roll-on, roll-off land seismic survey. This would
position the streamer over a fixed seafloor position and thus enable higher-fold
measurements of changing thermohaline finestructure. Ideally, this would be done in a
region

of

minimal

surface

currents,

but

significant

undercurrents,

high

temperature/salinity contrasts and low ship traffic, such as the area imaged herein
(Figure 3.1). This area was chosen because of the good data set (Iberian Atlantic Margin
data) and the observed decay in laminar finestructure and increased disturbance of
isopycnals downstream of the Mediterranean Undercurrent [Buffett et al., 2009],
indicating mixing, thus thermohaline finestructure variability. In areas where there are
statically stable isopycnals (thermohaline staircases, for example), observing motion on
the time scale of the passing of a streamer would be increasingly difficult.
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3.7 - Conclusions
By devising a processing scheme to make use of a long streamer as it passes over a
fixed geodetic point, we are able to generate sets of stacked seismic data from different
offset groups. In theory, if thermohaline finestructure is sufficiently dynamic, each
offset group would 'see' spatial and temporal changes to finestructure. The results of our
analysis point to the observed thermohaline fluctuations as related to the motion of the
oscillating internal wave field, although we have no independent or simultaneous
observational data. Support for our deduction comes from two observations: a) that the
sea floor reflectors in the same seismic section do not fluctuate in the same manner as
the ocean, and b) that when the same processing scheme was applied to synthetic data,
there were no noticeable intra-reflector motions. All three data sets (thermohaline, sea
floor and synthetic) show a lowering of frequency content with offset. While this was
partially compensated for in the processing flow, more work needs to be done to
completely remove this effect as it masks somewhat the true movement of the dynamic
ocean. Even so, this effect does not fatally flaw the methodology because while all three
data sets show the offset effect, only the thermohaline finestructure varies in an apparent
random manner. Both the sea floor and synthetic data show only the lowering of
frequency content as a function of offset and are otherwise stable, as expected
intuitively. These observations coupled with typical internal wave speeds, implicate the
causality of the latter as the source of the fluctuations.
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Pouring forth its seas everywhere, then, the ocean envelops the earth
and fills its deeper chasms.
-- Nicolaus Copernicus
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[1] This work illustrates the great potential of multichannel
seismic reflection data to extract information from the
finestructure of meddies with exceptional lateral resolution
(10 – 15 m). We present seismic images of three meddies
acquired in the Gulf of Cadiz (SW Iberian Peninsula),
which consist of concentric reflectors forming oval shapes
that sharply contrast with the background oceanic structure.
The seismic images reveal the presence of different regions
within the meddies that are consistent with those observed
in historical temperature (T) and salinity (S) data. The core
region, characterized by smooth T and S variations, is
weakly reflective. The double-diffusive upper and lower
boundaries and the lateral-interleaving outer edges,
characterized by stronger T and S contrasts, display strong
reflectivity bands. These new observations clearly show
differences between layers developed at the upper and lower
boundaries that can contribute to the knowledge of mixing
processes and layering formation in oceans. Citation: Biescas,
B., V. Sallarès, J. L. Pelegrı́, F. Machı́n, R. Carbonell, G. Buffett,
J. J. Dañobeitia, and A. Calahorrano (2008), Imaging meddy
finestructure using multichannel seismic reflection data, Geophys.
Res. Lett., 35, L11609, doi:10.1029/2008GL033971.

1. Introduction
[2] The warm and salty Mediterranean water spills over
the Strait of Gibraltar (Figure 1), sinks and flows westwards
along the continental slope of the South Iberian margin,
forming the so-called Mediterranean Undercurrent (MU)
[Ambar et al., 2002]. During its journey along the margin,
the MU experiences abrupt topographic changes like major
canyons, causing boluses of Mediterranean water to separate from the MU in the form of 40– 100 km wide, 1 km
thick, vertically extending between 500 and 1500 m
depth, coherent clockwise-rotating lenses called meddies
[Richardson et al., 2000]. Generally, meddies translate first
to the west and then drift southwestwards near Cape St
Vincent towards the Canary basin with translation speeds of
a few cm/s and anti-cyclonic rotation periods of 4 to 6 days
[Richardson et al., 2000]. During the life of a lens, the
Mediterranean water slowly mixes with the surrounding
Atlantic water and salt anomalies progressively weaken
until the meddy dissipates. Meddies may last for about
2 years and cover distances up to one thousand km [Armi et
al., 1989; Richardson et al., 1989, 2000].
1

Unitat de Tecnologia Marina CSIC, Barcelona, Spain.
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[3] The existing information on the internal structure and
dynamic processes taking place within meddies is mainly
based on data acquired using classical oceanographic
instrumentation with a lateral resolution of O(1 km). In
their pioneering work, Holbrook et al. [2003] showed that
marine multichannel seismic (MCS) data, designed and
used to obtain structural images of the Earth’s subsurface,
also display coherent reflections from within the water
layer. Thanks to signal redundancy provided by the multiple
fold of a single reflector point, MCS systems enhance
coherent signals over noise, resulting in clear acoustic
images of the oceanic thermohaline structure with a lateral
resolution of O(10 m). Based on Holbrook and coworkers’
images, as well as on his own results, Ruddick [2003]
pointed at the potential of MCS data to image the finestructure that is likely to develop at the bounds of meddies
owing to double-diffusion vertical mixing (upper and lower
bounds) and interleaving (lateral bounds).
[4] In this work we confirm the potential of MCS data to
locate meddies and to image their internal structure with
great detail by showing three spectacular MCS images of
complete meddies that reveal a number of significant
features, including the distribution of finestructure with
lateral and vertical resolution of 10– 15 m.

2. Data Acquisition and Processing
[5] The MCS data used in this work were acquired in the
Gulf of Cadiz in the framework of the Iberian-Atlantic
Margin (IAM) survey [Torné et al., 1995] that took place
in August – September 1993 (Figure 1a). IAM data were
recorded using a 4800 m long HSSQ/GX600 analogue
streamer with 192, 25 m-spaced channels, giving a common
depth point (cdp) spacing (i.e., a lateral sampling) of 12.5 m.
The seismic source was an airgun array composed of 36
BOLT guns with a total volume of 7524 cu. in. and a peak
energy in the frequency band of 20– 50 Hz that were fired
with a pop interval of 75 m. The theoretical vertical
resolution of seismic reflection systems is considered to
be a quarter of wavelength [Yilmaz, 2001], although this
resolution is rarely achieved since it is affected by factors
such as the thickness of the reflecting horizon and the
sharpness of the boundary between the media. Therefore
the vertical resolution is more realistically on the order of
one half of wavelength, i.e., 15 m for the highest IAM’s
source frequency.
[6] We fully reprocessed some of the IAM profiles with
the aim of obtaining the best possible images of the water
column. The processing sequence consisted of the following
six steps [Yilmaz, 2001]: (1) Bandpass frequency filter
between 5 and 120 Hz and spherical divergence gain
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Figure 1. (a) Map showing the geographical location of the study zone. Lines indicate the position of the MCS profiles
that were reprocessed in the present work, acquired during the IAM survey in autumn 1993. Black dots correspond to the
location of CTD probes acquired in the framework of the CANIGO project during winter 1997 (Meteor 37), spring 1998
(Poseidon 237) and autumn 1997 (L11). MCS images of profiles (b) IAM3 on August 31st, (c) IAM4 on August 29th and
(d) IAMGB1 on September 7th.
correction. (2) Median subtraction-filter to remove the direct
wave. The direct wave, which travels from source to
receiver without being reflected is, by far, the most energetic one and masks shallow-water reflections. It is thus
important to eliminate this phase without removing the
reflected ones. (3) Velocity analysis. (4) High order normal
moveout correction. (5) Stacking of cdp-sorted traces with
offsets larger than 600 m to mitigate the direct wave in the
near-offset field, where median filtering is less efficient.
And (6) Post-stack Kirchhoff time migration.
[7] Seismic data (Figures 1b, 1c, and 1d) contain indirect
information on magnitudes of oceanographic interest other
than purely morphological. The seismic reflection coefficient, or amplitude ratio of the reflected vs. incident waves,
is proportional to the contrast in acoustic impedance (sound
speed times density) between two contacting media (thicker
than 15 m in our case) [Sheriff and Geldart, 1982]. Insofar
as density and velocity are primarily a function of temperature and salinity [Munk et al., 2003], seismic reflectors and
their amplitudes must be coherent with, and provide infor-

mation on, the finestructure in terms of salinity and temperature contrasts [Nandi et al., 2004]. With the purpose of
exploring the correspondences between seismic and oceanographic data, we compiled a number of existing conductivity-temperature-depth (CTD) profiles that sampled
meddies (Figure 1a). These CTDs were acquired during
the Canary Islands, Azores and Gibraltar Observations
(CANIGO) project [Parrilla et al., 2002], and the meddies
are thus other than the seismically imaged ones.

3. Results: Imaging Meddy Finestructure
[8] Three out of ten IAM MCS profiles reprocessed in the
course of this work show prominent meddy-like features,
i.e., large oval-shaped structures outlined by a series of
concentric seismic reflectors with lateral diameters of some
50– 80 km and vertical thickness of 1000 – 1500 m, centered
at a depth of 1000 m, which sharply contrast with the
background acoustic ocean’s structure (Figure 1). Table 1
displays some properties of the upper and lower reflectors,
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Table 1. Number of Digitized Reflectors, Mean Length, Maximum Length, Maximum and Minimum Amplitudes of Acoustic Reflectors
in the Upper and Lower Boundaries of Meddies IAM3, IAM4 and the Lower Boundary of IAMGB1
Meddy

Num. Digitized Reflectors

Mean Length (km)

Max. Length (km)

Max. Amp. Counts

Mean Amp. Counts

IAM3 [500 – 1000]m
IAM3 [1400 – 1700]m
IAM4 [400 – 600]m
IAM4 [1200 – 1800]m
IAMGB1 [1200 – 1800]m

18
30
10
76
60

8.8
2
15.1
2.9
2.6

19
5.1
32.7
10.6
7.1

20
4.5
20
5.5
7

1.5
0.5
1
0.5
0.5

such as their maximum and mean lengths and seismic signal
amplitudes.
[9] The meddy found along profile IAM3 (Figure 1b) is
the smallest. Considering dimensions based on the concentric seismic reflectors, this meddy is 50 km wide and
spreads between 700 m and 1600 m. It is noteworthy that
IAM3 is the only one of the three meddies in which seismic
reflectors are observed throughout the whole structure, from
the boundary zone to the central region. The reflective
bands that delineate the upper boundary show maximum
length of 19 km and vertical separations between single
reflectors of 40– 60 m, while the lower ones show shorter
lateral lengths (5 km) and more variable vertical separations (20 – 50 m). The meddy seismic imaged in the IAM4
profile (Figure 1c) has a diameter of 80 km and extends
from 400 m to 1800 m depth. The concentric reflectors
outlining the meddy are located on the perimeter and do not
extend toward the core region. The center of the meddy
shows a band of horizontal reflectors at about 900 m depth,
which appear to separate two nearly acoustically invisible
cores. The reflective layers on the upper edge spread over a
100 m thick band, with maximum length of 32 km and
vertical separations of about 40 – 50 m between single
reflectors, while in the lower edge the high-reflectivity band
is 400 m thick, reflectors have much shorter lateral lengths
and more variable vertical separation (20 –50 m). Finally, the
seismic image of the meddy in the IAMGB1 line (Figure 1d)
has a diameter of 60 km and a vertical thickness of 1500 m.
The geometry of the lateral layers suggests that the top of
the meddy could be located in the shallowest 100 m depth,
where we do not have good quality acoustic data because of
the direct wave distortion. However, there is no observation
of a meddy T and S anomaly extending to the surface, thus
there might be another process that accounts for these lateral
and shallow reflections. Some strong reflectors can be
observed at 600 m depth; nevertheless, it is difficult to
determine if they distinguish two different cores or they
actually form the upper boundary of a single core that has
a dome-shaped structure on top. The lower boundary is
400 m thick and shows relatively short reflective layers
with vertical separation of 20– 40 m. The flat line observed
at 400 m depth along all the seismic image corresponds to
the direct wave, which could not be totally removed by the
median filter.

4. Discussion
[10] The presence of differentiated, well-defined, temporally-evolving regions within meddies was first suggested
based on data acquired during the repeated sampling of a
meddy called Sharon that was tracked for two years in the
eastern North Atlantic subtropical gyre [Armi et al., 1989;
Richardson et al., 1989; Ruddick, 1992; Hebert et al.,

1999]. Sharon was characterized by a single central core
with very weak spatial thermohaline gradients, that was
surrounded by well-developed finestructure. The structure
above and below the core was suggested to be caused by
double-diffusive vertical mixing while the layering on its
lateral bounds was attributed to double-diffusive intrusions.
[ 11 ] The seismic snapshots of meddies IAM4 and
IAMGB1 are in relative agreement with the oceanographic
description in what concerns the core region, since they
clearly show a central region with very weak reflectivity.
Meddy IAM4 has two cores that are located at the two
levels of the Mediterranean outflow water (800 and 1200 m)
[Ambar et al., 2002]. Both cores are separated by the
reflection layers visible at about 950 m, the shallow one
being dome-shaped and the deep core having an inverted
dome-shaped. Meddy IAMGB1 could have a single or
double-core, actually indistinguishable in the seismic image
because of the lateral reflectors extend towards the surface.
In contrast, meddy IAM3 does not show an acoustically
transparent core. It appears rather to have quite well
developed finestructure that reaches almost to its center.
This feature, together with the relatively small apparent
radius of meddy IAM3 (25 km), suggests two possible
explanations: that the seismic snapshot may have crossed it
quite away from its center, at a position in the outer
intrusively-mixed region, or that it is an old meddy so that
lateral intrusions had worked their way into its center.
[12] Seismic data (Figure 1 and Table 1) reveal that both
the upper and lower boundary layers have strong reflectivity, consistent with the existence of finestructure, but
suggest significant differences between these regions. The
upper boundary zone is relatively thin (100– 200 m), has a
few layers that show high lateral coherence and high
reflection amplitudes. The vertical separation between
layers are slightly longer (40– 60 m) than those observed
in the lower boundary. The lower boundary is relatively
thick (300– 400 m) and has many, relatively short, layers
with a vertical spacing of 20– 50 m and low reflection
amplitudes.
[13] Besides MCS data, we have also analyzed available
historical oceanographic CTD data that sampled three
meddies during different surveys carried out in the Gulf
of Cadiz and Canary Basin. To allow qualitative comparison, Figure 2 displays the oceanographic data calculated
from the CTD L11 station and the seismic reflections
recorded through the center of meddy IAM3. Temperature
and salinity data (Figures 2a and 2b) display the main
regions of the meddy, which can also be recognized from
the acoustic reflectors (Figure 2e). The CTD-L11 data show
a double-core meddy with an upper core between 800 and
1000 m depth and a lower core between 1000 and 1300 m
depth. Within the core regions, where temperature and
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Figure 2. The 5-m smoothed profiles of (a) temperature (dotted line) and temperature gradient (black line), (b) salinity
(dotted line) and salinity gradient (black line), (c) sound speed (dotted line) and sound speed gradient (black line), and
(d) density anomaly (here defined as in situ density minus density of standard meddy water, i.e., r(S, T, p)  r(S = 35, T =
10°C, p) (dotted line) and density gradient (black line) obtained from the CTD probes through the meddy observed during
L11. (e) Seismic reflections recorded through the center of meddy IAM3. Geographical locations of the data are shown in
Figure 1a.
salinity reach maximum values (T > 15°C, S > 36.4),
gradients become weaker, while in the intrusive regions,
where acoustic reflectors become stronger, temperature and
salinity gradients reach maximum values. Since acoustic
impedance of a media is the product of sound speed and
density, we have calculated these magnitudes from CTD
data using Fofonoff and Millard [1983] and Millero et al.
[1980] algorithms. The differences between the upper and
lower meddy reflectors are consistent with observed differences in the sound speed profiles (Figure 2c). The relatively
thin (150 m) upper boundary is characterized as having

just a few large peaks in the sound speed gradient (>±50 
103 s1), with large vertical spacing between peaks (30–
40 m). The relatively thick lower boundary (300 m), on
the contrary, has many more large sound speed gradient
peaks, and the vertical spacing between peaks is small
(10 – 30 m). Velocity gradients dominate the acoustic
signal since r@v/@z is typically one order of magnitude
greater than v@r/@z. However, results show that density
gradients (Figure 2d) are slightly higher on the core boundaries, where acoustic signal is stronger.

Figure 3. Turner angles (black lines) and salinity profiles (grey lines) as obtained from the CTD through the meddies
observed during (a) L11, (b) Meteor 37, and (c) Poseidon 237. Turner angles are practical indicators that differentiate
regions prone to diffusive convection (90° < Tu < 45°) and salt finger instability (45° < Tu < 90°) from stable regions
(jTuj < 45°). Turner angles were calculated, after smoothing the data with a 50 m running vertical window, using the
method proposed by Ruddick [1983]. Geographical locations are shown in Figure 1a.
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[14] One likely explanation for the observed differences
between the upper and lower intrusive regions is the
different dynamical processes that control their formation
and development. Double-diffusive fluxes, base on the
molecular heat diffusion being much greater than molecular
salt diffusion, can break relatively smooth thermohaline
gradients into steps and layers [Ruddick and Gargett,
2003]. Ruddick [1992] actually suggested that the upper
boundary of meddies is dominated by diffusive convection,
whereas the lower one is prone to salt fingering. Turner
angles (Tu) [Ruddick, 1983] calculated from the CTD data,
indeed show that the upper and lower bounds of all three
CANIGO meddies are prone to diffusive-convection and
salt-fingers, respectively, while their core regions are double-diffusively stable (Figures 3a, 3b, and 3c). The seismic
images provide thus a very valuable two-dimensional view
of the patterns that result from different regimes and should
contribute to improve both phenomenological and numerical models of mixing and layering formation in geophysical
fluids.

5. Conclusions
[15] Seismic oceanography is becoming a useful tool to
investigate the internal structure of the water column.
Multichannel seismic (MCS) data presented in this work
corroborate the great potential of this method for studying
oceanic processes. Focusing on meddy research, we may
now affirm that the MCS method allows to detect these
rotating salty lenses, while giving information on their
dimensions, as well as the detailed vertical and lateral
distribution and characteristics of finestructure. The main
regions within a meddy, detected by classical oceanographic
instrumentation are clearly observed in the seismic snapshots: (1) the upper boundary zone, characterized by the
presence of a few, strong, laterally continuous reflectors,
(2) the lower boundary zone, with more numerous shorter
and 3– 4 times weaker reflectors distributed into a thicker
region, and (3) a very weakly reflective central core region.
Our results show that powerful 36 BOLT guns array with a
total volume of 7524 cu and low frequency (20 – 50 Hz)
sources, such as those used in deep seismic surveys (DSS),
are well-suited to image the oceanic finestructure. The
unprecedented horizontal resolution of MCS data, two
orders of magnitude better than typical oceanographic data,
reveal lateral coherence characteristics of the finestructure
that should considerably contribute to improving the models
of ocean dynamic processes.
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Received 22 July 2009; revised 2 September 2009; accepted 23 September 2009; published 23 October 2009.

[ 1 ] Marine seismic data display laterally coherent
reflectivity from the water column that is attributed to
fine-scale oceanic layering. The amplitude of the different
reflections is the expression of acoustic impedance contrasts
between neighbouring water masses, and therefore water
reflectivity maps the ocean’s vertical sound speed and
density (i.e., temperature and salinity) variations. Here we
determine the relative contribution of each parameter by
computing the temperature and salinity partial derivatives of
sound speed and density, and using them to estimate
reflection coefficients from a real oceanographic dataset.
The results show that the mean contribution of density
variations is 5 – 10%, while 90– 95% is due to sound speed
variations. On average, 80% of reflectivity comes from
temperature contrasts. Salinity contribution averages 20%,
but it is highly variable and reaches up to 40% in regions
prone to diffusive convection such as the top of the
Mediterranean Undercurrent in the Gulf of Cadiz.
Citation: Sallarès, V., B. Biescas, G. Buffett, R. Carbonell, J. J.
Dañobeitia, and J. L. Pelegrı́ (2009), Relative contribution of
temperature and salinity to ocean acoustic reflectivity, Geophys.
Res. Lett., 36, L00D06, doi:10.1029/2009GL040187.

1. Introduction
[2] Multichannel seismics (MCS) is a widely used tool
for geological prospection of the Earth’s subsurface. Marine
MCS systems are constituted of a source, generally an
airgun array, and a line of closely spaced hydrophones, or
channels, called a streamer that are towed behind a vessel.
The airguns are fired at constant intervals, the seismic
wavefield propagates through the medium, scatters back,
and is recorded by the streamer. The seismograms recorded
in the different channels are then ordered, processed and
stacked to generate laterally coherent images of the different
reflecting discontinuities, whose amplitude is proportional
to the impedance (sound speed  density) contrast across
the discontinuity. The basic ‘‘convolutional model’’ for
seismic reflection data shows that seismic traces can be
interpreted as the convolution of the source wavelet with the
medium’s elementary reflection coefficients [e.g., Sheriff
and Geldart, 1995]. The vertical resolution of the seismic
data depends therefore on the source used, and its capacity
to distinguish between two adjoining layers is given by the
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Rayleigh criterion of a quarter of the dominant wavelength
[Widess, 1973].
[3] Holbrook et al. [2003] showed that marine MCS data
display reflectivity not only from solid Earth interfaces but
also from within the water column. Practically, this indicates
that the seismic systems are sensitive to the vertical sound
speed and/or density variations of the ocean’s interior. This
observation has in the recent years given rise to a number of
studies showing seismic images of water mass fronts and
currents [e.g., Tsuji et al., 2005], and mesoscale features
such as Meddies [Biescas et al., 2008] or the Mediterranean
Undercurrent [Buffett et al., 2009]. The central frequency of
the seismic sources used in most of these experiments range
between 20 Hz and 100 Hz, so its effective vertical
resolution is on the order of 10 m. This is the approximate
vertical dimension of oceanic fine structure, present in most
of the world’s oceans and whose origin has been attributed
to a variety of physical phenomena such as double-diffusion
[e.g., Ruddick and Gargett, 2003]. In parallel, it has been
shown that there is a good correlation between ocean’s
reflectivity and vertical temperature gradient [Nandi et al.,
2004; Nakamura et al., 2006], and that wave number
spectra of ocean seismic reflectors agrees with Garrett-Munk
model spectra of internal wave displacements [Holbrook
and Fer, 2005; Krahmann et al., 2008]. All these observations have sparked interest in the technique within the
physical oceanographic community.
[4] Although it is now clear that the ocean’s seismic
reflectivity is due to acoustic impedance contrasts associated
with oceanic fine structure, there is an ongoing debate
concerning the relative contribution of the water’s physical
properties to this reflectivity, key to understand what is the
information of oceanographic interest that can be extracted
from seismic data. Most estimations made to date are based
on waveform analysis of isolated XBT (expandable bathythermograph)-derived hydrographic profiles, suggesting
that the contribution of sound speed (v) is the major factor
as compared with that of density (r) [e.g., Nandi et al.,
2004; Krahmann et al., 2008], and changes in temperature
dominate in turn those of salinity. A first attempt to
calculate this relative contribution was made by Ruddick
et al. [2009], who used the expressions of Lavery et al.
[2003] for the partial derivatives of v and r with respect to
temperature (T) and salinity (S) at a given T (12°C), S (35.4)
and pressure (P, 1000 dbar) to determine the relative
contribution of T and S to impedance contrasts. For these
particular T, S, P values, they found that the contribution of
T is almost five-fold that of S. There has however been no
formal attempt to date to generalize these conclusions by
calculating the complete expressions of the partial derivatives, which significantly change with T, S, and P, and apply
them to a real oceanographic data set in order to determine
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Figure 1. (a) Location map of the D318B-GO survey study zone. The thick line indicates the location of the coincident
seismic and hydrographic profile GO-LR-01. (b) 2-D temperature-depth map obtained from XBT and CTD data acquired
during the D318-GO survey along the profile GO-LR-01. The data have been interpolated for imaging purposes using the
minimum curvature surface algorithm of Smith and Wessel [1990]. (c) 2-D sound speed-depth map along the same profile
obtained using Chen and Millero’s [1976] empirical relationship. The temperature is that measured with XBT and CTD
(Figure 2a) and the salinity has been inferred based on CTD data.
the actual range of variation of the different contributions.
This is what we do in this work: we first calculate the partial
derivatives of sound speed and density with respect to T and
S based on UNESCO formulas [Chen and Millero, 1976;
Millero et al., 1980], then incorporate the expressions into
linearized Zoeppritz equations of reflection coefficients [Aki
and Richards, 1980], and finally apply the resulting expressions to real, high-resolution, T and S data recently acquired
in the Gulf of Cadiz [Hobbs et al., 2007].

2. Data
[5] The hydrographic data used in this study were collected in April, 2007 during the coincident seismic and
oceanographic NERC-318B survey made on-board British

RRS Discovery and German FS Poseidon in the SW Iberian
margin, as part of the EU project ‘‘Geophysical Oceanography: A new tool to understand the thermal structure and
dynamics of oceans (GO)’’ [Hobbs et al., 2007]. During the
survey, 1200 km of MCS lines and coincident, highresolution XBT and XCTD stations were acquired by RRS
Discovery, while simultaneous XBT and CTD casts were
made by FS Poseidon [Hobbs et al., 2007]. XBT-profiles
were quality controlled, and anomalous data were removed.
Depth was corrected according to the fall-rate equations of
Boyd and Linzell [1993] for Sippican T-5. The error in depth
with respect to adjoining CTDs was typically less than 5 m
over the 1800 m depth range. From among the available
hydrographic data, we have selected those acquired along
profile GO-LR-01 (Figure 1a). It is 145 km-long and runs
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NE – SW offshore Portimao crossing the core of the Mediterranean Undercurrent, which transports Mediterranean
water (MW) west from the Strait of Gibraltar as it sinks
along the continental slope of the Iberian margin. Figure 1b
shows the 2D temperature map obtained by merging together
all the XBT and CTD data (49 and 5 profiles, respectively)
acquired along line GO-LR-01. The mean separation between adjoining casts is 2.5 km.
[6] Simultaneous temperature and salinity values, measured during the whole GO survey (40 in total) have been
used to assign S-values to the XBT-derived T, depth (z)
pairs. The corresponding S-values have been calculated
following a statistical approach that consisted of: 1) computing all the CTD-measured T, z (and S) values that fall
within DT, Dz of each XBT-measured T, z pair; and 2)
assigning S to XBT-measured T, z pairs as a Gaussianweighted average of all the selected CTD-measured S
values. We have tested different values for DT, Dz as well
as for the Gaussian’s standard deviations sT and sz, and
found that a set of parameters giving a good compromise
between data accuracy and data density are DT = 0.02°C,
sT = 0.002°C, and Dz = 5 m, sz = 0.5 m. The accuracy was
evaluated by comparing the salinity obtained with that
measured with a CTD cast made during the GO survey
but not used in the assignment. The mean difference
obtained is less than 1.5  103.
[7] The locally measured temperature and pressure values, together with the statistically inferred salinities, have
been used to calculate density and sound speed. Density has
been computed using the empirical UNESCO’s International Equation of Seawater from 1980 (EOS80), which is
claimed to be valid for S = 0 – 42, T = 2 – 40°C, and P =
0 – 1000 bars. Details on the fitting procedure and the
different terms of the polynomial regressions are available
from Millero et al. [1980]. Sound speed (Figure 1c) has
been calculated using the empirical relationship of Chen
and Millero [1976], which is also compliant with the
practical salinity scale and is the one giving the best
agreement with values computed from EOS80. The temperature and sound speed maps of Figures 1b and 1c clearly
show the presence of the relatively warm, salty and fast
MW mass between 700 m and 1500 m depth along the
whole profile.

approximations have been attempted in order to linearize
them. Here we follow that proposed by Aki and Richards
[1980], which is suitable for elastic media having weak
property contrasts. When the two adjoining layers have
similar properties; that is, if there is, over a vertical distance
Dz, a jump in magnitudes of Dr = r2  r1, Da = a2  a1
and Db = b 2  b1 that is very small so the ratios Dr/r, Da/a,
and Db/b (where r, a, and b are the mean value of density,
compressional, and shear waves speed of the two media) are
much lower than unity, then transmission will largely
dominate reflection (i.e., the reflection coefficient, R, will
be close to zero). In this case it makes sense to derive the
first-order effect of small jumps in density and sound speed
because the resulting expressions are remarkably accurate
[e.g., Aki and Richards, 1980] and, at the same time, give
good insight into the separate contributions made by Da,
Db and Dr. For acoustic media such as the water column,
where b = 0, Da/a is on the order of 103 – 104, and Dr/r
is even smaller, the resulting expression for the reflection
coefficient depend on the angle of incidence (i) and the
density and sound speed (v) contrasts only. It is given as R =
Rv + Rr, where

3. Method

where @r/@T, @r/@S, @v/@T, @v/@S are the partial
derivatives of density and sound speed with respect to
T and S. Combining (1), (2), (3) and (4) we obtain RTS =
RT + RS, where

[8] The strategy to estimate the relative contribution of
sound speed vs. density and temperature vs. salinity on
reflectivity at the seismic source wavelength consists of
three main steps, namely (1) the computation of the T and S
partial derivatives using the UNESCO formulas for density
and sound speed on a scale one order of magnitude smaller to
the source wavelength, (2) the incorporation of the resulting
expressions into the Zoeppritz equations for the reflection
coefficients, (3) the calculation of the relative significance
of the different properties to the reflection coefficients
along the hydrographic profile shown in Figure 1a, and
(4) the convolution with the source wavelet.
[9] There are many works dealing with the Zoeppritz
equations for the transmission/reflection coefficients of
plane waves in layered media. Since Zoeppritz equations
are highly nonlinear with respect to speed and density, many

Rv ¼

Dv
2v  cos2 i

ð1Þ

Dr
2r

ð2Þ

and
Rr ¼

correspond respectively to the contribution to R made by
Dv and Dr. The relative contribution of Dr and Dv to R is
then calculated as Rv/R and Rr/R.
[10] Without considering the effect of pressure variations,
Dr and Dv can be expressed as a function of the temperature and salinity variations, DT and DS, as
DrTS ﬃ

@r
@r
DT þ
DS
@T
@S

ð3Þ

DvTS ﬃ

@v
@v
DT þ
DS
@T
@S

ð4Þ

and

RT ¼



DT @r=@T
@v=@T

þ
2
r
v  cos2 i

ð5Þ

RS ¼



DS @r=@S
@v=@S

þ
2
r
v  cos2 i

ð6Þ

and

correspond to the contribution to the reflection coefficient
made by DT and DS, respectively. We can then estimate the
relative contribution of DT and DS as RT/RTS and RS/RTS
(RT/R and RS/R from here on).
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Figure 2. Diagrams of physical properties and their T, S partial derivatives obtained using the EOS80 expressions for
sound speed and density. Sound speed (black line) and density (blue line) vs. (a) temperature, (c) salinity and (e) pressure.
@v/@T (solid black line), @v/@S (dashed black line), @r/@T (solid blue line), @r/@S (dashed blue line) vs. (b) temperature,
(d) salinity and (f) pressure.
[11] Figure 2 shows diagrams of v, r and their T and S
partial derivatives as a function of T, S and P calculated with
the EOS80 relationships referred to above. Note that sound
speed increases with increasing T, S and P, whereas density
increases with increasing S and P but decreases with
increasing T. Regarding the partial derivatives, @v/@T
decreases substantially with increasing T and very slightly
with increasing S, whereas @r/@T decreases with increasing
T and S. Both @v/@S and @r/@S decrease slightly with
increasing T and hardly vary with S.
[12] Rv, Rr and RT, RS have been computed for all XBTs
using the v, r, @v/@T, @v/@S, @r/@T, @r/@S values obtained
along the whole profile and calculating Dv, Dr, DT, DS as
a sample-by-sample difference from top to bottom of each
profile, which corresponds to a vertical distance of Dz =
65 cm. The resulting values are then convolved with a
Ricker wavelet of 50 Hz, adequate to characterize fine
structure. Given that temperature and salinity are highly
correlated, the relative T, S contribution is basically independent of the vertical smoothing made in the range of 25–
50 Hz.

4. Discussion of Results
[13] The results obtained for Rv/R, Rr/R and RT/R, RS/R
along profile GO-LR-01, expressed as a percentage of the
relative contribution for normal incidence after convolution

with the source wavelet, are shown in Figure 3. It is clear
that the mean contribution to the water reflectivity comes, as
expected, from Dv through DT, in agreement with previous
works confirming that the influence of Dv and DT is major
compared to Dr and DS [e.g., Nandi et al., 2004; Krahmann
et al., 2008]. On one hand, the mean value of Rv/R along
GO-LR-01 is 90%, whereas Rr/R accounts for the remaining 10%. The standard deviation of both Rv and Rr is 11%.
These values agree with those estimated by Krahmann et al.
[2008] based on waveform analysis of XBT data in the
same area (90%), and are smaller to those proposed by
Ruddick et al. [2009] using the expressions derived by
Lavery et al. [2003] for scattering of high-frequency acoustic waves at constant T, P and S (99%). In the case of nonnormal incidence, the contribution of Dv increases by a
factor of 1/cos2i and that of Dr remains constant. On the
other hand, the mean value of RT/R is 80%, while that of
RS/R is 20%, with a standard deviation of 12%. RS/R is
somewhat larger than that estimated by Ruddick et al.
[2009] (17%). Overall these results illustrate that while
Rr/R is, on average, one-to-two orders of magnitude smaller
than Rv/R, and it could thus be safely neglected when
inferring sound speed from seismic data, RS/R is only
four-fold weaker than RT/R, so it should not be ignored.
Given that @v/@T is two- to four-fold larger than @v/@S, the
influence of non-normal incidence to RS/R is smaller than to
RT/R, so the relative contribution of S decreases with
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Figure 3. 2-D maps representing the percentage of the partial contribution of (a) sound speed (Rv/R) vs. (b) density (Rr/R),
and (c) temperature (RT/R) vs. (d) salinity (RS/R) to the reflectivity of the water column along profile GO-LR-01 (Figure 1).
These maps have been obtained convolving the reflection coefficients with a 50 Hz Ricker wavelet. In order to concentrate
the information on the brightest reflectors, only points exceeding the mean R value are displayed. As in Figure 1, data
interpolation has been made using the minimum curvature surface algorithm of Smith and Wessel [1990].
increasing i. It is interesting to note, however, that the
relative contribution of the different properties strongly
varies within the water column along the whole profile
(Figure 3). The highest RS/R (and lowest RT/R) is systematically found at the top of the MW (i.e., 700 – 900 m deep),
whereas the lowest RS/R (and highest RT/R) is found at the
bottom of the MW (i.e., 1200– 1400 m deep). RS/R is 27%
on average, and locally achieves 35– 40% at the top of the
MW. At the bottom of the MW, RS/R is 16% on average.
The contribution of salinity to seismic reflectivity is therefore considerably larger at the top than at the bottom of the
MW. This large RT/R, RS/R variability prevents one from
univocally determining T and S based on seismic data alone.
Rv/R and Rr/R show a trend similar to that of RS/R and RT/R,
in being that the mean Rr/R value is two-times larger at the
bottom (12%) than at the top (6%) of the MW.
[14] It is noteworthy that the regions showing the largest
contribution of salinity contrasts to reflectivity are found in
areas of unstable temperature gradients, with dominant
thermal flux and prone to mixing by diffusive convection
such as the top of the MW, whereas the smallest salinity
(and largest density) contribution occurs in places of unstable salt gradients, presumed to be dominated by salt
fingering, such as the bottom of the MW [Schmitt, 1994].

5. Conclusions
[15] Marine MCS systems are well-adapted to image
oceanic fine-structure. The strength of the reflectivity associated with a given water boundary layer is proportional to
the acoustic impedance contrast between the two neighbouring water masses, which is in turn a function of sound speed
and density (i.e., temperature and salinity) changes across
the layer at the seismic source frequency bandwidth. The
main contribution to seismic reflectivity is that of sound

speed variations, which is, on average, one-to-two-orders of
magnitude larger than that of density (90 – 95% vs. 5 – 10%).
Likewise, temperature contrasts account on average for
80% of the reflectivity, and salinity for the remaining
20%. The partial contribution of the different properties is
however highly variable. Interestingly, salinity contribution
can be as high as 40% in the top of MW features, but only
around 15% in other regions such as at the base of the MW.
This variability makes it virtually impossible to derive
temperature and salinity from seismic data alone. In the
region under study, the areas showing the largest salinity
contribution correspond to areas prone to diffusive convection such as at the top of MW features, whereas those
showing the smallest salinity contribution are those prone to
salt fingering.
[16] Acknowledgments. This work is part of the EU-FP6 funded GO
project (NEST-2003-1 FP6015603), and the data set used here was acquired
in the framework of this project. It has also been supported by the Consejo
Superior de Invetigaciones Cientı́ficas (CSIC) through GEOCEAN PIF
Project 200530f081. CSIC is also funding the second author’s work by
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CHAPTER 5
Multi-channel Seismic Reflection
Profiling

Science is the outcome of being prepared to live without certainty and
therefore a mark of maturity. It embraces doubt and loose ends.
̶ A.C. Grayling
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5.1 – Introduction
Multi-channel seismic (MCS) reflection profiling using the Common Midpoint (CMP)
method has been practiced and ameliorated for several decades. The main contributor to
its development historically has been the hydrocarbon industry in the interest of locating
potential petroleum plays. In short, the method is this: by using multiple sound sources
and sensitive receivers placed in known positions, a map of the subsurface can be
generated based on the different manner in which sound reflects from different
boundaries depending on their locations and physical characteristics. Consequently,
precise observation of the reflected waves (their arrival time, intensity (amplitude),
frequency and phase) can provide information on the locations and physical properties
of the reflecting interfaces.
The first seismic surveys consisted of no more than an explosive source and a listening
device located at some distance (offset) along the Earth's surface. The explosive source
was assumed to generate sound (seismic) waves in all directions. Given that the angle of
reflection of a wave is equal to its angle of incidence assuming no change in sound
speed, the depth to the reflecting interface was calculated. More simply, one might
consider a source and a receiver at an offset of zero such that the wave's raypath would
be vertical. In this case, the angle of incidence and reflection would both be 0°, such
that the depth (z) to the interface would be
'

* = + 

,

eq. 5.1

where t is the travel time of the wave. The assumption here is that the speed of sound
(csound) is known and invariant. This approach is flawed for two reasons: 1) the speed of
sound is not well known in the subsurface and, 2) it cannot be said to be strictly
constant. Moreover, in practice, considering both the source and receiver at zero-offset,
the energy generated at the source contains enough unwanted signal (i.e. noise) to make
the calculation of the arrival time of the reflected wave untenable. For these and other
reasons (to be discussed), other methodologies have been introduced to constrain
variables, thereby increasing the accuracy of observation. Still, the most robust of the
methods employed over time has been the CMP method (e.g. Sherriff, [1995]; Yilmaz,
[2001]).
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In practice, seismic reflection profiling proceeds in four stages: survey design,
acquisition, analysis (data processing) and interpretation. The design stage involves
choosing the site to perform the experiment and the acquisition parameters considered
necessary for optimal imaging. Many factors have to be taken into account, from
topographic or morphological conditions (on land surveys) to cultural and
environmental conditions as well as permission to acquire data. For marine surveys, of
which this thesis is concerned, the planning stage may involve potential conflicts over
fishing or commercial rights in international or coastal waters. For seismic
oceanography in particular, one must know what oceanic target is of interest and
whether this target is viable given the acquisition equipment. A well planned survey can
avoid problems at later stages. But a survey rarely, if ever, goes according to plan.
There are usually unforeseen circumstances which require impromptu logistical or
implementation changes. Digital processing and analysis of seismic data follows from a
well designed and well implemented survey. Cooperation between field crews and
processing scientists is of the utmost importance. Many times human or other errors that
occur during acquisition can be accounted for if properly noted. Modern surveys are
performed with solid state electronics and record any changes to the acquisition, making
that information available to the data processor.
Data processing transforms interpretively useless data into an image of the subsurface.
The interpretation of seismic data depends upon knowledge of all previous stages as
well as having knowledgeable persons at hand whom descriptively understand the target
(e.g. a geologist or oceanographer). An accurate, informative interpretation can only
result from a well planned, well executed and correctly processed data set. The
following three subsections discuss the acquisition, processing and interpretation of
seismic reflection data. Focus will be on seismic reflection methods in reference to
physical oceanography with the exception of some historical background of other
surveys.
The goal of this chapter is not to author a complete treatise on seismic reflection
methods. However, the following sections describe in detail the fundamentals of multichannel (MCS) profiling against the framework of physical oceanographic structures
and processes. That is, it will center on what we can expect to image using modern
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technology in light of what has already been imaged by previous authors and, given
what has been learned, what might be legitimate targets for future surveys.

5.2 – Governing equations of seismic wave propagation
Sound, fundamentally, is the mechanical vibration of a substance as a result of force. It
is the oscillation of pressure in an elastic medium (this discourse will focus on body
waves, or those internal to a medium). Considering a simple point force in a
homogeneous, isotropic medium, the vibration diverges from the point source
spherically. The vibration of a medium can be perpendicular, parallel or at some angle
to the direction of wave propagation. Waves that oscillate parallel to the direction of
propagation are called compressional waves (P-waves) and waves which oscillate
perpendicular to the direction of propagation are termed shear waves (S-waves). To a
large degree, the ocean acts as a perfect fluid. S-waves do not propagate in fluids
because they require that the medium be able to sustain shear deformation with no
change in volume [Kennett, 2001]. Thus, the text will thus exclusively refer to P-waves
in the ocean.
The wave equation describes all wave propagation, from electromagnetic waves, to
sound waves and those of fluid dynamics. Here, we describe acoustic waves, the
simplest form of the wave equation being
.  0

∇+ - = /  ' 

,

eq. 5.2

- = 12 3(4∙67')

,

eq. 5.3

where φ is defined as

and A is amplitude, k is the wave vector, x is the position vector and the combination

(4 ∙ 6 − 89) represents the wave's phase. The symbol c is sound speed independent of

position, and t is time [Chapman, 2004].
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When a plane wave is incident on a boundary4, a portion of energy is transmitted and a
portion reflected. Partitioning of wave energy at a boundary is described by Chapman
[2004] by its slowness vector p=k/ω, which leads to the reflection law
:3/ = :();<

,

eq. 5.4

and Snell's law for the refracted, transmitted wave,
=>? @AB
/

=

=>? @ %A
/

.

eq. 5.5

5.3 – Acquisition
Seismic reflection profiling has been successfully used for decades to image the
subsurface of the earth. It is a well tested method first described by Reginald Fessenden
and developed by the hydrocarbon industry to aid in the exploration of oil and gas
[Finch, 1985]. Initial surveys in the first part of the 20th century involved one shot and
one receiver on the surface with a known separation (offset). The time from the first
shot to the first detection of upgoing energy in the receiver was used to calculate the
depth to the reflecting interface. However, many assumptions were needed to make this
calculation. The subsurface was considered to be homogeneous and isotropic and the
reflecting interface, horizontal. Furthermore, the depth to the interface, relative to the
source-to-receiver separation was assumed to be very large, thus approximating the
source and receiver to be effectively co-located, thereby measuring a near zero-offset
reflection. Although replete with assumptions, the method allowed the first proof-ofconcept for seismic reflection.
Marine seismic reflection surveys are done by a large ship towing an impulsive source
and a streamer (a cable filled with hydrophones) which record both signal and noise
(Figure 5.1). The acoustic energy travels through the water column and the Earth’s
crust, while becoming attenuated and losing energy through spherical divergence.
Acoustic impedance boundaries, defined by varying density and sound speed, determine

4

Boundaries for the propagation of sound are termed 'acoustic impedance boundaries' and for the
purposes of this discourse in reference to seismic oceanography, represent isopycnals.
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the transmission to reflection ratio. Transmitted energy is absorbed by the ocean and
solid earth and is attenuated as it is converted to other forms of energy (e.g. kinetic
energy, heat). Reflected energy, also being attenuated somewhat, is recorded by the
towed streamer and stored for later processing.

Figure 5.1 - Marine seismic acquisition in seismic oceanography showing reflected and transmitted waves.

It should be noted at this point that seismic reflection profiling over the ocean does not
represent a true snapshot as it would for the solid Earth. This is because ocean dynamics
are such that significant disruption can take place to the thermohaline finestructure that
data recorded at the beginning of the seismic section and those recorded at the end can
be separated in time by many hours or even days, depending on the length of the section
to be acquired (Figure 5.2). Thus, caution should be practiced during interpretation of
the data. Seismic oceanography 2D sections ('snapshots') are more properly defined as
2D+time quasi snapshots of a progressively changing ocean.

5.3.1 – Marine Seismic Sources and Receivers
In marine seismic surveys, dynamite has been long replaced by airguns as the source.
Airguns release a known volume of compressed air into the water column. The
advantage of airguns is that they are less invasive on marine ecosystems, less expensive
and more predictable in terms of source pulse signature. Impulsive sources have a
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distinct wavelet shape, which is characterized by the majority of the energy being frontloaded, that is, confined to the beginning of the wavelet, with a quickly decaying coda.
This is referred to as minimum phase [Yilmaz, 1987]. This contrasts with some land
surveys which use large vibrators (Vibroseis™) that generate a center-loaded wavelet
shape (zero-phase) with the dominant energy contained in the center of the pulse.

Figure – 5.2 - Diagram showing how a seismic oceanography section is skewed in time. This is an important point to
remember during interpretation.

Source strength is directly related to the volume of compressed air in the chamber of an
airgun, the physical shape of the gun, the air pressure and the hydrostatic pressure [Géli
et al., 2009]. The chamber is filled with high air pressure and the compressed air is then
released by an electrical signal, which operates a solenoid switch causing an imbalance
in the pressures across a shuttle valve [Hobbs, 2007].
In seismic oceanography, given the weakness of reflectivity due to small acoustic
impedance contrasts, a larger source may be preferable to obtain satisfactory signal-tonoise ratio. This is illustrated well in the imaging success of the IAM survey in seismic
oceanography (e.g. Biescas et al. [2008]; Krahmann et al. [2008]; Buffett et al. [2009];
Ruddick et al. [2009]). However, larger sources are generally biased toward lower
frequencies, thus reducing the resolving power of the signal. Smaller sources generate
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higher frequencies, but are narrower bandwidth. Thus, a source balance needs to be
found that is region and target independent, a task that may be difficult in practice.
One of the objectives of the GO project was to test different sources to determine which
were most useful to seismic oceanography in terms of source strength, effective
resolution and signal-to-noise ratio. Géli et al. [2009] reported that the small volume
(117 cu-inch; ≈ 2 liters) mini-GI gun provided high resolution data but relatively low
signal-to-noise ratio. Higher frequencies are more effectively attenuated by a given
medium and thus do not achieve as much depth of penetration as lower frequency
sources. Furthermore, while for MCS reflection studies of the solid Earth, there is little
to no transition zone between acoustic impedance interfaces (since rocks are more
abruptly juxtaposed against one another than thermohaline contrasts of water masses),
in the ocean, there is heat and mass diffusion across interfaces which produces a more
gradual change over a finite boundary width of tens of meters. As a result, the gradient
of the water mass boundary makes the reflectivity frequency dependent [Hobbs et al.,
2009].
During the GO project, in addition to independent low and high-frequency surveys, a
multi-frequency source was used. This consisted of two separate airgun arrays with
three airguns in each array. The result of this gun arrangement produced a source
wavelet with a frequency response between 8 and 55 Hz for the low-frequency
component and a 12-120 Hz range for the high-frequency array [Hobbs et al., 2009].
The result of this combination of sources was clear. The multi-frequency dataset
showed that in comparison with single-source bandwidths (that only provide partial
information on the structure in question), there is a wider range of spatial scales that can
be imaged. Lower frequencies better image broader structures that are coherent over
larger lateral distances, while higher frequencies delineate finer structures that may
otherwise be missed, or misinterpreted [Hobbs et al., 2009] (Figure 5.3).
The first seismic receivers (geophones, or for marine surveys, hydrophones) were
electromagnetic devices that operated by a magnet forced to oscillate vertically through
a coil of wire by the reflected seismic wave, thus inducing a current which was then
plotted as an analog time series. More recent receivers use piezoelectric materials to
perform the same task. These receivers are distributed inside a rubber/plastic tube
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(streamer), filled with a fluid (usually kerosene) to maintain neutral buoyancy.
Streamers can vary in length between several hundred meters to over 10 km. Longer
streamers allow more hydrophones (channels) to form a single shot record which
permits longer offsets to be recorded, allowing better noise cancelation. In addition,
each channel is composed of several hydrophones which sum together the received
signal for the same purpose. Modern streamers are completely solid state with a foam
filled interior for buoyancy. Attached to the streamer are 'birds', which are plastic
winged devices that can be manually or automatically adjusted to position the streamer
at the desired depth.

Figure 5.3 – Seismic images showing the effect of source bandwidth. Top image (10-40 Hz) shows broad structures
across a range of depths, whereas the bottom image (40-120 Hz) reveals finer features, while not being as effective at
greater depths. From Hobbs et al. [2009].

86

___________________________________________Multi-Channel Seismic Reflection Profiling

5.3.2 – The Common midpoint method
The common midpoint (CMP) method (Figure 5.4) of seismic acquisition design takes
advantage of the redundancy of sources and receivers to produce a continuous image of
the subsurface as well as to minimize noise. Instead of a single source and receiver,
there is an array of sources and receivers at regular intervals with varying sourcereceiver offsets. The assumption is that time differences between individual traces
within a CMP gather are not affected by structural differences [Cox, 1999]. This
assumption is not strictly true in many cases, such as crooked-line surveys, and in
marine surveys where the towed receiver streamer experiences 'feathering' due to nearsurface currents. However, these effects are mostly accounted for with modern
geometry deployments. In such cases 'binning' of midpoints is necessary to group
common midpoints into user defined groups (or, bins). The objective of the CMP
method is ultimately to approximate a zero-offset section (as if source and receiver were
co-located), which is not possible in practice.

Figure 5.4 – The Common Midpoint Method (left) showing raypaths through different media, the Common Midpoint
(CMP) between sources and receivers, Common Depth Point (CDP) of respective reflectors, and (right) CMP gather
showing hyperbolic moveout of seismic traces with respect to offset and depth (travel time).
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5.3.3 – Specific challenges for seismic oceanography
Some of the challenges for seismic oceanography acquisition are:
1) Ocean dynamics ̶ As mentioned, a seismic oceanography acquisition snapshot is
skewed by the nature of ocean dynamics. This poses a challenge for the interpreter.
Given the velocity of ocean currents (on the order of tens to hundreds of centimeters per
second) [Pedlosky, 1979], it is mistaken to expect a true snapshot of a large part of the
ocean at any given time. The exception to this may be approached by observing
spatially and temporally stable structures such as thermohaline staircases. These
structures are observed in various regions of the oceans and have been imaged
seismically (e.g. Fer et al. [2010]; Biescas et al. [2010]) and have been observed
oceanographically to be 'quasi-permanent' in the deepest parts of the Tyrrhenian Sea
(see Zodiatis and Gasparini [1996] and Figure 6.3).
2) Source bandwidth – As seen in Section 5.3.1, control over the source bandwidth is a
determining factor to the proper imaging of thermohaline finestructure with suitable
vertical and horizontal resolution. Seismic oceanography sources need to be properly
customized to the region and target of interest. For example, for shallow targets,
perhaps only a high-resolution source will suffice, while to image deeper structures, a
combination might be employed. Moreover, the source impulse does not generate a
simple bubble that expands and collapses neatly. The bubble's oscillation always adds
noise to the source. This is compensated somewhat in Generator-Injector (GI) airguns,
guns which are comprised of two separate air chambers. The Generator chamber
produces the primary air bubble, whereas the Injector chamber is smaller and is used to
attenuate the oscillation of the bubble after the primary collapse [Hobbs, 2007]. Proper
estimation of the source signal is paramount to more complex seismic processing and
modeling techniques [e.g. Papenberg et al., 2010].
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5.4 – The seismic processor's toolbox
The goal of seismic data processing is to manipulate seismic data to yield an
interpretable 2D slice or 3D volume of the subsurface. Accurate processing of seismic
data requires certain tools, or operations. Some of these operations are necessary to data
reduction and analysis, others are optional or may be data-dependent. The seismic
processor benefits greatly from an in-depth understanding of the seismic data
acquisition in order to choose wisely which tools to apply or which methods to test. The
following is a description of some of the most important tools, with reference where
necessary to their use in seismic oceanography.

5.4.1 – Digitization
Processing of seismic data starts with discrete sampling of the continuous analog signal
into a digital waveform. This decomposition of the wavelet allows it to be represented
as a decomposable time series such that the wavelet's characteristics (frequency,
amplitude and phase) can be manipulated in precise ways. The more frequently the
continuous signal is sampled, the more the resulting digital signal approaches the true
analog signal. For the theoretical case of a zero sampling interval, the analog signal can
be fully represented [Yilmaz, 1987]. Sampling of data at a smaller sampling rate than is
useful to represent reality is unnecessary. Oversampling of data above a wisely chosen
threshold, for example, may only introduce more noise and not benefit interpretation. In
any case, oversampled data can simply be re-sampled at a lower rate later. However,
one must particularly avoid undersampling the data, such as not to lose higher
frequency field data above the Nyquist frequency, which is the maximum recoverable
frequency bandwidth when digitizing data. When an analog signal is sampled into a
discrete time series, the digital signal is reconstructed based on the number of samples.
However, the reconstructed signal will inevitably lack the details from the analog
signal, which are manifest in the higher frequency components [Yilmaz, 1987]. These
higher frequency samples are not lost by digitization. They are folded-back or ‘wrapped
around’ and appear as lower frequency components below the Nyquist frequency. The
Nyquist frequency is expressed as
.

C = +∆'

,

eq. 5.6
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where ∆t is the sample rate. Therefore, if the analog signal is sampled at an interval of 2
ms, the maximum recoverable frequency is 250 Hz, whereas at 1 ms, frequencies up to
500 Hz can be recovered. The maximum temporal (vertical) resolution possible in the
seismic data is a function of recoverable frequency and is generally agreed to be
approximately one-quarter of the recoverable wavelength [Widess, 1973]. The coarser
the sampling interval, the smoother is the digitized signal.

5.4.2 - The Fourier transform
The Fourier Transform is fundamental to seismic data analysis and applies to nearly all
stages of processing. It converts a time series into its frequency domain representation
and vice-versa [Sheriff, 1991]. Any given time series can be decomposed into its
individual frequency components through the forward Fourier transform. Likewise,
given the individual frequency components, a synthetic seismic trace can be constructed
fully and completely through the inverse Fourier transform [Yilmaz, 1987]. The Fourier
transform is defined by the relation
χ(ω)= E∞ F(9)2 3ωt G9
∞

,

eq. 5.7

where ω is angular frequency, given by ω=2πƒ, where ƒ is frequency and t is time.
When data are converted into the frequency domain (where frequency is the
independent value) various data operations can be applied to the data such as filtering
data on the basis of sound speed. Once unwanted data are removed, the inverse Fourier
transform is applied to restore the data to the time domain for further processing.

5.4.3 – Data sorting
Digitized data are able to be sorted and thus manipulated in many ways based on
information contained in the trace file headers. When samples and traces are acquired,
they are done so time sequentially. That is, trace 1, sample 1, trace 2, sample 1, trace 3,
sample 1, etc... But it is necessary for the purpose of visualizing acoustic impedance
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boundaries to have data sorted trace sequentially. That is, trace 1, samples 1,2,3…, trace
2, samples 1,2,3…, etc. This conversion is done through a matrix routine, called
demultiplexing and is one of the first steps in data processing [Sheriff, 1991]. Once
traces are demultiplexed, they are ready to be further sorted in useful ways. It is
common to begin with traces sorted as common shot gathers (Figure 5.5). Other ways in
which data traces can be sorted are by common offset, common midpoint (between
source and receiver), common reflection point or common depth point.

Figure 5.5 ̶ Seismic data sorted by common shot showing major features: Direct Wave (coherent noise), Ocean
reflections (hyperbolae) and noise. Axes are the source-receiver offset (horizontal) and two-way time (vertical). Twoway time is used in seismology as a proxy for depth. It is the time from source to reflecting interface and back to a
given receiver.

Traces sorted by shot are now more geometrically representative of the subsurface. The
linear direct wave is shown emanating from the source at the surface, appearing at later
times at farther offsets. The acoustic impedance reflections are shown as hyperbolae and
have a lower amplitude than the direct wave. To approximate a zero-offset seismic
section we first sort the traces by their common midpoints. Ideally, we would like to
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record acoustic reflections from directly below the source, so we can minimize
unknowns such as anisotropic velocity variations in the ray path. But, in practice this is
impossible due to the noise generated from the source distorting the signal arriving at
the receiver. The common midpoint method therefore, allows us to image a point in the
subsurface as if the source was directly above, halfway between source and receiver.

5.4.4 – Direct wave attenuation
Attenuation of the direct wave (the wave which travels along the most direct path from
source to receiver without reflecting) is crucial in seismic oceanography. Whilst in
marine MCS acquisition of the solid Earth, the direct wave can be safely removed along
with the whole water column, this is not possible in seismic oceanography. The direct
wave is present on all seismic records and, especially on near-offset traces, masks
weaker reflections which themselves contain valuable information on oceanic fine
structure.
Several methods have been tested on how to effectively attenuate the direct wave while
maintaining signal integrity of the reflections. Firstly, since the direct wave is a linear
wave, and reflections are hyperbolae, a simple, brute removal of the direct wave is
possible with a top mute. This is not recommended, since it is still difficult to separate
individual wavelets at near offset and results in their attenuation along with the direct
wave.
The f-k (frequency-wavenumber) filter more effectively attenuates the direct wave. This
is done by first transforming the data into the frequency-wavenumber domain (Section
5.4.2), whereby data can be filtered on the basis of sound speed. However, while the
sound speed of the direct wave is less variable than reflected energy (because it travels
near the surface from source to receiver without experiencing much change in speed as
a function of depth or variations in thermohaline fine structure), oceanic sound speed
variability is still rather subtle. This makes discrimination of the direct wave on the
basis of sound speed an intricate and difficult procedure.
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The Tau-p filter offers a better solution. It operates on the basis of the Tau-P transform
which creates a slant stack (a seismic stacked section after applying a small time shift to
traces) by transforming each sample in the time-offset domain into the Tau-P domain by
a Radon transform, where Tau is the intercept time and P is 'slowness' or the reciprocal
of phase velocity (sound speed). Since the Tau-P filter operates on the basis of dip, it
can effectively remove the direct wave, which has a known dip. One disadvantage of the
Tau-p procedure is that it can cause spatial aliasing of data [Stoffa et al., 1981].
The Eigenvector filter also presents a concise method of attenuating the direct wave. In
this method, first a linear moveout correction is applied to the data. This operates more
effectively on the linear direct wave than on hyperbolic moveout. Then, a KarhunenLoeve process [Jones and Levy, 1987] is applied which decomposes the seismic data
into eigenimages on the basis of which linear vs. hyperbolic events can be separated and
removed. The eigenvector filter is also effective at removing random noise pre-stack
(Figure 5.6).

5.4.5 – Frequency filtering
Filtering is done in the frequency domain to limit the frequency content of the data
having the effect of improving the signal-to-noise ratio. Normally, band-pass filtering is
designed to be zero-phase, meaning it does not modify the phase spectrum of the input
traces, but only band limits its amplitude spectrum [Yilmaz, 1987]. Given an input
seismic trace (time series) one applies a Fourier transform to resolve it into its
individual frequency components. In the frequency domain the amplitude spectrum can
then be shaped to contain the desired frequency characteristics. In general, seismic data
usually contains some low and high frequency noise (e.g. ocean swell and electrical
noise, respectively). These effects can be simply removed with this filter. In practice, a
ramping taper at each end of the pass band taking the shape of a trapezoid is necessary
to avoid 'ringing' caused by a sudden drop in frequency that is the result of a 'boxcar'
shape in the amplitude spectrum [Yilmaz, 1987]. Band-pass frequency filtering can be
very effective at removing specific ranges of random noise. However, caution should be
exercised such as not to remove valuable signal, meanwhile. For noise that spans a
larger range of the frequency spectra, other noise reduction methods may be preferable.
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Figure 5.6 ̶ Direct wave removal using the Eigenvector filter

5.4.6 – Spherical divergence corrections
Due to both geometrical spreading and physical attenuation in the medium, acoustic
energy that has traveled through the water column and is later measured at the surface,
is diminished. Samples which correspond to any given acoustic impedance boundary
are reduced in amplitude by a factor that depends upon the ray path as well as the
attenuation properties of the media themselves. Geometrical spreading in 'flat' media

94

___________________________________________Multi-Channel Seismic Reflection Profiling

(that is, for shallow depths relative to the diameter of the planet) follows the
relationship, differentiated with respect to Snell’s law
H=

 'I3  '

J/3K J 

,

eq. 5.8

where, I is the energy density as defined as GM/G1, where E and A are Energy and Area
of the wave front, respectively. P is the acoustic energy emitted per solid unit angle
(GM/GO), vh and ih are the velocity and take-off angle at the focus and io is the incidence
angle [Udías, 1999]. Geometrical spreading corrections are necessary therefore in the
beginning of the processing sequence to account for the loss of seismic amplitudes
which are inversely proportional to the depth to the reflection interface. Amplitude
corrections for physical attenuation due to absorption by the medium through
conversion to kinetic energy and heat loss can also be done by applying a correction
with the attenuation factor, Q. However, water is a low-loss acoustic medium therefore
physical attenuation corrections are not practically advantageous and do not
significantly restore reflection amplitudes over geometrical spreading corrections alone.

5.4.7 – Deconvolution
Deconvolution is a wavelet shaping process designed to restore the original seismic
wavelet as it was before the effect of linear filtering by the medium [Sheriff, 1991]. The
primary objective of seismic data processing is to recover the reflection series from
recorded traces such that they can represent the layering (acoustic impedance contrasts)
in the earth, or in the water column. In addition to improving temporal resolution,
deconvolution can suppress multiples (reflected energy that has reflected multiple times,
thus delaying its arrival and appearing as a deeper reflection event). However, since
deconvolution whitens the spectra as it increases resolution, it may also enhance high
frequency noise. A recent publication by Biescas et al. [2010] reports significant
improvement in seismic oceanographic signal quality after deconvolving the data.
Papenberg et al. [2010] employed a deconvolution method that used the seismic source
signal to compute amplitude reflection coefficients. This allowed inversion of the
reflection coefficients for sound speed. From the sound speed estimates they could then
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calculate temperature and salinity values directly, revealing the first 2D maps of
temperature and salinity estimated from seismic data (Figure 5.7).

Figure 5.7 ̶ 2D temperature distribution map estimated from seismic data. From Papenberg et al. [2010].

5.4.8 – 'Velocity analysis' and normal moveout correction
For a given CMP gather, in order to correct for the effect of normal moveout, that is, the
effect of increasing reflection travel time with longer offset receivers (traces), one needs
to apply an appropriate shift in 'stacking velocity' to flatten the hyperbolic reflectors as
if the receivers were all located at zero-offset. Stacking velocity is the chosen velocity
function used for NMO correction that yields the best stacking response [Hatton et al.,
1986]. In this way stacking velocity corrections are somewhat cosmetic. However, it
does approximate the NMO velocity. That is, while the NMO velocity is based on the
small spread hyperbolic travel-time [Taner and Koehler, 1969], stacking velocity is
based on the hyperbola that best fits the data over the entire spread length [Yilmaz,
1987]. The numerical representation of normal moveout correction is given as
∆9 = 9(0) QR1 + U
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,

eq. 5.9

where t(0) is the two-way travel time along a vertical path, x is offset, and vnmo is the
sound speed of the medium before the reflecting interface. Sound speed varies vertically
and horizontally, so it is necessary to pick a vertically varying velocity function at
various locations along the profile to correct for normal moveout (Figure 5.8). Fortin
and Holbrook [2009] analyzed seismic oceanography data for the proper sound speed
requirements necessary for optimal imaging. They tested four sound speed models: a)
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constant sound speed of 1500 m/s, b) a sound speed profile from the Levitus world
ocean database, c) sound speed derived from 17 XBT profiles and d) standard stacking
'velocity analysis'. It is clear that a constant sound speed is not appropriate. Although
some features can still be delineated, there are still significant improvements possible
through other methods. Data from the historical database showed slight improvements
in signal-to-noise ratio and allowed a 7-fold increase in the auto-tracking of reflectors.
Both the XBT generated sound speed profile and the handpicked profile showed nearly
a doubling of signal-to-noise ratio over the Levitus data, but the handpicked profile
allowed auto-tracking of more reflectors. Figure 5.8 shows a typical 'velocity analysis'
interactive process.

Figure 5.8 – Semblance Velocity Analysis. Panel A: Semblance Gather: sound speed adjustments are made by
interactively modifying sound speed as a function of two-way time (a proxy for depth). White line is sound speed
profile showing 'picks'; Orange line is a guideline based on an adjacent CMP gather. Black blocky line shows
interval velocity (sound speed within a layer); Black linear lines are guidelines to prevent non-physically realistic
picks; Green/Yellow/Orange/Blue pattern is the semblance spectra based on signal coherency across adjacent CMP
traces. Panel B: CMP gather: 1) NMO stretch effect; 2),3) signal that will constructively interfere; 4) 'noise' that will
deconstructively interfere.
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Compared with such analysis of solid Earth data, where sound speed can vary from
approximately 2000 m/s up to 8000 m/s, there are only very subtle sound speed changes
within the ocean (on the order of 50 m/s differences). However, velocity analysis is still
sensitive to these changes and a significant improvement to the final section can be
made through careful analysis.
An undesirable side-effect of velocity analysis is NMO stretching. While correcting for
normal moveout, samples are differentially shifted, producing a non-linear distortion in
wavelet shape [Hatton et al., 1986]. This effect is mostly noticeable at far offsets
because it is directly related to the amount of static shift. NMO frequency distortion is
quantified as
∆ƒ
;

=

∆'\]^
'(W)

,

eq. 5.10

where ƒ is the dominant frequency, ∆ƒ is the change in frequency and ∆tnmo is given by
Equation 5.9.

5.4.9 – CMP stacking
After the normal moveout correction, traces are summed, or 'stacked' so that trace
coherency constructively interferes and incoherent traces deconstructively interfere
resulting in one summed trace to represent a common midpoint. The redundancy of
many common midpoints increases the signal-to-noise ratio. Stacking compresses the
offset dimension thereby reducing the data volume to the plane of a zero-offset section
[Yilmaz, 1987]. Stacking is perhaps the most common operation and is performed
almost always. It is such a defining procedure of seismic data processing that data are
grouped into pre-stack and post-stack. Pre-stack data potentially has all possible
information available after digitization. Post-stack data is intrinsically sub-sampled.
Much less data exist after stack than before stack because of the trace summing process.
It is crucial before stack to obtain the best possible signal-to-noise ratio such that no
valuable signal is lost during stacking. Quantitatively, the mean sample value for a
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given two-way travel-time is calculated and we define the sample values on trace i as
ai(t), its mean given by the relation
.

1(9) = _ ∑_
3c. a3 (t)

.

eq. 5.11

5.4.10 – Migration
Sheriff [1991] describes seismic migration as an inversion operation involving
rearrangement of seismic information elements such that events are displayed at their
true subsurface locations. Migration moves dipping reflections up-dip and collapses
diffraction hyperbolae. It adjusts dipping interfaces because energy reflected from
dipping horizons does not arrive at the same time as energy from a horizontal interface
for any given offset. Therefore, in the physical interpretation of seismic data, migrated
data correctly positions reflections. Ideally, migration requires a priori knowledge of the
sound speed field of the media in question, but in practice this is not known and must be
arrived at iteratively through velocity analysis. Co-located and simultaneously recorded
in situ oceanographic sound speed measurements (such as XBTs, XCTDs ̶ Chapter 6)
have the potential to more accurately represent the migration sound speed field than
velocity analysis iterations alone.

5.4.11 – General considerations
The above description of seismic processing operations is highly abridged. For further
details of seismic data processing the reader is referred to two texts in particular:
Seismic Data Processing [Yilmaz, 1987; 2001] and Seismic Data Processing - Theory
and Practice [Hatton et al., 1986]. Both texts are aimed at audiences of professionals in
the hydrocarbon industry. At this point there is no definitive reference book on seismic
processing for seismic oceanography. However, this thesis may serve as general starting
point for the uninitiated researcher whom may wish to follow some of the references
herein.
Challenges still exist in seismic oceanography data processing which need investigation.
One such challenge is dynamics. For a moving ship and a moving target (relative to the
seafloor), the acquisition is not well constrained. Klaeschen et al. [2009] addressed this
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through making the first estimate of the movement of reflectors in the water column
from seismic data. The methodology was based on using true-amplitude pre-stack time
migration to increase the lateral and temporal resolution by reducing the Fresnel zone.
The amplitudes thereby correspond to impedance contrasts. For migration of solid Earth
data, the geometry can be measured precisely. However, for a dynamic ocean this is not
possible to the same degree due to the spatial and temporal movement of thermohaline
finestructure. Thus, while for the solid Earth, given a known geometry, an optimum
sound speed field can be arrived at, for the ocean, the reverse is done. That is, given a
constrained sound speed field (arrived at independently from oceanographic data), the
optimum geometry for a dynamic fluid can be calculated and therefore, its motion.
More research into dynamics is an important step in uncovering the still only partially
understood mechanisms behind ocean dynamics, and therefore, mixing and larger scale
circulation.

5.5 – Interpretation
Accurate interpretation of seismic oceanography data is the desired outcome of any
acquisition and processing scenario. As mentioned, caution needs to be exercised in this
regard for various reasons, but crucially because of the dynamic nature of the ocean on
time scales relative to acquisition and, thus the transience of reflectors (e.g. Géli et al.
[2009]; Klaeschen et al. [2009]; Chapter 3). As in studies of the solid Earth, where a
geologist with specialized knowledge may contribute to interpretation, physical
oceanographers are needed to properly interpret MCS 'reflectivity maps' of the ocean.
Interpretation is a key point at which seismic oceanography is cross-disciplinary. So, in
addition to it being considered a tool of physical oceanography one sees the merging of
two disciplines that may eventually result in the emergence of a comprehensive
discipline unto itself, particularly if one considers the participation of other branches of
oceanography (e.g. marine biology or chemical oceanography).
The next chapter further addresses interpretation in the context of the structures and
processes of interest to physical oceanographers.
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I was like a boy playing on the sea-shore, and diverting myself now and
then, finding a smoother pebble or a prettier shell than ordinary, whilst
the great ocean of truth lay all undiscovered before me.
̶ Isaac Newton
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6.1 – Introduction
The ocean has always been the focus of much respect and curiosity. Since antiquity it
has provided us sustenance, transportation and more, yet at depth it is largely
unexplored. To the very first ocean scientists it likely seemed unexplorable. Indeed
many unsuccessful attempts were made to measure its depth but for lack of a
sufficiently long rope.
The ocean covers more than 70% of the Earth’s surface and although it is much less in
volume than the atmosphere, it carries roughly an equivalent amount of heat due to its
relatively high value of specific heat [Thorpe, 2005]. This fact alone makes ocean
circulation of very great climate influence. The popular, but oversimplified, illustration
of this is the Gulf Stream's effect on the milder climate of Europe vis-a-vis similar
latitudes in Labrador, for instance [Seager, 2006].
Ocean circulation is the system of large scale currents that distribute its mass. It is
driven mainly by the wind and secondarily by tidal forcing [Wunsch, 2002]. The wind
is driven by uneven solar heating of the Earth as it rotates between day and night. Tidal
forcing is mainly a result of the gravitational pull of the Sun and Moon. However, it is
also a function of sea level, which varies depending on factors such as the global
cryosphere extent, a topic of increasing interest with respect to global warming. In
addition, meteorological tides can be measured in the presence of storm systems. The
atmosphere and ocean are coupled in this and many other respects and on a large scale
function like a single dynamic, highly stratified rotating fluid. One cannot speak about
climate independent of the ocean.
It is well beyond the scope of this thesis to present a complete treatise of physical
oceanography. However, since the underlying basis for research into seismic
oceanography is to help elucidate physical oceanographic structures and processes, it is
prudent to start this chapter by acknowledging that seismic oceanography is only one of
many tools within the discipline of physical oceanography. Seismic oceanography is a
new and potent tool, but like any tool it is limited. Thus, this chapter discusses: 1) some
of the conventional tools of physical oceanography, in addition to 2) the structures and
3) the processes that are presently amenable to seismic ensonification.
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6.2 –Tools of physical oceanography
6.2.1 - In situ probes
The development of the CTD (Conductivity-Temperature-Depth) cast in 1955 led to
accurate direct probing of the ocean [Ingmanson and Wallace, 1995]. The CTD allowed
the first direct Eulerian measurements of variation in physical properties with depth in
the ocean by providing a measurement of salinity (conductivity), temperature and depth
(pressure). Expendable probes are also very common because they allow an Eulerian
measurement of physical ocean properties at fixed points in space as a function of depth
and are deployable as the ship is moving, which allows for their simultaneous
deployment with seismic acquisition. A much denser horizontal grid of data can be
acquired with expendable probes, whereas the CTD requires the ship to be stopped
while it is lowered and raised. The Expendable Bathythermograph (XBT) (Figure 6.1) is
capable of measuring vertical resolutions as small as 65 cm and temperature variations
as small as +/- 0.07 ºC [Boyd and Linzell, 1993]. The vertical resolution of in situ
probes is much better than that of seismic data, one of the main complementary
advantages of seismic data being its horizontal resolution. Expendable CTDs or XCTDs
are also sometimes deployed along with XBTs, but are rather more expensive and less
reliable than XBTs. However, the conductivity measurement gives an estimate of
salinity which can then be used as a factor to constrain sound speed estimates.

6.2.2 - Float measurements
In addition to in situ Eulerian measurements of ocean properties, Lagrangian
measurements, where a measuring device follows the trajectory within the fluid, are also
informative. Beginning in 1993 (eg. Bower et al. [1997]), as part of the AMUSE (A
Mediterranean Undercurrent Seeding Experiment) project, RAFOS floats (sonically
detectable, sub-surface instruments) were deployed and were tracked acoustically for
eleven months. This experiment showed the path of meddies and the Mediterranean
Undercurrent and further established the significance of the Undercurrent as having an
important role in the broader Atlantic ocean (Figure 6.2).
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Figure 6.1 - XBT profile from the Tyrrhenian Sea showing characteristic temperature steps (thermohaline staircase).
Temperature drops quickly in the upper ocean then shows a small increase before the staircase formation beginning
at approximately 700 m.

Figure 6.2 - Meddies tracked by RAFOS floats – courtesy, Jayne Doucette, Woods Hole Oceanographic Institution.
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6.3 – Structures
6.3.1 – Thermohaline staircases
Thermohaline staircases are regular, well-defined, step-like variations in vertical
temperature and salinity gradients that form when temperature and salinity increase with
depth and nearly compensate with density [Kelley, 1984]. Turbulent mixing can disrupt
the regular step-like structures, so they are typically found in regions where the Prandtl
number (the ratio of viscous to thermal diffusion rates) is near unity and turbulent
mixing is unusually weak [Merryfield, 1999]. Therefore, isopycnal stratification is more
static than in regions dominated by turbulence. Morell et al. [2006] studied an eddy in
the Caribbean Sea. Its associated thermohaline staircases were reported to have formed
from an interplay of two mechanisms: lateral property contrasts and shear within the
eddy. However, they admit that their interpretation is less than definitive due to 'coarse
horizontal sampling', which is one of the principal advantages of MCS profiling.
Staircases have been identified in several places worldwide using seismic oceanography
(e.g. Biescas et al. [2010], Fer et al. [2010]). They have been known for some time to
exist in the Tyrrhenian Sea, a deep basin within the Mediterranean Sea characterized by
a circumferential current and stable central stratification (e.g. Zodiatis and Gasparini
[1996]; Sparnocchia et al. [1997]). Thermohaline staircases

were detected

oceanographically (using XBT probes) and seismically during the author's recent
cruises in the region [Ranero et al., 2010]. Oceanographic probes showed clear step-like
structures that were only present in the deepest parts of the basin and increased in step
riser-width with depth (Figure 6.3).

6.3.2 – Eddies/Meddies
Eddies are quasi-spherical lenses of fluid that form in the presence of diapycnal mixing
and turbulence where isopycnals are disturbed. Thorpe [2005, p.35] describes one
mechanism of eddy generation in four stages: a) a uniform density gradient is present,
given by
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eq. 6.1

where ρ is density, N is the buoyancy frequency, z is the upward vertical measured from
the mean depth of the mixed region; and g is the acceleration due to gravity; b)
turbulence, leads to; c) homogenization of a density patch; and d) due to the horizontal
pressure gradient, the mixing region is forced to spread laterally, whilst, to conserve its
volume, it collapses vertically and intrudes into the surrounding water along similar
isopycnal surfaces. During the process of turbulent mixing and intrusion, internal waves
may be generated that then radiate into the surrounding quiescent fluid. The spreading
of the mixed region causes dispersion of particles along isopycnal surfaces, whereby the
rotation of the Earth (and the resulting Coriolis force) causes the mixed region to rotate
anti-cyclonically.

Figure 6.3 - Map of the lateral distribution of XBT profiles in the Tyrrhenian Sea. Three main water masses are
identified: a) Modified Atlantic Water (pink), b) Levantine Water (green) and c) Western Mediterranean Deep Water
(blue), which is characterized by staircase formation. From Ranero et al. [2010].

Meddies (or, Mediterranean eddies) are large (40-150 km in diameter), coherent anticyclonic lenses of Mediterranean outflow water with characteristic salinities of
approximately 36.5 psu and maximum temperatures of around 13°C [Richardson et al.
2000]. Some meddies preserve a double-core structure typical of the Mediterranean
Undercurrent [Zenk, 1970] from which they originate. Meddies translate southward and
westward from Cape St. Vincent (Portugal) [Richardson et al., 1989], and northward,
along the coast of Iberia [Buffett et al., 2009], while diverging from the Mediterranean
Undercurrent.
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Meddies have become favorite targets of seismic oceanographers (e.g. Biescas et al.
[2008]; Krahmann et al. [2008]; Buffett et al. [2009]; and Pinheiro et al. [2010]) due to
their spatial extent, high property contrasts as well as their oceanographic significance
for the distribution of conservative physical properties in the eastern North Atlantic
ocean where they play an important role in the transport of salt and heat [Armi et al.,
1989]. Buffett et al. [2009] reported that meddies further from their Strait of Gibraltar
source appear more internally well mixed, whilst maintaining their overall form (Figure
6.4).

Figure 6.4 - Comparison of the internal structure of two meddies. The left panel shows a meddy near Cape St.
Vincent (Line IAM-3); the right panel shows a meddy that has been displaced downstream by the Mediterranean
Undercurrent (Line IAM-11). Note the lack of internal structure in the displaced meddy compared to the meddy near
Cape St. Vincent. This result is likely due to the internal homogenization of the displaced meddy through turbulence
and mixing processes. Meddy sizes are proportional. See Appendix 2 for complete seismic profiles and geographical
locations. Modified from Buffett et al. [2009].

6.3.3 – Fronts
As in the atmosphere, fronts within the ocean are clearly visible due to strong property
contrasts. Fronts can be seen whenever there are stronger than normal property
contrasts, but they may be formed due to the interaction of internal waves with the
continental shelf, where isopycnals are steepened [Thorpe, 2005]. Holbrook et al.
[2003] made the first seismic identification of an oceanic front, plausibly as a result of
the interaction between two water masses (Figure 6.5).
Nakamura et al. [2006] made seismic observations of the Kuroshio extension front near
Japan. They conducted the survey along with the deployment of physical oceanographic
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measurements confirming the correlation to the former. Thorpe [2005] reports that in
addition to fronts which form as a result of the steepening of isopycnals at a continental
shelf, temperature contrasts as small as 5 mK can be observed in fronts. Thermal fronts
with temperature contrasts this small are only slightly beyond the present limit of
seismic detection (Nandi et al. [2004] found that seismic oceanography could detect
temperature contrasts at least as small as 30 mK).

Figure 6.5 - The first seismic images of an oceanic front showing the interaction between two water masses near the
Grand Banks of Newfoundland (the North Atlantic Current and the Labrador Current). Horizontal axis is CMP
number (section 5.3.2) and the vertical axis is two-way-travel time in seconds. From Holbrook et al. [2003].

6.3.4 – Currents
Currents can be practical targets for seismic oceanography, especially at their
boundaries where they must entrain and otherwise interact with surrounding waters. The
Mediterranean Undercurrent is a good example of a strong current with sharp property
contrasts between temperatures and salinities. Buffett et al. [2009] (Chapter 1)
seismically imaged portions of the Mediterranean Undercurrent along its flow path.
They reported that within the current itself, property contrasts diminished as a function
of distance from the Mediterranean Water source, but observed that at the apparent
edges of the current, property contrasts (and thus, acoustic impedance contrasts)
remained strong, especially where the Mediterranean Undercurrent entrained and
interacted with the North Atlantic Central Water. Currents are important oceanographic
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structures because, especially on a large scale, they distribute heat, salt and mass around
the planet, affecting climate. Current circulation between ocean basins, in bays, harbors,
inlets and fjords, where circulation is regular on a seasonal, monthly or diurnal basis
[Trevorrow, 2005] may provide interesting areas of study. Circulation in the Tyrrhenian
Sea is a good example of a boundary current enclosing a deep basin. Here, circulation is
circumferential with little mass flux below 700 m into the deepest parts of the basin
where the deep water residence time is on the order of 30 years, whereas shallower
currents circulate in 2-3 years [Zodiatis and Gasparini, 1996]. Ongoing seismic
oceanography studies by the author and others in the Tyrrhenian Sea delineate stable
staircases in the central portion of the basin while showing the circulation current
characterized by turbulent mixing in some of the shallower, boundary waters.

6.4 - Processes
6.4.1 - Mixing
Ocean mixing is the process by which different water masses combine. It can occur on
the largest scale of global circulation to the smallest molecular scales of mixing. Mixing
acts to smooth property distributions in the ocean of heat, salt and other chemicals. It
can occur along (lateral mixing) or across (diapycnal mixing) isopycnals. Stern [1967]
notes that where instabilities develop, salt can be easily transported along isopycnals.
Diapycnal mixing is more difficult to occur because the energetics involve moving
deeper, heavier water masses above lighter, more buoyant ones, that is, motions are
inhibited for diapycnal mixing simply due to the pressure gradient. Ruddick [1992]
found that the energy needed to drive intrusive motions indicated double diffusive
convection as a possible mechanism. Double diffusive convection describes the form of
convection driven by adjacent fluids which have different densities and diffusion rates.
The density gradient is the result of the combination of differing compositions (i.e.
salinity) and temperatures. Since heat diffusion occurs approximately one hundred times
faster than molecular diffusion [Thorpe, 2005], features such as 'salt fingers' occur
[Stern and Turner, 1969], where warm salty water overlies cold fresh water. Consider a
small parcel of warm, salty water forced to sink into a colder fresher zone. The sinking
plume will lose its heat to the colder water before losing its salt, thus becoming denser
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than the water around it and sinking further. Similarly, if a small parcel of cold fresh
water is displaced upwards, it will gain heat by diffusion from the surrounding waters,
which will then make it lighter than the surrounding waters, and cause it to continue to
rise. The fact that salinity diffuses much less efficiently than temperature, then
paradoxically results in a process that mixes salinity more efficiently than temperature.
Salt fingering thereby contributes to diapycnal mixing in the oceans, which helps
regulate the gradual overturning circulation of the ocean that in turn strongly affects
climate. Mixing can also take place as an effect of tidal action and internal waves
[Thorpe, 2005]. The extent of the contribution of marine organisms to ocean mixing is
still unknown. Katija and Dabiri [2009] recently reported the mixing effect of jellyfish
through their motions to be a significant contribution to ocean mixing and nutrient
transport. Undoubtedly, mixing occurs across a range of scales due to the propulsion of
animals and the stirring in their wakes, but the degree to which this affects mixing
globally is still uncertain.

6.4.2 - Turbulence
Thorpe [2005] defines turbulence as an energetic, rotational and eddying state of motion
that generates relatively large gradients of velocity over small scales (1 mm to 1 cm),
thereby promoting the conditions in which viscous dissipation transfers its kinetic
energy to heat. It produces dispersion of material and transfers momentum, heat and
solutes at rates higher than molecular processes alone. Reynolds [1883] made the first
laboratory observations of turbulence, noting that for a jet of dyed liquid entering a tube
of water, while initially laminar in form, it transitioned to a turbulent flow as the
velocity of the jet was increased, thus mixing all at once with the surrounding water,
showing distinct curls and eddies. Of course this controlled laboratory experiment is not
possible in the ocean, where many other factors are at play and where observations are
affected by many unseen or subtle variations in the physical properties of water. One
example of the transition from stability to turbulence is that of a breaking wave. Indeed,
breaking internal waves occur within the ocean. Turbulence and mixing are closely
related processes in which zones of elevated turbulence are prone to mixing, at least on
a small scale. However, mixing and interleaving of stratification along isopycnals need
not strictly be turbulent. Diapycnal mixing is more likely to occur at smaller scales,
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involving turbulent processes in some way due to the fact that isopycnals are thereby
disturbed.

6.4.3 - Dynamics
Ocean dynamics poses a difficult challenge for seismic oceanography in that MCS
profiling had been exclusively developed by the hydrocarbon industry to image sub-sea
floor media, a regime which is comparatively static with respect to the ocean, where
currents are typically on the order of 0.5 ms-1 and where internal waves can propagate
on the order of 1 ms-1. These velocities are sufficient to prevent the generation of a
snap-shot type seismic image, as is characteristic for study of the solid Earth. That is,
ocean dynamics necessitate only a quasi snap-shot of the motion of interior ocean
property contrasts using conventional MCS. During the GO project acquisition stage in
April and May 2007, in order to test the viability of seismic derived ocean dynamics,
several repeat passes were made over the same geographical location at intervals
ranging from 30 minutes to 12 hours. During one particular repeat survey with an
opposite azimuth, apparent wavelength changes of reflectors were noticed that were
explained by a Doppler-like effect [Klaeschen et al., 2009]. By constraining the ship's
velocity variable, it appeared that the motion was singularly related to reflector (and
therefore, property contrast) translation, the magnitudes and vectors of which were
estimated (Figure 6.6).
This first attempt at remotely estimating the velocity of subsurface finestructure clearly
demonstrates the utility of MCS profiling to oceanographers. Chapter 3 illustrates
another method of visualizing the movement of reflectors without having to do repeat
acquisition transects. The caveat being the requirement of a high signal-to-noise ratio
and a sufficiently long recording streamer to allow enough time for noticeable
movements. These methods and others illustrate the importance of being able to glean
more than just positional information from seismic data.
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Figure 6.6 - Seismic reflector dynamics. Left panel shows final stacked seismic image of a portion of a meddy. Right
panel shows movement velocity derived as an inversion parameter. Movement velocity is indicated by a color
scheme. From Klaeschen et al. [2009].

6.4.4 - Internal waves
Internal waves are gravity waves in the interior of the ocean (or generally any fluid) that
arise from changes in hydrostatic equilibrium, that is, the balance between gravity and
buoyancy [Thorpe, 2005]. Internal waves may have different sources, caused by
oscillations in atmospheric pressure, wind, tidal forces, or through interaction with the
seafloor [Miropol'sky, 2001]. Curiously, Rhie and Romanowicz [2004] recognized a
background seismic signal oscillation that could not be explained by summing together
the global occurrence of all earthquakes. The mechanism for the so-called 'hum' was
explained as atmosphere-ocean-seafloor coupling, probably through the conversion of
storm energy to oceanic infragravity waves interacting with seafloor topography. If
correct, the 'hum' might provide another mechanism for internal waves and substantiate
the importance of the latter with respect to their influence on climate. In this respect,
internal waves drive turbulence and diapycnal mixing [Garrett, 2003] and play an
important role in the distribution of biomass and nutrients [Echevarría et al., 2002].
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Holbrook and Fer [2005] first used seismic oceanography to estimate internal wave
spectra in the boundary layer between the Norwegian Atlantic Current and the
Norwegian Sea Deep Water. They found that horizontal wavenumber spectra derived
from seismic data matched well with the Garrett-Munk tow spectra, which describes the
internal wave field. Krahmann et al. [2008] used seismic oceanography to quantify
internal wave energy. Interestingly, they found variations in the internal wave field on
either side of the Gorringe Bank, a large seamount which is crossed by Mediterranean
Outflow Water. They speculated that this may be due to the presence of a meddy on one
side.
This volume contains two contributions to the study of internal waves using seismic
oceanography: Chapter 2 introduces the method of Stochastic Heterogeneity Mapping
to seismic oceanography and estimates ranges of scale lengths of oceanic features such
as internal waves. Chapter 3 shows the application of a customized processing scheme
to visualize animation of internal waves in near-real time.

6.4.5 - Topographic interaction
Interaction with topographic relief is another important contribution of MCS profiling to
oceanography. Internal waves can be generated as 'lee waves' where stratified water
moves past a natural obstacle such as a seamount [Thorpe, 2005]. Biescas et al. [2010]
seismically analyzed thermohaline staircases in interaction with a seamount (the
Gorringe Bank in the Gulf of Cadiz). It is clear from the image (Figure 6.7) that
otherwise stable thermohaline staircases are disturbed by interaction with the seamount.
Biescas et al. [2010] interpret the distortion of staircase layers on the impinging side of
the seamount as due to turbulent vertical mixing generated at the boundary of the abrupt
topography. Holbrook and Fer [2005] showed a similar distortion effect where
isopycnals interact with slope topography. That is, at some distance from the slope,
reflectors were more continuous, whereas adjacent to the slope, reflectors 'pile up'
creating an undulating pattern (Figure 6.8).
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Figure 6.7 - Interaction of thermohaline staircases with the Gorringe Bank (an isolated seamount in the Gulf of
Cadiz). Flow direction is approximately from right to left. Reflectors seem to 'ramp up' on the seamount in a similar
manner that a meterological front interacts with a mountain. Notice the 'rain shadow' analog on the NW side of the
bank as reflectors lose their lateral coherence and are forced above the seamount, remaining less coherent on the
NW side. From Biescas et al. [2010].

Figure 6.8 - The interaction of reflectors with topography. Note the continuity and undulating nature of the left and
right inset boxes, respectively. Yellow lines show autopicked reflector interfaces used in spectral analysis. From
Holbrook and Fer [2005].
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CHAPTER 7

Conclusions

Education has failed in a very serious way to convey the most important
lesson science can teach: skepticism
--David Suzuki
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Seismic oceanography is quickly emerging as a viable tool of physical oceanography.
Its emergence is for two particular reasons: 1) the tool has been widely used
successfully by industry and academia for over 40 years, thus making it robust and
therefore its development and adaption to oceanography a relatively straight-forward
endeavor; and 2) the need of physical oceanographers to visualize in thermohaline
finestructure on large horizontal scales what they have suspected for years but have not
been able to produce, simply for lack of sufficient horizontal sampling. This being said,
seismic oceanography is much more than just horizontal flow visualization. It has been
demonstrated by various authors that real physical parameters can be acquired from the
data, including but not limited to, estimates of temperature and salinity, scale lengths,
turbulent dissipation parameters and dynamics. Obtaining these parameters and others
will help in the understanding of the ocean circulation that is paramount to generating
accurate models of climate.
The following is a summary of the main conclusions of the author's work during the
completion of this thesis, contained in four published papers and the one that has been
submitted to a peer-reviewed journal.

Chapter 1 - Seismic reflection along the path of the Mediterranean Undercurrent
This research was conceived in the month of April, 2007 while conducting the GO
experiment in the Gulf of Cadiz. It became clear from an understanding of the
Mediterranean Outflow Water and the Mediterranean Undercurrent (which is crossed at
several points along its flow path by some archived seismic data from the IberianAtlantic Margin survey, conducted in August and September, 1993), that it should be
possible to test whether the seismic data were sensitive to observing certain intrinsic
properties and structural trends downstream. Four seismic lines were processed and
analyzed which corresponded to different two-dimensional vertical slices of the
Mediterranean Undercurrent along its flow path, moving away from its source at the
Strait of Gibraltar. The main conclusions are:
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•

Seismic trace amplitudes can be used to analyze the structural and intrinsic
property values resulting from the evolution of the Mediterranean Undercurrent
from its source at the Strait of Gibraltar. Trace amplitudes dropped in proportion
to temperature and salinity decreases (but, mainly in correspondence with
temperature, see Figure 3.10), in agreement with other studies. In this way, trace
amplitudes represent a proxy for temperature.

•

Three distinct water masses were mapped: the North Atlantic Central Water (≈0500 m), Mediterranean Water (≈ 500 m ̶ 1500 m) and North Atlantic Deep
Water (≈1500-sea floor). The MW depth for any given location is given by an
increase of a factor of 5 or more of the RMS seismic amplitude relative to the
surrounding water amplitudes.

•

Many curious features were noted in the seismic data such as the evolution of
meddies (Mediterranean water eddies - or large salt lenses) as a function of
distance traveled. That is, it appears that meddies lose their internal structure as
they become more well-mixed over time (Compare meddies of Appendix III,
sections IAM-3 and IAM-11).

•

A general decrease in consistent lateral stratification in areas of the profiles
proceeding downstream is observed, within the nearest 80 km from the coast of
Portugal, the region in which independent studies place the Mediterranean
Undercurrent. This observation seems to indicate that stratification is slowly
disturbed due to the flow of the undercurrent.

Chapter 2 - Stochastic Heterogeneity Mapping around a Mediterranean salt lens
This paper followed a statistical approach to seismic analysis. The premise behind the
approach is that different types and degrees of reflectivity are amenable to different
methods of seismic ensonification. Stochastic heterogeneity mapping was conceived to
address the difficulty of imaging certain lithologies in the solid Earth. That is, while
seismic reflection profiling works well to image horizontal or sub-horizontal
sedimentary stratification, the method breaks down somewhat when crystalline rocks
are the target of investigation. This is because of the different types of reflectivity due to
the rocks' internal structure. Highly stratified rock layering show marked acoustic
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impedance boundaries that reflect specularly. However, in regimes of complex geology
such as mountain thrust belts and cratonic rocks, reflectivity is diffuse. Stochastic
heterogeneity mapping statistically analyzes the reflectivity field of a seismic image for
the presence of heterogeneities, or anomalies in an otherwise homogeneous fabric.
The ocean is not ubiquitously and uniformly stratified. It is characterized by many
zones of turbulence and mixing where strata are constantly being created and destroyed
by interactions with surrounding water masses and the heat exchange between them.
This fact makes physical oceanographic structures and processes ideal for testing of
diffuse reflectivity patterns. From the reflectivity field of a processed seismic stacked
image, two useful parameters were extracted, the Hurst number and the correlation
length. To determine what processes might differ we analyzed the perimeter of a meddy
into three distinct zones: its top, bottom and sides.
•

Our calculations of Hurst number for the top of the meddy agreed with recent
theoretical work, which used values between 0.25 and 0.5 to model internal
wave surfaces based on simulating a Garrett-Munk (GM76) wavenumber
spectrum of −2.

•

The corresponding correlation lengths (scale lengths) mapped over the same
reflectivity field however, did not fit as well to specific seismic reflectivity.

•

Two possible explanations were put forward: (1) due to the fact that the
stochastic parameters were derived from the reflectivity field rather than the
impedance field the estimated scale lengths may be underestimated; and (2)
because the meddy seismic image is a two-dimensional slice of a complex and
dynamic three-dimensional object, the estimated scale lengths are likely biased
toward the direction of flow.

This publication was a first step in applying a statistical, non-deterministic approach to
seismic oceanography data. Follow up work using this approach is being prepared by
using oceanic in situ probes (XBTs) to confirm the correlation of the stochastic
parameters to the acoustic impedance field, that is to constrain the degree of correlation
to the reflectivity field. These constraints could then be applied to solid earth studies,
where such a sound speed function (via a well-log) is practically unattainable.
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Chapter 3 - Near Real-time visualization of thermohaline finestructure
The Ocean is dynamic on times scales shorter than acquisition times. Visualization of
thermohaline finestructure is an important way of understanding ocean fluid dynamics
because it quantifies the movement. We present the first near real-time animation of the
motion of what appear to be internal waves. Developing and testing a processing
scheme to take advantage of the passage of a seismic acquisition streamer over a fixed
point on the seafloor to create not just one, but a series of images, or "stacks", in order
to build up a 7-frame "movie" of fluctuating thermohaline finestructure in time steps of
3.5 minutes. In this way each image shows a slightly different thermohaline
finestructure allowing us to create a striking visualization of what are likely temporally
oscillating internal waves.

Chapter 4 - Imaging meddy fine structure using multichannel seismic data
This paper was a short, high-impact research letter. The author's role in this paper was
part of the seismic data processing, interpretation and copy editing. The work was the
first to seismically image meddy finestructure both horizontally and vertically and to
compare it to Turner angles, which are practical indicators that differentiate regions
prone to diffusive convection (-90°< Tu <-45°) and salt finger instability (45°< Tu <
90°) from stable regions (|Tu| < 45°). The main regions within the meddy, previously
detected by conventional oceanographic instruments, are clearly observed in the seismic
snapshots, such as:
•

The upper boundary zone, characterized by the presence of a few, strong,
laterally continuous reflectors.

•

The lower boundary zone, with more numerous, shorter and 3–4 times weaker
reflectors distributed into a broader region.

•

A very weakly reflective central core region.

•

With respect to meddies, the MCS method allows the detection of these rotating
highly saline lenses of Mediterranean water, while giving information about
their dimensions, as well as the detailed vertical and lateral distribution and the
characteristics of their finestructure.
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•

Results show that high-energy sources and long streamer lengths (in this case
chosen to image deep crustal structures) are suitable for seismic oceanography.

Chapter 4 - Relative contribution of temperature and salinity to ocean acoustic
reflectivity
The paper by Sallarès et al. [2009] calculated the degree of reflectivity that can be
attributed to either temperature or salinity variations (assuming a constant increase in
pressure with depth). The contribution of the author to this work was in seismic data
analysis, interpretation and copy editing.
For a given depth (pressure), temperature and salinity are the contributing factors to
density and sound speed, thus to acoustic impedance, and therefore, to reflection
coefficient. This paper was an important contribution to seismic oceanography because
it isolated the causes of ocean acoustic reflectivity, a first step in determining the
physical properties of water masses directly from seismic data.
The main conclusions of this paper were:
•

The principal contribution to reflection coefficient are sound speed variations,
or, 90-95% contribution, whereas density only accounted for 5-10% of the
reflection coefficient.

•

In a similar manner, temperature accounted for approximately 80% of the
contribution and salinity accounted for the remaining 20%.

•

However, the partial proportion of each of temperature and salinity is spatially
dependent. For example, near the top of the Mediterranean water mass, salinity
accounted for up to 40% of the partial contribution, whereas at the base of the
Mediterranean water, salinity only accounted for approximately 15%.

•

The high variability of the partial contributions makes it virtually impossible to
extract precise values of temperature and salinity from unconstrained seismic
data.
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•

In the study region, areas dominated by a high salinity contribution were found
to be prone to diffusive convection, whereas areas with a small salinity
contribution are more likely prone to salt fingering processes.

These five studies illustrate the diversity of the techniques of seismic oceanography
combined with historical and coincident/simultaneous oceanographic measurements.
These papers, among those by other authors, form the base of an increasingly common
methodology in physical oceanography. Through the author's research, significant
advances have already been made in the understanding of ocean turbulence, mixing,
topographic interaction, spatial scale ranges, meddies and ocean dynamics.
Outside of the obvious technical challenges that have been (and will be) faced, there has
been a growing collaborative effort between the seismic and oceanographic scientific
communities. This is illustrated well by the participation of seismologists in
traditionally oceanographic conferences and vice-versa. However, the finest
collaboration to date was seen in the 2008 European Science Foundation sponsored
Seismic Oceanography Workshop (SOW) that was held in Begur, Spain and organized
in part by the author among his Spanish colleagues. This workshop brought together for
the first time a relatively small group of individuals from the international seismology
and oceanography disciplines. In addition to the advances made at the technical
sessions, strong scientific networks have been established among some of the world's
best physical oceanographers and seismologists that have solidified seismic
oceanography as a scientific community unto itself. Already preliminary preparations
are being made for a follow-up SOW to be held in England in the summer of 2012.
Many of the same groups of scientists as well as newer international groups have shown
interest ensuring that seismic oceanography will remain a feasible methodology for
years to come. The next chapter addresses some of the international research initiatives
and challenges that are currently under development for seismic oceanography.
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Future Considerations

Learn to read. The rest will follow.
-- Patrick James Grant
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Future prospects for seismic oceanography are rich in scope. New methodological and
technological advances will allow more comprehensive analyses and interpretations of
data. Some of the ways in which seismic oceanography may be used are:
•

Improvement and customization of seismic acquisition to oceanographic
environments and targets. This might involve substantial modification of the
source and/or receiver arrays. For example, CHIRP-like high frequency sources
or continuous signals may be useful [Ruddick et al., 2009] especially for
imaging shallow water ocean events like the thermocline where there is an
abundance of biological activity.

•

High frequency sources may also be useful in 'seismic limnology' where studies
can be performed on, for example, suspended sediment content in lakes, or
salinity and temperature variations with a plethora of interpretive results. In
deeper lakes, such as the Great Lakes of North America, there may not need to
be substantial changes to the acquisition methodology. Indeed, seismic surveys
have already been done in these regions and a preliminary investigation of these
surveys for inter-lacustrine acoustic impedance reflections would be a rather
simple exercise.

•

Inversion of seismic data for the properties that give rise to reflectivity is an
important challenge for seismic oceanography. Temperature and salinity
variations are the primary reason for reflectivity, but the relative contribution of
each is difficult to obtain universally in practice because they both affect
density, and thus acoustic impedance, differently. However, given good
constraints on salinity, temperature can be derived from seismic data. The
importance of this is manifold since the remote estimation of sea temperature at
depth is not possible on global, or even regional scales (modern satellite
measurements can estimate sea surface temperature and, more recently salinity,
but only within the first several centimeters of the surface). A temperature map
of the ocean in this way would be extraordinarily important to studies of ocean
circulation. Other parameters could then be estimated such as turbulent
dissipation and mixing rates.
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•

Fluid dynamics are characterized by stochastic processes. Therefore it is
valuable to analyze the ocean in this context. Stochastic Heterogeneity Mapping
(Chapter 2) makes the first application of a stochastic, statistical approach to
thermohaline fine structure. However, there is some uncertainty in the
estimation of the Hurst number (the exponent in the power law which
characterizes the range of scales that are present). This uncertainty is due to the
fact that the Hurst number estimations are derived from the reflectivity field,
which, while highly correlated to the impedance contrast field, is not strictly the
same. A significant advance in understanding the fractal geometry of turbulent
processes could be made by first creating synthetic seismic data from
oceanographic probes. Since we know that the generated synthetic reflectivity
series is directly related to impedance contrasts, a comparative study of Hurst
number and scale length distributions in real and synthetic data would constrain
the uncertainty in estimations from the reflectivity field. This would promote
Stochastic Heterogeneity Mapping as a tool of seismic oceanography, permitting
better estimates of fractal geometries, thus better characterizing oceanic
dynamical processes. Detecting invisible fluid motions from a vessel, which is
itself moving, is a non-trivial exercise. In addition to relative horizontal motions,
the ship is continuously subject to the motion of surface waves, and the
recording streamer is not perfectly stationary. In addition, it is unknown what
are the combinations of subsurface flows; some may be along the ship's
trajectory, some may be against it or at some angle to the ship. The combination
of these motions may add up in various ways leading to a non-unique answer.
However, further studies of the fractal geometry of isopycnal surfaces should
lead to advances in understanding turbulence and mixing in a non-deterministic
way. That is, given the enormous complexity of the ocean, it is perhaps pertinent
to focus on general mechanisms rather than attempt to understand the workings
of the ocean deterministically. One of these general mechanisms that the author
would like to explore in the future is the concept of self-organized criticality
(SOC) [Bak et al., 1987]. The premise of SOC is that the fractal dominated
patterns in nature can be characterized by 1/f noise, particularly in complex
systems. 1/f noise (a misnomer since 1/f signal is a more appropriate term for
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useful data) describes the occurrence of the magnitude of natural phenomena
and plots as a straight line on a log vs. log plot. It has been found applicable to
many different facets of nature, manifest by phenomena as diverse as population
distributions, light fluctuation from quasars, highway traffic flow, earthquake
and volcanic activity, economics, evolution by natural selection and the flow of
a river (The British geophysicist J. Hurst ̶ for whom the Hurst number is named ̶
spent decades measuring the water level of the Nile and found that its
fluctuations were characterized by 1/f noise). This statistical approach would be
a useful extension of Stochastic Heterogeneity Mapping, which addresses the
distribution of scale lengths and roughness in a heterogeneous fabric. The study
of ocean turbulence, among other phenomena would benefit greatly from SOC
insights into its general working mechanisms through analysis of seismic data.
•

The interaction of internal waves with topography is also an interesting subject
of study. Several studies have already demonstrated the validity of internal wave
spectra estimations from both synthetic and real data. But, the general
mechanisms which give rise to internal waves through their interaction with
topography warrant further study. The Mediterranean Undercurrent provides a
suitable natural experiment for this because it hugs the continental shelf of Iberia
where it interacts with topography. Several high-quality databases exist in this
area which would be amenable to study.

•

Many oceanographers and geophysicists are interested in the first true 3D
seismic oceanography study. There has been one publication by Blacic and
Holbrook [2009] using a 3D dataset that measured the spatial orientation of
internal waves. But, many more could be analyzed given the large quantity of
3D marine datasets available. Since 3D data sets provide data in the form of a
volume, rather than a 2D slice the effect of a seismic quasi snapshot (as opposed
to a static image that one would obtain of the solid Earth ) would be exacerbated
by the length of time required to acquire such a dataset. Nevertheless, large scale
features and structures would likely remain stable over such periods and future
analysis of 3D datasets would be very useful, for example to obtain an image of
a meddy in true 3D.
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•

Ocean dynamics are probably one of the most important aspects that can come
from seismic data. However, it is still in its infancy in this respect. While the
immediate benefit of seismic oceanography is clearly seen through flow
visualization (of meddies, fronts, thermohaline staircases, etc...), detailed
estimations of dynamics, without significant constraints and assumptions, still
remains elusive. One possible idea would be to modify the acquisition system to
include a 'static streamer'. That is, through the deployment of a buoyed streamer
and recording equipment (either 2D or a 3D grid), one could get improved
estimates of dynamics by shooting seismic over the same region for an extended
period of time and thus seeing the evolution of thermohaline finestructure rather
than just an instantaneous snap-shot.

•

Gas hydrates plumes are methane-rich plumes that emanate from the seafloor.
They have been observed in several regions using traditional sonar and could be
very easily identified and characterized with seismic oceanography due to the
high density and temperature contrasts with the surrounding water. In this way,
reserves could be located and exploited as an energy resource. In addition,
important information could be obtained about how they interact with the
surrounding waters.

•

At this point there have been no direct studies of biology using seismic
oceanography. There has been at least one study relating chlorophyll
distributions to internal waves, structures that could be mapped with seismic
oceanography. Indirect observation of biological activity is plausible in a
number of ways. For instance, by mapping an internal wave distribution that is
consistent with independent measurements of chlorophyll or by mapping the
upwelling of water masses, which are known to bring nutrients and
microorganisms to the surface from depth. Large cetaceans would be near the
limit of detection by seismic reflection methods (≈10 m), but detection would
offer little intrinsic value. However, a direct observation of microorganisms such
as plankton blooms for example, would add much valuable information to the
understanding of their distribution and their biological settings, as well as how
they relate to factors such as temperature, salinity, mixing and topography in a
physical oceanographic setting. Finally, using high-resolution seismics,
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estimates of mixing rates in the photic zone would likely be of interest to marine
biologists.
•

Hydrothermal vents (or, 'black smokers') may be another viable future target,
for, like gas hydrate plumes they would show a strong acoustic impedance
signature. The temperature of these vents is about 400°C at their source at the
seafloor. This should show a strong reflectivity signature. Hydrothermal vents
are an interesting area of research for geophysicists, geochemists and marine
biologists. Physically, because they give insights to plate tectonic activity,
chemically, for their chemical signature and biologically, for the abundance of
life that is sustained by them, well out of the photic zone and thus the influence
of sunlight.

Seismic oceanography at the present time, while showing great potential, has met
moderate skepticism. Some oceanographers, while seemingly impressed with the
striking images of ocean internal structure, are still stoic with regards to its role as a tool
of physical oceanography. This attitude has been likened to the reaction of some
oceanographers when shown the first satellite maps of sea surface temperature. Some
were contemptuous, but slowly the contempt turned to acceptance. A similar situation
started (and has persisted to a certain degree) between some geology and geophysics
communities. The introduction of the seismic method (single channel) to geologists in
search of oil reservoirs was taken as an affront to a field dominated by geologists who
were without doubt worried about the direction their profession was headed. Skepticism
is healthy in science and is a good approach toward knowledge and understanding, but
scientists are human, subject to the emotion of personal and professional interests. Other
special interests such as those of governments or influential corporations ultimately may
play a role in determining which methods are successful and which are discarded.
Seismic oceanography will not redefine physical oceanography but it will add new
information that physical oceanographers can avail of to test and therefore either
confirm or refute their present models of large scale circulation and oceanic processes.
Its main contribution to date is still its unprecedented horizontal resolution, one that is
near the equivalent of deploying oceanic probes every five to ten meters. This has
pushed flow visualization, previously confined to the laboratory, to new heights
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allowing oceanographers for the first time to actually see the high resolution horizontal
continuity of isopycnals, and to thus map the ocean on a much grander scale than was
previously feasible.
Finally, not only does seismic oceanography offer a new perspective for physical
oceanographers through the acquisition of new data. Marine multi-channel seismic
reflection profiling has been commonplace for over forty years with the objective of
imaging the solid Earth, while incidentally recording the comparatively weak reflections
of the ocean. Much of this data has been archived and still retains its original data
integrity. Consequently, not only can seismic oceanography offer spatial parameter
maps but, in comparison with archived data, temporal maps may be created to study
how particular ocean circulation patterns have changed over time. In light of the
seriousness and imminence of global climate change, and the significant role of the
ocean in this respect, one may expect to be able to monitor climate change on decadal
scales. Then perhaps, from this knowledge we can begin to contemplate our collective
actions and maybe even modify our behaviors to preserve what semblance of global
environmental sustainability remains.
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Problema Científic, Motivació i Objectius de Recerca
La circulació oceànica5 a gran escala redistribueix calor i aigua dolça, i és per això que
afecta el clima global. Un dels seus principals mecanismes és, juntament amb la calor
superficial i el flux d'aigua dolça, la mescla diapícnica (a través de línies d'igual
densitat) en l'interior de l'oceà. L'energia necessària per forçar els processos de mescla
prové de les marees i el vent [Wunsch, 2002]. Aquesta energia es transforma en ones
internes i finalment en turbulència i dissipació molecular. Les masses d'aigua oceànica
estan estratificades i sovint separades per nivells relativament prims amb forts gradients
de temperatura i/o salinitat a través dels quals es transfereixen massa i calor per
mantenir la circulació global i l'estratificació. No obstant, aquests processos són difícils
d'observar a la pràctica. Per sota d'uns pocs metres, l'oceà és opac a la llum i a
observacions directes dels processos profunds (excepte aquells que tenen una expressió
en superfície, com ara les ones internes) [Thorpe, 2005]. Per tant, observacions òptiques
directes en profunditat són pràcticament impossibles. Amb aquesta finalitat, el
desenvolupament de metodologies i instruments científics per mesurar els processos a
l'interior de l'oceà són de gran importància per a poder-los entendre.

La motivació que hi ha al darrera d'aquest treball es pot separar en dos nivells: 1) En
termes generals, i acadèmicament, és la curiositat purament científica d'estudiar l'oceà
per tal de comprendre millor el seu paper en el context de les Ciències de la Terra; 2)
Concretament, la motivació és desenvolupar les eines necessàries per a observar l'oceà a
una escala espaial i temporal que no és possible amb les tècniques tradicionals
oceanogràfiques, permetent així generar models més precisos de circulació oceànica i,
per tant, de les interaccions oceà-clima.

L'objectiu a llarg termini d'aquesta investigació és (com la majoria d'activitats
científiques) desconegut. La majoria dels descobriments en ciència són fortuïts i
5

En aquesta tesi, el terme 'oceà' es refereix al conjunt de tots els oceans a escala mundial, els mars als
que connecten, els estrets, i les aigües de plataformes continentals i els mars interiors, com el Mar
Mediterrani.
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inesperats. L'objectiu a curt i mitjà termini d'aquesta tesi és el desenvolupament de
noves eines d'oceanografia física que proporcionin noves perspectives sobre la dinàmica
oceànica. Aquest conjunt d'eines està emergint com una metodologia sòlida dins de
l'oceanografia física coneguda com 'oceanografia sísmica'. Per definició, l'oceanografia
sísmica és l'aplicació de la sísmica de reflexió multicanal (MCS) a l'oceanografia física.
Aquesta definició, però, podria estar subjecte a una futura revisió i perfeccionament, ja
que el desenvolupament d'eines d'oceanografia sísmica inevitablement donarà lloc a
noves perspectives. Per exemple, el mètode d'adquisició sísmica pot ser modificat
segons els suggeriments de Ruddick et al. [2009] de manera que s'utilitzi una font
contínua menys potent que en la sísmica tradicional. O també pot ser aplicable a altres
aspectes de l'oceanografia (o limnologia), com ara la biologia marina o l'oceanografia
química. Ja s'han fet avenços significatius en la comprensió de processos físics
oceanogràfics i es poden fer més progressos mitjançant un major desenvolupament i
aplicació en zones dels oceans on la utilització de tècniques de l'oceanografia física
únicament poden deixar buits en les dades.

L'Àrea d'Estudi: Golf de Cadis i la costa occidental Ibèrica
El corrent de sortida del Mediterrani, d'ara en endavant MOW (Mediterranean Outflow
Water), és un laboratori natural per a la oceanografia sísmica. El MOW va ser escollit
per a aplicar la sísmica de reflexió en oceanografia per tres raons principals:

1) La seva forta emprempta oceanogràfica. Degut a la penetració del MOW dins
l'Atlàntic Nord a través de l'Estret de Gibraltar, un fort contrast de salinitat (entre 36,35 i
36,65 psu) i, per tant, de densitat (entre 27,3 i 27,7 kg/m3) s'observa entre el MOW i les
aigües de l'Atlàntic [Baringer i Price, 1997]. Aquests contrasts de densitat (juntament
amb la velocitat del so) són els factors que contribueixen al coeficient de reflexió, de
manera que fan possible la identificació de diferents estructures i processos.

2) La gran varietat de característiques oceanogràfiques i topogràfiques, com un tal·lús
continental, un accidentat fons marí (com les muntanyes submarines i conques) i els
corrents de la Mediterrània a mesoescala ('Meddies'). Es creu que aquestes estructures i
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processos juguen un paper molt important en el manteniment de la distribució de la
temperatura i la salinitat a l'Atlàntic Nord [Bower et al., 1997]. Per tant, l'oceanografia
sísmica en aquesta regió opera en un laboratori natural on estudiar fenòmens
oceanogràfics reals com ara la interacció amb la topografia, així com la caracterització
dels processos de mescla i circulació.

3) Finalment, existeixen nombrosos conjunts de dades tant oceanogràfiques com
sísmiques arxivades, que poden aportar nova informació a les interpretacions ja
existents.

El MOW és una gran llengua d'alta salinitat d'aigua Mediterrània (MW, Mediterranean
Water), que surt de l'Estret de Gibraltar en el Golf de Cadis, forçada principalment per
la densitat (Figura A de la 'Introduction'). La MW, degut a l'alt nivell d'evaporació al
mar Mediterrani és més salada i, per tant, més densa que l'aigua de l'Atlàntic (AW,
Atlantic Water) [Richardson et al., 2000]. El MOW flueix com una cascada pel talús
continental i s'equilibra a profunditats d'entre 500 i 1500 m, mentre s'introdueix i barreja
amb les aigües de l'Atlàntic Nord Central (North Atlantic Central Water, NACW) i
flueix com un corrent cap a l'oest, conegut com Subcorrent Mediterrani (Mediterranean
Undercurrent, MU) (e.g., Heezen i Johnson [1969]; Madelain [1970]; Bower et al.
[2002]).

El MU es desvia cap al nord al llarg de la costa d'Ibèria com a conseqüència de l'efecte
de Coriolis, degut a la conservació del moment angular de la Terra en rotació. El MU
flueix semi-confinat per les aigües de l'Atlàntic que l'envolten, amb les quals interactua.
És d'esperar que a mesura que la MU s'allunya de la seva font hi hagi un canvi en les
seves propietats físiques a causa de la mescla interna i la interacció amb les masses
d'aigua que l'envolten i la plataforma continental. La Figura B (Introduction) mostra la
ubicació de totes les línies analitzades durant el període d'estudi (juliol 2006 - novembre
2010).
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Estructura de la tesi
La principal part d'aquesta tesi la constitueixen quatre articles, de revises amb
avaluadors externs, publicats per l'autor i co-autors al llarg del seu període
d'investigació (capítols 1, 2 i 4); així com un article sotmès (Capítol 3). En la segona
part, com a suport per als lectors no familiaritzats, s'aborden els antecedents sismològics
(Capítol 5) i oceanogràfics (Capítol 6) en el context d'algunes de les estructures i
processos que són susceptibles de ser identificats mitjançant la sísmica. Les conclusions
generals es presenten en el Capítol 7 i en el Capítol 8 es donen algunes recomanacions
per a futures investigacions i desenvolupaments (Part III). La tesi es complementa amb
quatre apèndixs (el primer d'ells és aquest resum). L'apèndix II conté els diagrames de
flux utilitzats per l'autor en el processament de les dades sísmiques. L'Apèndix III conté
7 desplegables de les seccions sísmiques en gran format, ja que són difícils de
visualitzar en DIN-A4. Finalment, l'apèndix IV conté un glossari de termes útils per
ajudar als lectors no iniciats en qualsevol de les branques de la sismologia o
l'oceanografia.

Aquesta tesi pot tenir diferents aspectes d'interès. Pot ser llegida de principi a fi, tal com
s'ha pretés a l'escriure-la, però també es pot utilitzar com una referència complerta per a
aquells que vulguin iniciar-se en la recerca en oceanografia sísmica. D'aquesta manera,
pot ser utilitzada per a finalitats específiques, referint-se a la secció corresponent,
segons sigui necessari. Tenint en compte això, cada capítol s'ha escrit amb la major
independència possible. No obstant, hi ha alguns solapaments intencionats i s'ha fet el
major esforç possible per fer que aquest treball sigui el més complert possible, evitant
redundàncies innecessàries.

Metodologia
Adquisició
La sísmica de reflexió ha estat utilitzada amb èxit durant dècades per tal d'obtenir
imatges del subsòl terrestre. És un mètode ben consolidat, descrit per primera vegada
per Reginald Fessenden i desenvolupat per la indústria dels hidrocarburs per a
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l'exploració de petroli i gas [Finch, 1985]. Els primers sondeigs sísmics es van realitzar
a la primera part del segle XX, i consistien en una font (que emet un dispar) i un
receptor situats a la superfície i separats per una distància coneguda (offset). El temps
transcorregut entre el primer dispar i la detecció de la primera arribada d'energia al
receptor s'utilitzava per calcular la profunditat a la interfície reflectora. No obstant això,
calia fer moltes suposicions per fer aquest càlcul. El subsòl era considerat com
homogeni i isòtrop i la interfície reflectora, horitzontal. A més, la profunditat a la
interfície es considerava molt gran en relació amb la separació entre font i receptor,
permetent aproximar que la font i el receptor estan co-localitzats, de manera que es
mesurava una reflexió quasi nul·la de compensació. Tot i aquestes suposicions, el
mètode va permetre per primera vegada provar el concepte de la sísmica de reflexió.

En l'actualitat, els estudis de sísmica de reflexió marina es realitzen des d'un vaixell de
remolc mitjançant una font impulsiva i un 'streamer' (cable ple d'hidròfons) que registra
el senyal i soroll (Figura 1.1). L'energia acústica viatja a través de la columna d'aigua i
de l'escorça de la Terra, alhora que es debilita i perd energia per divergència esfèrica.
Els límits de la impedància acústica definits per les variacions en la densitat i la
velocitat del so modifiquen la raó entre l'energia transmesa i reflectida. L'energia
transmesa és absorbida pel mar i la terra, i és atenuada i es converteix en altres formes
d'energia (per exemple, l'energia cinètica, o calor). L'energia reflectida també és
atenuada, i es registra mitjançant l'streamer, i aquest registre s'emmagatzema per al seu
posterior processat.

En aquest punt cal assenyalar que els perfils de sísmica de reflexió sobre l'oceà no
representen una imatge instantània real del que seria la Terra sòlida. Això és degut a la
dinàmica oceànica, amb canvis significatius en l'estructura termohalina, que fa que les
dades registrades a la part frontal i final de la secció sísmica, estiguin separades
temporalment per hores o dies, depenent de la longitud de la secció obtinguda (Figura
5.2). Per tant, s'ha de tenir precaució a l'hora d'interpretar les dades. Les seccions 2D
d'oceanografia sísmica (o 'instantànies') es redefineixen com seccions 2D quasiinstantànies d'un oceà constantment canviant.
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El mètode 'common midpoint' (CMP - punt mitjà comú ) (Figura 5.4) dissenyat per a
l'adquisició sísmica aprofita la redundància de fonts i receptors per produir una imatge
contínua del subsòl, així com per minimitzar el soroll. En lloc d'una única font i un únic
receptor, hi ha un conjunt de fonts i receptors a intervals regularment espaiats que
permeten obtenir diferents distàncies (offsets) entre fonts i receptors. L'assumpció que
es fa és que les diferències de temps entre les traces individuals d'un dispositiu CMP no
es veuen afectades per diferències estructurals [Cox, 1999]. Aquesta suposició no és del
tot vàlida en molts casos, com en prospeccions amb interfícies accidentades, o en
estudis marins on l'streamer és mogut pels corrents superficials. Malgrat tot, aquests
afectes es tenen en compte mitjançant correccions geomètriques. En aquests casos el
'binning' és necessari per agrupar els punts mitjans comuns en grups definits per l'usuari
(o, 'bins'). L'objectiu final del mètode CMP és aproximar una secció de zero-offset (com
si la font i el receptor fossin co-localitzats), la qual cosa no és possible a la pràctica.

Alguns dels reptes que cal afrontar en l'adquisició de dades d'oceanografia sísmica són:

1) La dinàmica de Mar ̶ una secció sísmica en dues dimensions de la Terra sòlida
efectivament mostra una "instantània" en el temps. No obstant això, la dinàmica dels
oceans és tal que el temps necessari per adquirir les dades (desenes d'hores) és de l'ordre
del moviment de reflectors (Isopicnes) en temps real. Així, per exemple, les dades
sísmiques registrades al començament d'una línia i les registrades en el seu extrem no
poden tenir una correlació causal en el temps. Això planteja un repte per a l'intèrpret i
limita la quantitat d'informació que contenen les dades. Tenint en compte la velocitat
dels corrents oceànics (de l'ordre de desenes a centenars de centímetres per segon)
[Pedlosky, 1979], és un error esperar obtenir una instantània real d'una gran part de
l'oceà en un temps determinat. L'excepció a això pot ser abordada mitjançant
l'observació espaial i temporal d'estructures estables, com ara les escales termohalines.
Aquestes estructures s'observen en diferents regions dels oceans i han estat
caracteritzades sísmicament (e.g., Fer et al. [2010]; Biescas et al. [2010]) i s'han
observat oceanogràficament com estructures quasi-permanents a les parts més
profundes del Mar Tirrè (veure Zodiatis i Gasparini [1996] i Figura 6.3).
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2) Ample de banda de la font - Com s'explica en la Secció 5.3.1, el control sobre l'ample
de banda de la font és un factor determinant per a caracteritzar l'estructura termohalina
amb una resolució horitzontal i vertical adequada. Les fonts sísmiques utilitzades en
oceanografia han de ser modificades per satisfer els requisits particulars de la regió i
objectiu d'interès. Per exemple, per als objectius de poca profunditat, és possible que
una font d'alta resolució sigui suficient, mentre que per caracteritzar estructures més
profundes, caldria utilitzar una combinació de diferents freqüències [Hobbs et al.,
2009]. D'altra banda, l'impuls de la font no genera una bombolla simple que s'expandeix
i es contrau amb claredat. L'oscil lació de la bombolla sempre afegeix soroll a la font.
Això es compensa en certa mesura mitjançant l'ús de pistoles Generador-injector (GI),
que es componen de dues cambres d'aire independents. El generador produeix en una
càmera la bombolla d'aire primari, mentre que la càmera de l'injector és més petita i
s'utilitza per atenuar les oscil lacions de la bombolla després del col·lapse inicial
[Hobbs, 2007]. La correcta estimació del senyal de la font és determinant en les
tècniques de processament i modelat sísmics més complexes [e.g., Papenberg et al.,
2010].

Processat
L'objectiu del processat o tractament de dades sísmiques és manipular les dades
sísmiques per obtenir un tall en 2D interpretable d'un volum del subsòl. Un tractament
acurat de les dades sísmiques requereix certes eines i operacions. Algunes d'aquestes
operacions són necessàries per a la reducció i anàlisi de les dades, altres són opcionals o
aplicables en certs tipus de dades. El processat de dades sísmiques es beneficia en gran
mesura del coneixement que es té de com s'han adquirit aquestes dades per tal d'escollir
les eines adequades a aplicar o els mètodes que cal testejar. La següent és una descripció
d'algunes de les eines més importants, amb referència quan sigui necessari al seu ús en
l'oceanografia sísmica.

El processat comença amb el mostreig del senyal sísmic analògic i continu registrat,
convertint-lo en un senyal digital (wavelet). Aquesta conversió permet representar el
senyal com una sèrie temporal de manera que les seves característiques (freqüència,
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amplitud i fase) poden ser manipulades de determinades maneres. Les dades es
converteixen en el domini de freqüència mitjançant la transformada de Fourier (Secció
5.4.2), s'apliquen els filtres necessaris basats en la velocitat del so, i s'aplica la
transformada inversa per convertir novament el senyal al domini temporal i poder-lo
representar en el domini espai-temps. En oceanografia sísmica, l'ona directa (l'ona que
viatja directament des de la font fins al receptor sense reflectir-se) domina les parts
superiors de la imatge representada i ha de ser adequadament atenuada (Secció 5.4.4).
Les dades també poden ser filtrades en funció de la freqüència, per evitar sorolls no
desitjats en determinades bandes. Per al conjunt de dades d'un CMP determinat, per tal
de corregir l'efecte de 'normal move-out' (és a dir, l'efecte degut a que el temps de
propagació en els receptors situats a majors distàncies és més gran), cal fer un anàlisis
de velocitat. Aquest consisteix en utilitzar un valor concret de la velocitat del so, que
permeti aplanar els reflector hiperbòlics, com si tots els receptors estiguessin colocalitzats. Per a fer aquest anàlisi cal conèixer o assumir els valors de la velocitat de
propagació del so en el mar a diferents profunditats. Per això, sovint s'utilitza com a
punt de partida les dades de sondes oceanogràfiques in situ. Després d'aquestes
correccions, les traces obtingudes s'apilen (o sumen) per tal d'eliminar significativament
el soroll aleatori i augmentar la relació senyal-soroll. Finalment, es realitza una migració
de les dades, per tal de desplaçar els reflectors inclinats i col·lapsar les hipèrboles de
difracció.

Algunes eines utilitzades en oceanografia física
El desenvolupament de l'ús de dispositius CTD (conductivitat, temperatura i
profunditat) des de 1955 va permetre sondejar de manera precisa i directa l'oceà i
continua sent àmpliament utilitzat [Ingmanson i Wallace, 1995]. Els dispositius CTD
van permetre les primeres mesures Eulerianes directes de la variació de les propietats
físiques amb la profunditat en l'oceà, proporcionant una mesura de la salinitat
(conductivitat), temperatura i profunditat (pressió). L'ús de sondes 'in situ' és també molt
comú ja que permeten una mesura Euleriana de les propietats físiques de l'oceà en punts
fixos en l'espai en funció de la profunditat i poden ser desplegades a mesura que el
vaixell es mou, la qual cosa permet fer-ho simultàniament amb l'adquisició de dades
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sísmiques. Aquestes sondes descendeixen en caiguda lliure i són fàcils de desplegar i
d'alta fiabilitat. Una xarxa horitzontal de dades molt més densa es pot obtenir mitjançant
els dispositius XBT, mentre que els dispositius CTD requereixen que el vaixell s'aturi
per tal de fer les mesures. Els dispositius XBT (Batitermògraf fungible, Figura 6.1)
permet mesurar resolucions verticals tant petites com 65 cm i variacions de temperatura
de +/- 0.1ºC [Boyd i Linzell, 1993]. La resolució vertical de les sondes in situ és molt
millor que la de les dades sísmiques, mentre que un dels principals avantatges de les
dades sísmiques és la seva resolució horitzontal. Els dispositius CTD fungibles o
XCTDs també es poden desplegar juntament amb els XBTs, però són més cars i menys
fiables. Malgrat tot, les mesures de conductivitat donen una estimació de la salinitat que
pot ser utilitzada com un factor per a determinar la velocitat del so.

Processos i estructures oceanogràfics
Hi ha un gran nombre d'estructures i processos en l'oceà que són d'interès acadèmic.
Aquesta tesi n'aborda alguns d'ells. Els que són susceptibles de detecció sísmica es
poden resumir en:

1) Escales termohalines: són variacions regulars, ben definides i en forma d'escala, dels
gradients verticals de temperatura i salinitat, que es formen quan la temperatura i
salinitat augmenten en profunditat i s'equilibren amb la densitat [Kelley, 1984].

2) Remolins: són lents de fluid quasi-esfèriques que es formen en presència de la barreja
diapicna (de densitats) i de turbulències, on les línies diapicnes es veuen pertorbades. En
el Mediterrani, els 'Meddies' (o remolins del Mediterrani) són grans (40 a 150 km de
diàmetre) remolins anticiclònics d'aigües del Subcorrent Mediterrani (MU), amb
salinitats d'aproximadament 36,5 psu i temperatures màximes del voltant dels 13 ºC
[Richardson et al., 2000].

3) Fronts, que, igual que en l'atmosfera són deguts als forts contrastos de les propietats a
través d'una regió determinada. Poden formar-se a causa de la interacció de les ones
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internes a la plataforma continental, on les línies isopicnes són més abruptes [Thorpe,
2005].

4) Els corrents oceànics poden ser objectius molt interessants per l'oceanografia sísmica,
especialment en els seus límits, on arrosseguen i interactuen amb les aigües
circumdants. El Subcorrent mediterrani (MU) és un bon exemple d'un corrent amb forts
contrastos de temperatures i salinitats (Buffett et al. [2009], Capítol 3).

Alguns dels processos oceanogràfics que poden ser estudiats mitjançant perfils MCS
són els següents:

1) La mescla (o barreja) és el procés pel qual es combinen diferents masses d'aigua. Pot
ocórrer a gran escala (circulació global), impulsada principalment pels vents i les
marees [Wunsch, 2002], o a escales més petites, a nivell molecular. El procés de mescla
suavitza les distribucions de les propietats de l'oceà, com la calor, la sal i altres
productes químics. Pot tenir lloc al llarg (mescla lateral) o a través (mescla diapicna) de
línies isopicnes. Un aspecte curiós de les mescles són els coneguts com 'dits de sal' (salt
fingers) [Stern i Turner, 1969], que es produeixen quan una massa d'aigua salada calenta
se situa per sobre d'una massa d'aigua dolça i més freda. Si es considera una petita
porció d'aigua salada cobrint una zona d'aigua dolça, el plomall d'aigua salada que
s'enfonsa va perdent calor, que és absorbida per l'aigua dolça abans de perdre la seva
sal, sent més densa que l'aigua que l'envolta, i per tant, continuarà enfonsant-se. De la
mateixa manera, si una petita porció d'aigua freda es desplaça cap amunt, guanyarà
calor per difusió de les aigües circumdants, les quals la faran més lleugera que les
aigües circumdants i faran que continuï ascendint. Pel fet que la salinitat es difongui de
manera molt menys eficient que la temperatura dóna lloc, paradoxalment, a un procés
que barreja la salinitat més eficientment que la temperatura. Aquests dits de salt
contribueixen al procés de mescla diapicna dels oceans, la qual cosa ajuda a regular els
canvis graduals en la circulació global, que en gran mesura alhora afecten el clima. La
mescla també pot tenir lloc com a efecte de l'acció de les marees i les ones internes
[Thorpe, 2005].
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2) La turbulència és un estat de moviment energètic, de rotació i amb remolins que
genera gradients relativament grans de velocitat a petites escales (d'1 mm a 1 cm), fent
que es donin les condicions per a que la dissipació deguda a la viscositat converteixi
l'energia cinètica en calor [Thorpe, 2005]. La turbulència i la barreja són processos
estretament lligats de manera que zones d'elevada turbulència són propenses a la
barreja, si més no a petita escala. No obstant això, la barreja i la intercalació de
l'estratificació a través de les superfícies isopicnes no ha de ser necessàriament un
procés turbulent.

3) La dinàmica: la dinàmica dels oceans representa un difícil repte per a l'oceanografia
sísmica, ja que la sísmica multicanal (MCS) es va desenvolupar exclusivament per a la
indústria dels hidrocarburs, per caracteritzar les estructures sub-oceàniques. Aquestes
són un medi estàtic en comparació amb l'oceà, on els corrents són típicament de l'ordre
de 0.5 ms-1 i on les ones internes es poden propagar a velocitats de l'ordre d'1 ms-1.
Aquestes velocitats són suficients per evitar la generació d'imatges sísmiques
instantànies, que són característiques en l'estudi de la litosfera.

4) Les ones internes són ones de gravetat a l'interior de l'oceà que es generen degut a
canvis en equilibri hidrostàtic, és a dir, l'equilibri entre la gravetat i la flotabilitat
[Thorpe, 2005]. Les ones internes poden tenir diferents origens, com les oscil·lacions en
la pressió atmosfèrica, el vent, les forces de marea o la interacció amb el fons marí
[Miropol'sky, 2001]. Holbrook i Fer [2005] van utilitzar per primera vegada
l'oceanografia sísmica per estimar espectres d'ones internes a la capa límit entre el
corrent Atlàntic Noruec i les aigües profundes del Mar de Noruega. Els autors van
observar que l'espectre de nombre d'ona horitzontal obtingut a partir de les dades
sísmiques es podia correlacionar amb l'espectre de Garrett-Munk (Garrett-Munk tow
spectra), que descriu el camp d'ones internes.

5) La interacció amb la topografia és una altra contribució important de la sísmica
multicanal (MCS) a l'oceanografia. Les ones internes es generen com 'ones de sotavent',
on l'aigua estratificada es mou al llarg d'obstacles com muntanyes submarines [Thorpe,
2005]. Biescas et al. [2010] van analitzar sísmicament escales termohalines en

163

Appendix I. Resum______________________________________________________________

interacció amb una muntanya submarina (el Banc Gorringe al Golf de Cadis), observant
com les escales termohalines es veien distorsionades per aquesta interacció. Holbrook i
Fer [2005] van mostrar un efecte de distorsió similar en que les isopicnes interactuen
amb el pendent topogràfic. És a dir, a certa distància del pendent, els reflectors eren més
continus, mentre que prop del pendent, els reflectors ' s'amunteguen ' creant un patró
ondulat.

Conclusions
L'oceanografia sísmica està emergint des dels darrers anys com una eina viable per a
l'oceanografia física. Aquesta emergència es deu a dues raons específiques: 1) l'eina ha
estat àmpliament utilitzada amb èxit per la indústria i a nivell acadèmic durant més de
30 anys, pel que es demostra la seva solidesa i fent, per tant, el seu desenvolupament i
l'adaptació a l'oceanografia una tasca relativament senzilla, i 2) el desig d'oceanògrafs
físics per a visualitzar a grans escales horitzontals el que han sospitat durant anys, però
no han estat capaços de produir, per manca de suficients de mostres horitzontals. Dit
això, l'oceanografia sísmica és molt més que la visualització de flux horitzontal i
continuarà avançant, sempre i quan es disposi de finançament per a la recerca. Diversos
autors han demostrat que es poden obtenir els paràmetres físics reals a partir de les
dades, incloent, però no limitat a, les estimacions de la temperatura i la salinitat. D'altra
banda, a més d'entendre el mar en un sentit estrictament acadèmic, és evident que la
comprensió de la circulació oceànica és de suma importància per a la generació de
models precisos del clima.

El següent és un resum de les principals conclusions del treball d'aquesta tesi, inclòs
dins de quatre articles publicats i un cinquè en preparació.
Capítol 1 - Seismic Reflection Along the Path of the Mediterranean Undercurrent
(Reflexió sísmica al llarg de la trajectòria del Subcorrent Mediterrani)
Aquesta investigació va ser concebuda en el mes d'abril de 2007 mentre es realitzava
l'experiment GO al Golf de Cadis. A partir de la comprensió dels mecanismes del
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Corrent de Sortida del Mediterrani i del Subcorrent Mediterrani (el qual és creuat per
dades sísmiques adquirides en el Marge Ibèric-Atlàntic, a l'agost i setembre de 1993), es
va fer evident que ha de ser possible comprovar si les dades sísmiques són sensibles a
certes propietats intrínseques i a les seves variacions. Així, es van processar i analitzar
quatre línies sísmiques, corresponents a diferents seccions del Subcorrent Mediterrani
en diferents punts al llarg de la seva trajectòria, allunyant-se de la seva font a l'Estret de
Gibraltar. Les principals conclusions d'aquest treball són:

•

Les amplituds de les traces sísmiques es poden utilitzar per analitzar l'evolució
dels valors de les propietats estructurals i intrínseques del Subcorrent
Mediterrani des del seu origen a l'Estret de Gibraltar. Aquestes amplituds
disminueixen proporcionalment amb la temperatura i inversament proporcional
amb la salinitat (però la dependència és major amb la temperatura, Figura 1.10),
de manera concordant amb altres estudis. D'aquesta manera, les amplituds de les
traces representen un indicador de la temperatura.

•

Es van poder identificar tres masses diferents d'aigua: l'aigua Nord-Central
l'Atlàntica (≈ 000-500 m), l'aigua Mediterrània (≈ 500 m ̶ 1500 m) i l'aigua
profunda Nord Atlàntica (≈ 1.500 m fins al fons marí). La profunditat de l'aigua
Mediterrània en una localització donada vé determinada per un increment d'un
factor de 5 o més en l'amplitud sísmica RMS en relació a l'amplitud
corresponent a les aigües circumdants.

•

Es van observar diverses característiques curioses ens les dades sísmiques, com
l'evolució dels meddies (remolins d'aigua Mediterrània o grans lents de salt) en
funció de la distància recorreguda. És a dir, sembla ser que els meddies perden la
seva estructura interna a mesura que es van mesclant al llarg del temps (es pot
veure en l'Appendix III, seccions IAM-3 i IAM-11).

•

S'observa una disminució general en l'estratificació consistent lateral a les àrees
dels perfils al llarg del corrent, dins dels 80 km més propers a la costa de
Portugal, una regió en que estudis independents localitzaven el Subcorrent
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Mediterrani. Aquesta observació indica que l'estratificació és lentament
distorsionada degut al flux del Subcorrent Mediterrani.
Capítol 2 - Stochastic Heterogeneity Mapping Around a Mediterranean Salt Lens
(Caracterització

Estocàstica

Heterogènia

d'una

Lent

de

Salt

d'Aigua

Mediterrània)
En aquest treball es va seguir un enfocament estadístic per a l'anàlisi de dades
sísmiques. La premissa darrera d'aquest enfocament és que els diferents tipus i graus de
reflectivitat són susceptibles als diferents mètodes d'ensonificació sísmica. La
caracterització estocàstica heterogènia es va concebre per abordar la dificultat
d'identificar determinades litologies. És a dir, mentre que la sísmica de reflexió permet
caracteritzar correctament estratificacions sedimentàries horitzontals i sub-horitzontals,
aquest mètode pot fallar quan l'objectiu són roques cristal·lines. Això és degut als
diferents tipus de reflectivitat deguts a l'estructura interna de les roques. Roques
altament estratificades mostren uns límits en l'impedància acústica molt ben marcats que
es reflecteixen especularment. En canvi, en règims amb una geologia complexa com ara
zones d'encavalcaments i roques cratòniques, la reflectivitat és difusa. La caracterització
estocàstica heterogènia analitza estadísticament el camp de reflectivitats d'una imatge
sísmica, i identifica la presència d'heterogeneïtats o anomalies, en una traça que
altrament seria homogènia.

L'oceà no és ubiqu ni està estratificat de manera uniforme. Es caracteritza per tenir
moltes zones de turbulència i mescla, on els estrats són constantment creats i destruïts
per les interaccions amb les masses d'aigua del voltant i l'intercanvi de calor entre elles.
Aquest fet fa que les estructures físiques i processos oceanogràfics siguin ideals per a
testejar els patrons de la reflectivitat difusa. Des del camp de la reflectivitat d'un conjunt
d'imatges sísmiques apilades, es van extreure dos paràmetres útils: el nombre de Hurst i
la longitud de correlació. Per determinar quins processos poden diferir vam analitzar el
perímetre d'un meddy en tres zones diferents: la part superior, inferior i ambdos costats.

166

______________________________________________________________Appendix I. Resum

•

Els càlculs del nombre de Hurst obtinguts per a la part superior del meddy
s'avenen amb treballs teòrics recents, que utilitzen valors d'entre 0,25 i 0,5 per
modelar superfícies d'ones internes basats en la simulació d'un nombre d'ona
Garrett-Munk (GM76) d'espectre -2.

•

Malgrat això, la longitud de correlació corresponent (longitud d'escala)
determinada sobre el mateix camp de reflectivitats no s'ajusta també a la
reflectivitat sísmica específica.

•

Es van proposar dues possibles explicacions: (1) degut al fet que els paràmetres
estocàstics es deriven del camp de reflectivitats en lloc del camp de la
impedància, l'escala de longituds pot ser subestimada, i (2) pel fet que la imatge
sísmica del meddy és una secció bidimensional d'un objecte tridimensional
complex i dinàmic, és probable que les longituds d'escala estimades siguin
esbiaixades per la direcció del flux.

No obstant això, aquesta publicació va significar un primer pas en l'aplicació d'un
enfocament estadístic, no determinista a les dades d'oceanografia sísmica. Treballs
posteriors seguint aquest enfocament mitjançant l'ús de sondes oceàniques in situ (XBT)
estan en preparació, per confirmar la correlació dels paràmetres estocàstics en el camp
de l'impedància acústica, és a dir, per limitar el grau de correlació amb el camp de
reflectivitats. Aquestes restriccions podrien ser aplicades als estudis en terra sòlida, on
la funció de la velocitat del so (a través d'un pou) és pràcticament indeterminable.
Capítol 3 - Near Real-time visualization of thermohaline finestructure
(Visualització quasi instantània de l'estructura termohalina)
L'oceà és dinàmic a escales de temps més curtes que els temps d'adquisició. La
visualització de l'estructura termohalina és una manera important de poder comprendre
la dinàmica dels oceans ja que quantifica el seu moviment. En aquest treball es va
presentar la primera animació quasi a temps real del moviment del que s'interpreta com
ones internes en desenvolupament. També es va provar un esquema de processat que
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aprofita el pas dels sensors sísmics sobre un punt fix del fons de l'oceà per crear una
sèrie d'imatges (o 'stacks') i poder construir una pel·lícula (amb 7 imatges) en que es
veuen les fluctuacions de l'estructura termohalina a intervals de temps de 3.5 minuts.
D'aquesta manera cada imatge mostra una estructura termohalina lleugerament diferent i
ens va permetre construir una imatge de l'oscil·lació temporal de les ones internes.
Capítol 4.1 - Imaging meddy fine structure using multichannel seismic data
(Caracterització de l'estructura fina d'un 'meddy' utilitzant dades de sísmica
multicanal)
Aquest document va ser una carta breu, de recerca d'alt impacte. La contribució de
l'autor en aquest treball va ser part del processat de dades sísmiques, interpretació i
l'edició del text. El treball va ser el primer a caracteritzar l'estructura d'un meddy
sísmicament, tant horitzontalment com vertical, i comparar-ho amb els angles de Turner
(TU). Aquests angles són indicadors pràctics que diferencien les regions propenses a la
convecció difusiva (90°<TU<45°) i a la inestabilitat dels dits de sal (45°<TU<90°) de
les regions estables (TU<45°). Les principals regions dins del meddy, prèviament
detectats per instruments oceanogràfics convencionals, s'observen clarament a les
imatges sísmiques, com ara:

•

La zona límit superior, que es caracteritza per la presència d'escassos però
prominents reflectors laterals continus.

•

La zona límit inferior, amb més reflectors, més curts i entre tres i quatre vegades
més febles, distribuïts en una regió més àmplia.

•

Una regió central amb reflectors molt dèbils.

•

Pel que fa als meddies, el mètode MCS permet la detecció d'aquestes lents en
rotació d'alta salinitat d'aigua del Mediterrani, al mateix temps que dóna
informació sobre les seves dimensions, així com la distribució vertical i lateral
detallada i les característiques de la seva estructura.
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•

Els resultats mostren que la utilització de fonts potents i grans longituds dels
streamers (en aquest cas les utilitzades per caracteritzar estructures corticals) són
addients per a l'oceanografia sísmica.

Capítol 4.2 - Relative contribution of temperature and salinity to ocean acoustic
reflectivity (Contribució relativa de la temperatura i salinitat a la reflectivitat
acústica de l'oceà)
El treball de Sallarès et al. [2009] va permetre calcular el grau de reflectivitat que es pot
atribuir a qualsevol de les variacions de temperatura o salinitat (suposant un augment
constant de la pressió amb la profunditat). La contribució de l'autor a aquest treball va
ser en el processat i anàlisi de dades sísmiques, la interpretació i les correccions d'estil.

Per a una determinada profunditat (pressió), la temperatura i la salinitat són els factors
que contribueixen a la densitat i la velocitat del so, i, per tant, a la impedància acústica, i
al mateix temps, al coeficient de reflexió. Aquest treball va ser una contribució
important a l'oceanografia sísmica perquè va permetre aïllar les causes de la reflectivitat
acústica de l'oceà, un primer pas per determinar les propietats físiques de les masses
d'aigua directament a partir de dades sísmiques.

Les principals conclusions d'aquest treball van ser:

•

La principal contribució al coeficient de reflexió són les variacions de la
velocitat del so, amb un 90-95% de contribució, mentre que la densitat només en
representa el 5 - 10%.

•

De manera similar, la temperatura representa aproximadament el 80% de la
contribució i la salinitat representa el 20% restant.

•

No obstant això, la proporció parcial de la temperatura i la salinitat depèn de
cada regió. Per exemple, prop de la part superior de la massa d'aigua del
Mediterrani, la salinitat representa fins a un 40% de la contribució parcial,
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mentre que a la base de les aigües del Mediterrani, la salinitat només representa
aproximadament el 15%.

•

L'alta variabilitat de les contribucions parcials fa que sigui pràcticament
impossible extreure valors precisos de la temperatura i la salinitat a partir
únicament de dades sísmiques.

•

A la regió d'estudi, les àrees dominades per una contribució d'alta salinitat són
més propenses a la convecció difusiva, mentre que les zones amb poca
contribució de la salinitat són més propenses a processos que involucren la
formació de 'dits de sal' (salt fingers).

Aquests quatre estudis il·lustren la diversitat de tècniques de l'oceanografia sísmica en
combinació amb mesures oceanogràfiques històriques i coincidents/ simultànies.
Aquests, juntament amb altres articles, formen la base d'una metodologia cada vegada
més comú en l'oceanografia física. Al llarg del període d'investigació de l'autor, s'han
realitzat avenços importants pel que fa a la comprensió de la turbulència, la mescla i la
interacció amb la topografia, la inversió de dades sísmiques per obtenir propietats
físiques, els meddies i la dinàmica dels oceans.

Fora dels reptes tècnics obvis als que ha calgut (i caldrà) enfrontar-se, hi ha hagut un
esforç creixent de col·laboració entre les comunitats sísmiques i oceanogràfiques. Això
es reflecteix també en la participació de sismòlegs en conferències tradicionalment
oceanogràfiques i viceversa. Però sens dubte la col·laboració més important fins ara ha
estat en la celebració del Workshop d'Oceanografia Sísmica (SOW), patrocinada per la
Fundació Europea de la Recerca, a Begur i organitzat per l'autor i els seus companys
espanyols. Aquest workshop va reunir per primera vegada un grup relativament gran
d'especialistes internacionals en sismologia i oceanografia. A més dels avenços fets en
les sessions tècniques, s'han establert xarxes científiques sòlides entre alguns dels
millors oceanògrafs físics del món i sismòlegs que han consolidat l'oceanografia sísmica
com una comunitat científica pròpia. Actualment ja s'està treballant en la propera edició
del workshop SOW que se celebrarà a Anglaterra l'estiu de 2012. Molts d'aquests
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mateixos grups de científics, així com altres grups, han mostrat interès en garantir que
l'oceanografia sísmica continuï sent un mètode factible durant els propers anys. En la
següent secció s'aborden algunes de les iniciatives de recerca internacionals i els
desafiaments als que s'enfronta actualment l'oceanografia sísmica.

Consideracions futures
Les perspectives futures de l'oceanografia sísmica abarquen molts aspectes. Els avenços
metodològics i tècnics permetran fer anàlis de les dades i intrepetacions més exhaustius.
Algunes de les millores i aplicacions que es poden portar a terme en oceanografia
sísmica són:
•

Millora de l'adquisició de dades sísmiques en medis marins així com l'aplicació
en estudis limnològics.

•

Millora de les tècniques d'inversió per obtenir mapes de les propietats físiques
més acurats.

•

Caracterització mitjançant fractals de les estructures utilitzant mètodes
estocàstics, i descripció dels mecanismes a través de la criticalitat autoorganitzada (SOC).

•

Adquisició de dades en 3D sobre estructures oceanogràfiques importants, com
ara els meddies.

•

Millora de la caracterització de la dinàmica dels oceans.

•

Generació de mapes de propietats 2D + temps de manera similar als generats per
a la temperatura a la superfície del mar a partir de dades de satèl·lit.

•

Experimentació de l'oceanografia sísmica en el context de biologia marina.
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•

Utilització de l'oceanografia sísmica com una eina per localitzar fenomens com
els hidrats de gas o fumaroles hidrotermals.

Actualment, l'oceanografia sísmica, tot i mostrar un gran potencial, també s'ha trobat
amb un escepticisme moderat. Alguns oceanògrafs, malgrat semblar impressionats per
les imatges de l'estructura interna de l'oceà, es mostren estoics pel que fa al paper de
l'oceanografia sísmica com una eina dins l'oceanografia física. Aquesta actitud es pot
comparar amb la reacció d'alguns oceanògrafs quan se'ls van mostrar els primers mapes
de temperatura a partir de dades de satèl·lit, però que al final van acabar acceptant. Una
situació semblant es va iniciar (i ha persistit fins a cert grau) entre algunes comunitats
de geòlegs i geofísics, amb la introducció del mètode sísmic.

L'escepticisme és molt saludable dins de la ciència ja que, tot i que el mètode científic
és una bona guia vers el coneixement, els científics som humans, subjectes a interessos
personals i professionals. Malauradament, altres interessos com els dels governs o les
multinacionals més influents juguen un rol important en determinar quins mètodes són
els més exitosos i quins no. L'oceanografia sísmica no redefinirà l'oceanografia física,
però l'enriquirà amb nova informació i els oceanògrafs poden verificar si aquesta
informació confirma o refuta els models actuals de circulació a gran escala i processos
oceànics. La seva major contribució fins ara és una resolució horitzontal sense
precedents, que és semblant a la de desplegar sondes oceàniques cada cinc o deu metres.
Això ha significat millores en la visualització de fluxos, permetent als oceanògrafs
veure per primera vegada la continuïtat horitzontal de les isopicnes, i obtenir mapes dels
processos de l'oceà a una major escala.

Finalment, l'oceanografia sísmica no ofereix únicament una nova perspectiva per als
oceanògrafs físics amb l'adquisició de noves dades. La sísmica marina multicanal ha
estat utilitzada, durant unes tres dècades, per caracteritzar la Terra sòlida, mentre que
incidentalment registrava les reflexions dins de l'oceà (o llacs). Moltes d'aquestes dades
han estat arxivades en la seva forma original. Conseqüentment, l'oceanografia sísmica
no només ofereix mapes de paràmetres espaials (que es poden comparar amb les dades
arxivades), si no que també es poden crear mapes que comparin com determinats
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paràmetres de circulació han canviat al llarg del temps. Davant de la importància i
imminència del canvi climàtic global, i el rol que hi juga l'oceà, s'espera poder fer-ne un
seguiment a una escala de dècades. Amb aquesta informació a l'abast, podrem començar
a analitzar les nostres accions i potser modificar-les per poder ser medioambientalment
sostenibles.
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Processing Flows for Iberian Atlantic
Margin Sections
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LINE IAM-3
SEG-Y data input
Geometry application
Linear Moveout Correction
Eigenvector Filter
design gates: 0-500 ms
subtraction gates: 0-500/
horizontal window width 192 traces
start percent of eigenimage range 0.
end percent of eigenimage range 10.
Linear Moveout Correction reversal
Ormsby Bandpass Filter
phase: minimum
percent additive noise factor: 1.
apply a notch filter? No
filter frequency values 8/15-90/100 Hz
True Amplitude Recovery
basis for spherical spreading 1/dist (cylindrical)
velocity treated as space variable: No
dB/sec correction constant 6.
Ensemble Gain
gain computation algorithm Stack traces
average amplitude normalization level 1.
first window start time : 0 ms
maximum window start increment 40 ms.
last window end time: end of trace
maximum first window length 400 ms.
maximum last window length 400 ms.
Normal Moveout Correction
stretch mute percentage 0 %.
apply any remaining static during NMO?: No
apply partial NMO?: No
long offset correction: NONE
Stacking
sort order of input ensembles: CMP
method for trace summing Mean
root power scalar for stack normalization: 0.5
apply final datum statics after stack? No
F-X Deconvolution
type of filter: Wiener-Levinson
percentage of white noise 0.
horizontal window length 10
number of filter samples 9
time window length 1100.
time window overlap 110.
F-X filter start frequency 1.Hz
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F-X filter end frequency 90.Hz
Phase Shift Migration
CMP range to migrate: all
CMP interval: 12.5 m
minimum frequency: 10 Hz
maximum frequency: 90 Hz
Percent velocity scale factor 100.
Automatic Gain Control (applied for display purposes only, not for amplitude
analysis)
type of AGC scalar RMS
AGC operator length 6000.
basis for scalar application: leading trace
robust scaling? No
Time/Depth Conversion
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LINE IAM-5
SEG-Y data input
Geometry application
Linear Moveout Correction
Eigenvector Filter
design gates: 0-550 ms
subtraction gates: 0-550/
horizontal window width 192 traces
start percent of eigenimage range 0.
end percent of eigenimage range 10.
Linear Moveout Correction reversal
Ormsby Bandpass Filter
phase: minimum
percent additive noise factor: 1.
apply a notch filter? No
filter frequency values 8/15-90/100 Hz
True Amplitude Recovery
basis for spherical spreading 1/dist (cylindrical)
velocity treated as space variable: No
dB/sec correction constant 6.
Ensemble Gain
gain computation algorithm Stack traces
average amplitude normalization level 1.
first window start time : 0 ms
maximum window start increment 40 ms.
last window end time: end of trace
maximum first window length 400 ms.
maximum last window length 400 ms.
Normal Moveout Correction
stretch mute percentage 0 %.
apply any remaining static during NMO?: No
apply partial NMO?: No
long offset correction: NONE
Stacking
sort order of input ensembles: CMP
method for trace summing Mean
root power scalar for stack normalization: 0.5
apply final datum statics after stack? No
F-X Deconvolution
type of filter: Wiener-Levinson
percentage of white noise 0.
horizontal window length 10
number of filter samples 9
time window length 1000.
time window overlap 100.
F-X filter start frequency 1.Hz
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F-X filter end frequency 90 Hz
Phase Shift Migration
CMP range to migrate: all
CMP interval: 12.5 m
minimum frequency: 10 Hz
maximum frequency: 90 Hz
Percent velocity scale factor 100.
Automatic Gain Control (applied for display purposes only, not for amplitude
analysis)
type of AGC scalar RMS
AGC operator length 6000.
basis for scalar application: leading trace
robust scaling? No
Time/Depth Conversion
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LINE IAM-9
SEG-Y data input
Geometry application
Linear Moveout Correction
Eigenvector Filter
design gates: 0-550 ms
subtraction gates: 0-550/
horizontal window width 192 traces
start percent of eigenimage range 0.
end percent of eigenimage range 10.
Linear Moveout Correction reversal
Ormsby Bandpass Filter
phase: minimum
percent additive noise factor: 1.
apply a notch filter? No
filter frequency values 8/15-90/100 Hz
True Amplitude Recovery
basis for spherical spreading 1/dist (cylindrical)
velocity treated as space variable: No
dB/sec correction constant 6.
Ensemble Gain
gain computation algorithm Stack traces
average amplitude normalization level 1.
first window start time : 0 ms
maximum window start increment 40 ms.
last window end time: end of trace
maximum first window length 400 ms.
maximum last window length 400 ms.
Normal Moveout Correction
stretch mute percentage 0 %.
apply any remaining static during NMO?: No
apply partial NMO?: No
long offset correction: NONE
Stacking
sort order of input ensembles: CMP
method for trace summing Mean
root power scalar for stack normalization: 0.5
apply final datum statics after stack? No
F-X Deconvolution
type of filter: Wiener-Levinson
percentage of white noise 0.
horizontal window length 10
number of filter samples 9
time window length 1000.
time window overlap 100.
F-X filter start frequency 1.Hz
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F-X filter end frequency 90 Hz
Phase Shift Migration
CMP range to migrate: all
CMP interval: 12.5 m
minimum frequency: 10 Hz
maximum frequency: 90 Hz
Percent velocity scale factor 100.
Automatic Gain Control (applied for display purposes only, not for amplitude
analysis)
type of AGC scalar RMS
AGC operator length 6000.
basis for scalar application: leading trace
robust scaling? No
Time/Depth Conversion
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LINE IAM-11
SEG-Y data input
Geometry application
Linear Moveout Correction
Eigenvector Filter
design gates: 0-500 ms
subtraction gates: 0-500/
horizontal window width 192 traces
start percent of eigenimage range 0.
end percent of eigenimage range 10.
Linear Moveout Correction reversal
Ormsby Bandpass Filter
phase: minimum
percent additive noise factor: 1.
apply a notch filter? No
filter frequency values 8/15-90/100 Hz
True Amplitude Recovery
basis for spherical spreading 1/dist (cylindrical)
velocity treated as space variable: No
dB/sec correction constant 6.
Ensemble Gain
gain computation algorithm Stack traces
average amplitude normalization level 1.
first window start time : 0 ms
maximum window start increment 40 ms.
last window end time: end of trace
maximum first window length 400 ms.
maximum last window length 400 ms.
Normal Moveout Correction
stretch mute percentage 0 %.
apply any remaining static during NMO?: No
apply partial NMO?: No
long offset correction: NONE
Stacking
sort order of input ensembles: CMP
method for trace summing Mean
root power scalar for stack normalization: 0.5
apply final datum statics after stack? No
F-X Deconvolution
type of filter: Wiener-Levinson
percentage of white noise 0.
horizontal window length 10
number of filter samples 9
time window length 1000.
time window overlap 100.
F-X filter start frequency 1.Hz
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F-X filter end frequency 90 Hz
Phase Shift Migration
CMP range to migrate: all
CMP interval: 12.5 m
minimum frequency: 10 Hz
maximum frequency: 90 Hz
Percent velocity scale factor 100.
Automatic Gain Control (applied for display purposes only, not for amplitude
analysis)
type of AGC scalar RMS
AGC operator length 6000.
basis for scalar application: leading trace
robust scaling? No
Time/Depth Conversion
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Due to the cross disciplinary nature of seismic oceanography, some effort has been
made throughout the text to clarify terminology which might otherwise be ambiguous or
confusing to those not initiated in either seismology or oceanography. To this end, I
have included the following glossary of terms to serve as a quick reference guide to the
uninitiated reader.
Acoustic impedance - The product of sound speed and density. Reflectivity (reflection
coefficient) is related to changes in acoustic impedance for a seismic wave which meets
an interface at normal incidence.
Air gun - An impulsive seismic source used mainly in marine seismic surveys. It injects
a bubble of high pressure air into the water column. It's frequency content depends upon
the volume of air in its compression chamber, the air pressure and water depth.
Knowledge of the frequency content of the source allows stricter control of the
characteristics of the source wavelet, which in turn provides better estimates of
reflectivity.
Aliasing - Frequency ambiguity as a result of digital sampling where there are fewer
than two samples per cycle. This causes a signal of a given frequency to yield the same
sample values (and thus appear to be) as another frequency.
Amplitude - The maximum departure of a wave from the average value. The amplitude
of a seismic wave at an interface is directly proportional to acoustic impedance contrasts
(reflection coefficient), and thus to the physical properties of the reflecting media. In the
case of water column reflections, it is indicative of variations in temperature and salinity
across isopycnals. See Chapter 5.
Amplitude spectrum - A graphical display of the relationship of amplitude vs.
frequency. Useful to determine the dominant frequency range of a given signal.
Autocorrelation - The correlation of a waveform with itself.

203

Appendix IV . Glossary___________________________________________________________

Automatic gain control (AGC) - A type of scaling used in seismic data processing in
which the output amplitude is used for automatic control of the gain of the amplifier.
AGC destroys the relative amplitude of seismic events, thus should be used with care
when interpreting seismic data in terms of real intrinsic properties. See Chapter 5.
Band-pass filter - A digital operation which permits frequencies of certain specified
ranges and attenuates frequencies outside that range.
Batchelor scale - Encompasses the smallest scales of fluctuations in a fluid scalar
concentration that can exist before being dominated by molecular diffusion.
Beaufort wind scale - A numerical scale indicating a range of wind speeds from 0,
equaling calm winds of less than 1 km/h to 12, or hurricane strength winds greater than
118 km/h.
Breaking wave - A wave whose amplitude reaches a certain critical height upon which
wave energy is converted into turbulent kinetic energy. Wave breaking is a process that
occurs in times usually comparable to the wave's characteristic period whereupon the
wave loses energy and generates turbulent motions. Breaking waves are not just
confined to surface waves, but have been observed in internal waves as well.
Coherence - The property of two wavetrains (several cycles of waves) being in-phase.
Lateral coherence across a seismic section is an indication of a continuous interface
with similar acoustic impedance contrasts.
Common midpoint method - The seismic acquisition method whereby each source is
recorded at a redundant number of geophone locations and each geophone location
records from several successive sources. This method is typical for most multi-channel
seismic (MCS) reflection surveys since the inherent redundancy of source and receiver
greatly increases the ratio of signal-to-noise. The common midpoint (CMP) is the point
midway between source and receiver along a given ray path. The term common depth
point (CDP) is also commonly used, however it is erroneous where reflecting interfaces
dip.
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Conductivity - The ability of a medium to conduct electricity. Conductivity is useful in
physical oceanography as a measure of salinity. Thus, instruments such as the
Conductivity Temperature Depth probe (CTD) measure conductivity to estimate salt
content at a given depth.
Conductivity Temperature Depth (CTD) probe - An electronic device used in
oceanography to continuously measure salinity (by measuring conductivity),
temperature and depth (by measuring pressure) as the instrument is lowered from a
stationary ship. The CTD also collects water samples at various depth and may have
other instruments attached as well.
Coriolis effect - The apparent deflection of a body in motion with respect to the Earth's
rotating frame of reference as seen by an observed on the Earth. In the northern
hemisphere the effect of this is to deflect ocean circulation to the right, as in the case of
the Mediterranean Undercurrent, which thus flows north following the continental shelf
of Iberia.
Correlation - The degree of linear relationship between two traces, thus a measure of
similarity between traces (wave forms). The frequency-domain analog is coherence.
Correlation length - The upper limit for scale invariance in heterogeneity. It is the
distance from a point beyond which there is no further correlation of a physical property
that is associated with that point. At lengths greater than the correlation length, physical
properties vary randomly, as white noise.
Deconvolution - A digital signal processing algorithm designed to restore a wavelet to
the shape it had prior to the linear filtering action of passing through a given medium.
Density driven current - A current that is primarily driven by gravitational forces, for
example, the Mediterranean Outflow, which spills into the Gulf of Cadiz from the
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Mediterranean Sea due to density (and therefore, weight) contrasts between the two
water masses.
Diapycnal - Across lines of equal density. For example, vertical mixing of two adjacent
water masses separated by large density contrasts across the isopycnal surface.
Diapycnal mixing is inhibited by the isopycnal as a result of buoyancy forces.
Diffraction - The bending of wave energy around obstacles as explained by Huygens'
principle, where energy is transmitted along a wave crest. Diffraction can be in the form
of ocean waves circumventing a barrier (for example, a breakwater) or sound waves
bending around a large acoustic impedance contrast. Diffraction is manifested in
seismic data as 'diffraction hyperbole', which are ideally collapsed to their point source
by the process of migration.
Dip - The term used to describe the inclination of an acoustic impedance boundary. In
seismic oceanography, dips describe the inclination relative to the horizontal of
undulating isopycnal surfaces.
Direct wave - The seismic wave which travels along the shortest path from source to
receiver. Direct waves usually arrive at receivers first, but can be overtaken by deeper,
thus faster, moving waves.
Double-diffusive convection - Convective motions that occur in a fluid where density
contrasts are present. The most common example of double-diffusive convection is that
of 'salt fingers', where heat and salt both diffuse at different rates (diffusion of heat
being two orders of magnitude faster than the molecular diffusion of salt).
Dynamic range - The range of recording signal from lowest to highest amplitude
(sound volume).
EBCDIC - A computer code used for character symbols and common as the header of a
seismic trace. The acronym stands for: Extended binary coded decimal interchange.
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Ensonification - To fill with sound.
Entrainment - When fluids of different densities pass each other, frictional forces
between the water masses cause boundary mixing. This is seen in the Mediterranean
Outflow Water in the Gulf of Cadiz, where, as it cascades down the continental slope, it
entrains the surrounding North Atlantic water masses, thus incorporating its waters into
the Outflow, thereby reducing its density and approaching neutral buoyancy.
Eulerian - The description of the motion of a body or fluid past a fixed point, as time
passes.
Expendable Bathymetry Thermograph (XBT) - Disposable devices used to measure
temperature variation as a function of pressure (depth). XBTs consist of a heavy
weighted head encasing a thermocouple and a long coil of thin copper wire
(approximately 2 km) which measures temperature and depth in real-time. XBTs are
useful in seismic oceanography as independent measurements of thermohaline
finestructure which can be correlated with acoustic impedance contrasts.
Expendable Conductivity Temperature Depth (XCTD) probe - Similar to the XBT,
but also measures conductivity (salinity) as a function of depth.
f-k domain (frequency domain) - A representation of spatial data in terms of its
frequency (f) and wavenumber (k) variables. Data are converted to the f-k domain by a
2D Fourier transform. Visualization of seismic data in the f-k domain is common and
useful in data analysis because it allows certain filtering techniques to be performed, for
example, filtering data on the basis of velocity (sound speed) and the removal of
coherent noise trains.
Fourier transform - Set of equations which convert a time series function into its
frequency domain representation or vice versa.
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Fractal - Defined by its founder, the late Benoît Mandelbrot to be "a rough or
fragmented geometric shape that can be split into parts, each of which is (at least
approximately) a reduced-size copy of the whole", a property that is known as selfsimilarity. It describes shapes which are too difficult to be described by Euclidian
geometry. Stochastic Heterogeneity Mapping (Chapter 2) operates on the basis of the
von Kármán model, which describes a power law (or, fractal) process.
Fractal dimension - A statistical quantity which describes how completely a fractal
fills space. The fractal dimension is generally not an integer and is directly related to the
Euclidian dimension and the Hurst exponent.
Fresnel zone - The percentage of a reflector from which energy can arrive at a detector
within one-half wavelength of its first reflected energy. The Fresnel zone describes the
limit of horizontal resolution in seismic data and is dependent upon sound speed and
frequency.
Gain - An increase or change in signal amplitude. Seismic data can been gained in
various ways to aid in visualization and interpretation. However, it should be used with
the caveat that it may destroy the relative amplitude variation of reflectors.
Garrett-Munk spectrum - Spectrum of frequency and both horizontal and vertical
wavenumber which is used to describe the energy in the internal wave field.
Geometry - In reference to seismic data analysis, how the acquisition of a seismic
survey is deployed in geographical coordinates. An accurate geometry description is
paramount to proper processing and hence, interpretation of seismic data. Modern
geometries are precisely created using global positioning systems.
Geophone - A detecting device used in seismic surveys which measures sound wave
pressure. The first geophones consisted of a magnet moving within a coil of copper wire
to induce a current which is a function of sound wave pressure, thus seismic amplitude.
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Modern devices also measure amplitude as a function of induced voltage, but use more
sensitive and robust piezoelectric materials.
Hurst number - A measure of surface roughness, or equivalently the richness of range
of scales of a surface as described by a power law distribution. The Hurst number (ν) is
directly related to the fractal dimension (D) and Euclidian dimension (E) through the
relation, D=E+1- ν. The Hurst number is the index of dependence and as such is a
measure of the tendency of a time series to regress to a mean or cluster in a specific
direction.
Hydrophone - A geophone specially designed for marine seismic surveys.

It is

embedded in the streamer.
Internal Waves - Gravity waves that oscillate within rather than on the surface of a
fluid medium arising from perturbations to hydrostatic equilibrium. Internal waves in
the ocean move more slowly (typically 1 m/s) than surface waves due to the smaller
difference in density between the media.
Isopycnal - A surface of constant potential density of water. In the ocean, depth
increases with depth. Varying degrees of temperature and salinity modify the density of
water, thereby modifying the position of isopycnals.
Lagrangian - A description of dynamics where the observer follows an individual fluid
parcel as it moves through space and time.
Least-squares fit - An analytical function which approximates a data set such that the
sum of the squares of the distances the observed points to the curve is a minimum.
Lowered Acoustic Doppler Current Profiler (LADCP) - Device lowered from a ship
which provides a measurement of the velocity of water currents across an entire water
column using the Doppler effect.
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Meddy - Mediterranean Eddy; a large lens of highly saline Mediterranean Water that
forms in the Gulf of Cadiz vicinity. The thermohaline signature of meddies have been
tracked as far west as the Caribbean Sea.
Mediterranean Outflow - The so-called 'tongue' of Mediterranean type water which
overflows the continental shelf at the Strait of Gibraltar while mixing and equilibrating
with surrounding Atlantic water.
Mediterranean Undercurrent - A portion Mediterranean Outflow water which travels
as an undercurrent at depths between approximately 500-1500 m. It begins at the Strait
of Gibraltar and moves west, then north along the coast of the Iberian peninsula, follows
the continental shelf into the Bay of Biscay, and along the Porcupine Banks west of
Ireland.
Mediterranean Water - Archetypal water of the Mediterranean Sea. It is present in
sufficient quantities in the North Atlantic to be considered a major water mass. It is
characterized by a high salinity and temperature profile.
Midpoint - In seismic data acquisition, the midpoint between source and receiver.
Migration - In seismic data processing, the mathematical inversion process of moving
seismic traces to their true subsurface locations and collapsing diffraction hyperbolae.
The need arises due to sound speed variations in the subsurface as well as dipping
reflecting interfaces. In seismic oceanography, migration is generally considered not as
necessary as in studies of the solid Earth because of the small sound speed variation and
generally near-horizontal distribution of isopycnals.
Multiple - Seismic energy which has been reflected more than once. Multiples are
considered noise on seismic records and are generally attenuated or muted to improve
signal-to-noise ratio. Long-path multiples arrive as apparent separate events from
wanted reflected energy. Short-path multiples arrive soon after the primary reflected
event as so to add an apparent tail to the primary.
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Noise - In seismic data analysis, any unwanted seismic signal. Noise may come in the
form of random noise, such as background noise or other environmental effects, or it
may be in the form of coherent noise such as multiples or the direct wave.
Normal Moveout - The variation of reflection arrival time due to increasing sourcereceiver distance (offset). This is manifest on a seismic shot record as a hyperbola.
Velocity analysis is used to correct for normal moveout.
Ocean - In this text, the Ocean refers to the sum of the world's major oceans, their
connected seas and straits as well as continental shelf waters and seas such as the
Mediterranean, Black Sea and Baltic Sea.
Offset - In seismic data analysis parlance, the distance from source to receiver. Offset is
an important parameter because it allows discrimination of how seismic wavelet
characteristics change as a function of distance, for example, amplitude.
Phase - The angle or lead of a sine wave with respect to a reference, usually expressed
in angular measure, it as an indicator of wavelet shape. Phase information carries the
timing information of a seismogram. For example, a minimum phase wavelet is
nominally front-loaded, that is the dominant amplitude distribution is near time zero.
Phase spectrum - A plot of phase-shift vs. frequency illustrating the characteristics of a
wavetrain. A phase spectrum can be useful to create filters that may not 'see' amplitude
variations but can discriminate on the basis of phase, thus allowing wavelet shaping.
Practical Salinity Unit (PSU) - The standard unit for salinity content in oceanography.
It is a dimensionless variable, but is roughly equal to one thousand times the mass of
dissolved salts per unit mass of seawater.
Prandtl number - The ratio of viscous diffusion rate to thermal diffusion rate. The
Prandtl number in the ocean is approximately 7.
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P-wave - A seismic wave in which the particle motion is in the direction of wave
propagation. As opposed to an S-wave, where particle motion is orthogonal to the
propagation direction. In seismic oceanography, we are only concerned with P-waves
since S-waves require shear strength to propagate, which is not present in fluids.
Record length - The length of a seismic trace or set of seismic traces. Equivalently, the
recording two-way time on a seismic section.
Reflectivity - The degree to which energy incident upon an acoustic impedance
boundary is reflected as opposed to transmitted. Perfect reflection does not exist, thus
specular reflectivity can be thought of as approaching perfect reflectivity from a smooth
interface following the reflection law. In contrast, diffuse reflectivity may come from
various angles and ray paths, be much weaker and difficult from which to extract useful
physical information. Stochastic Heterogeneity Mapping (Chapter 2), for example,
statistically analyzes the whole reflectivity field for any type of reflectivity.
Reflectivity coefficient - The ratio of amplitude of displacement of a reflected wave to
an incident wave. Reflection coefficient is dependent upon the respective sound speeds
and densities on either side of an acoustic impedance boundary.
Resolution - The degree to which two features can be separated. One of the principal
advantages of seismic oceanography is the high level of horizontal resolution
(approximately two orders of magnitude finer) relative to traditional oceanographic
probes, dropped every 1 km or so. The horizontal resolution is determined by the
closeness of seismic receivers and the Fresnel zone, which is in turn dependent upon
frequency and sound speed.
Reynolds number (Re) - A dimensionless number expressed as the ratio of inertial
forces to viscous forces, thus quantifying the relative importance of each for given flow
conditions.
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Root-mean square (RMS) - The square root of the average of the squares of a given
measurement.
Salinity - A measure of the dissolved salt content in a body of water. Salinity is usually
measured in Practical Salinity Units (PSU) which is the conductivity ratio of a sea water
sample to a standard KCl solution. The PSU is approximately 1000 times the mass of
dissolved salts per unit mass of seawater.
Salt fingers - Small structures that form in the ocean as a result of a mixing process that
occurs when warm salty water overlies cold fresh water. Since diffusion of heat is
approximately 100 times faster than the molecular diffusion of salt, as heat is gained or
lost there are buoyancy changes which occur while the salt content remains more stable.
Sample rate - In digital signal processing, the rate at which a continuous analog time
series function is sampled to create a digital time series. The shorter the sample rate, the
more the digital signal approximates the true analog signal.
Second law of thermodynamics - The observation of irreversibility in nature where
entropy (disorder) tends to increase with respect to time in a given isolated physical
system.
Signal - That of a time series which contains valuable information about which it
represents.
Spherical divergence - The decrease in wave strength as a function of distance from
the source as a result of three-dimensional geometric spreading. The signal strength
decreases inversely proportional to the square of the distance. For spreading along a
surface, the equivalent term is cylindrical divergence, where signal strength decreases
inversely proportional to the distance.
Stacking - A mathematical operation of summing together time series (seismic traces).
The process results in a 'stack' which is a composite record of combining traces from
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different records. Stacking is necessarily a filtering process because of wave shape
differences among the traces being stacked.
Stacking velocity - The sound speed calculated from normal moveout corrections
during 'velocity analysis'. The stacking velocity is the normal moveout correction
needed to optimize a stacking response during common-midpoint stacking.
Static instability - The condition where a more-dense parcel of water overlies a lessdense parcel leading to convection.
Streamer - A cable filled with an array of hydrophones (geophones) that is towed
behind a vessel. The streamer receives direct and reflected energy from the source.
S-wave - A body wave in which the particle motion is perpendicular to the direction of
propagation. S-waves are not present in the ocean since fluids have no shear strength to
allow propagation.
Temperature - The physical property of a substance or medium related to the average
kinetic energy of its atoms or molecules. Temperature variations in the ocean have
important effects for convection and circulation, among others.
Thermohaline finestructure - Temperature and salinity derived structure in the ocean.
Variations in the temperature and salinity fields create density contrasts which are
amenable to seismic reflection ensonification.
Thermohaline staircase - Oceanic layering where temperature and salinity decrease
downward in a series of steps. So called because a plot of temperature and/or salinity as
a function of depth resembles a familiar staircase.
Trace - In seismology, a digital time series which expresses the record of data from a
seismic channel. Traces are composed of samples of amplitude (signal strength) along
the function.
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Turbulence - A fluid regime characterized by chaotic or stochastic changes in physical
property and manifests itself by abrupt changes to velocity at small scales (1 mm to 1
cm). Turbulence causes the formation of eddies across a broad range of length scales
and results in small scale mixing, leading to homogeneity in property contrasts. It
promotes conditions in which viscous dissipation transfers kinetic energy into heat.
t-x domain (spatial domain) - representation of seismic data in units of time (t) and
distance (x) (offset).
Variable density - In seismic data processing, a display method whereby the
photographic density is proportional to signal amplitude.
Velocity - Throughout this text, velocity will refer to actual vectors such as current
velocity. The term 'velocity' is ubiquitous in seismology to refer, erroneously, to sound
speed (a scalar). I use the oceanographic convention 'sound speed' in most cases. Except
for terms that would otherwise be ambiguous (eg. velocity analysis).
Velocity analysis - the modification of the position of traces by making sound speed
adjustments on a common-midpoint gather to account for normal moveout. The
'velocity' used in velocity analysis is termed 'stacking velocity' and is effectively the
normal moveout velocity, the velocity needed to correctly position hyperbolically
moved out traces.
Velocity function - In seismic data processing, it is sound speed as a function of depth
or two-way time.
von Kármán spectra - The von Kármán power spectra is described by statistical
variance, a characteristic correlation length and a Hurst number. The correlation length
represents the largest scale for which the scaling is described by a power law and the
Hurst number is the exponent of the power law.
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Wave equation - An equation which describes the spatial and time dependence of a
disturbance which propagates as a wave.
Wavelength - the distance between successive similar points on a two adjacent cycles
of a monochromatic wave. Monochromatic waves are effectively non-existent in
practice, so in seismology one speaks of the dominant wavelength.
Wavelet - A seismic pulse consisting of a few cycles.
Wavenumber - the reciprocal of wavelength, or the number of waves per unit distance
perpendicular to a wavefront.
Well log - A record of one or more physical measurements as a function of depth in a
borehole. In oceanography, its analog is that of the oceanographic in situ probe, which
may measure properties such as temperature, pressure or conductivity. These
measurements can then be used to estimate depth, salinity and sound speed. The CTD
(conductivity-temperature-depth) probe creates an approximately vertical profile,
whereas expendable probes (such as the XBT or XCTD), since they are launched from a
moving ship have a small component of velocity in the direction of the ship.
XBT - see Expendable Bathymetry Thermograph
XCTD - see Expendable Conductivity Temperature Depth
Zero-offset section - a composite seismic section composed of common midpoint
traces, each being the sum of all traces having a common midpoint. With this method it
is possible to create an approximation of the subsurface as if the sources and receivers
were co-located, a procedure that is impossible in practice due to noise issues and other
constraints.

216

