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Glossary

Accretion: An increase in the mass of a body by
accumulation or clumping of smaller particles.

Atoll: Ring-shaped coral island nearly or completely
surrounding a lagoon.

Autotrophs: Organisms able to fix carbon from inor-
ganic to organic form using light or chemical
energy.

Bathymetry: Topographic maps of the seafloor
including depth.

Biota: Plant and animal life of a region.

Chemosynthesis: The synthesis of organic com-
pounds from inorganic compounds using energy
stored in inorganic substances such as sulfur,
ammonia, and hydrogen. Energy is released
when these substances are oxidized by certain
organisms.

Continental shelf: Gradually sloping submerged
extension of a continent, composed of granitic
rock overlain by sediments. Has features similar
to the edge of the nearby continent.

Continental slope: The sloping (ransition between
the granitic of the continent and the basalt of the
seabed. The true edge of a continent.

Coriolis force: In a frame of reference moving with
the Earth, the basic law of Mechanics has a
form which slightly differs from the simple
expression valid in fixed axes of reference. The
main correction, due to the rotation of the Earth
around its axis, may be expressed as the action
of an additional force, the “Coriolis force,”
which tends to deflect any projectile or ocean
current perpendicularly to its velocity.

Eddies: Patches of turbulent flow,

Eigenfrequency, Eigenmode: The eigenfrequency of
a linear oscillator is the natural frequency at
which it will oscillate following an initial per-
turbation. An oscillator may have several eigen-
frequencies and each corresponding oscillation
is. called an eigenmode. Under the action of a
periodic force which has the same frequency as
one of the natural frequencies of the oscillator,
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the latter will undergo amplified oscillations.
This is called a resonance. In a complex three-
dimensional non-linear system like the ocean,
the terms “eigenmode” and “resonance” are
used in a more figurative way to denote respect-
ively the wave motions that the ocean can
propagate and the interactions between pro-
cesses of similar time and length scales.

Energy spectrum: Borrowed from Fourier Analysis
theory, energy spectrum is used figuratively to
denote the distribution of energy over different
time scales (inversely, frequencies) or length
scales (inversely, wave numbers).

Fringing reef: A reef attached to the shore of a
continent or island.

Habitat: The normal abode or locality of an animal
or plant.

Heterotrophs: Organisms unable to fix carbon from
inorganic to organic form and depending on
existing biomass to develop.

Hierarchy: A classification in graded subdivisions.

Hydrothermal vents: Spring of hot, mineral, and
gas-rich seawater found on some oceanic ridges
in zones of active seafloor spreading.

Marginal seas: Seas at the ocean’s margins

Nitrogen fixation: Supplying the needs of nitrogen
by fixing nitrogen gas

Nutrient: Any nourishing substance.

Particulates: Solid particles partly carried along by
the sea.

Photosynthesis: The process by which autotrophs
bind light energy into the chemical bonds of
food with the aid of chlorophyll and other
substances. The process uses carbon dioxide
and water as raw materials and yields glucose
and oxygen.

Physiological and behavioral performances of
living species refer to a combination of bio-
chemical and mechanical functions, modes of
action and responses to stimuli of organisms,
which may be strongly affected by environ-
mental constraints.

Plate tectonics: The theory that the Earth’s litho-
sphere is fractured into plates, which move
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relative to each other and are driven by convec-
tion currents in the mantle. Most volcanic and
seismic activity occurs at plate margins.

Population: A group of living organisms all of one
species and separated by some natural process
or barrier from other such groups in time and
space.

Primary production: Fixation of carbon from inor-
ganic to organic form, whether by photo- or
chemoautotrophy.

Production by a population is its total elaboration
of new flesh (or plant material) irrespective of
whether the individuals containing that produc-
tion survive to the end of the time interval over
which production is calculated.

Radionuclides: Radioactive nuclides.

Redfield ratios: The essential nutrients and carbon
dioxide are taken up (and released, when living
matter is metabolized) in approximately con-
stant ratios to each other and the oxygen pro-
duced (or consumed). The ratios calculated by
Redfield are 1P: 16N: 106C: 1380,, where P, N,
C, and O, stand for phosphorus, nitrogen, car-
bon, and oxygen concentrations.

Scale: The time (length) scale of a phenomenon is the
typical time interval (distance) over which it
varies significantly. If one considers a variable y
of time (space) and a typical value of it, y, say,
one can define the time (length) scale of y as y,
divided by a typical value of its time (space)
derivative. The time (length) scale of a periodic
phenomenon is its period (wave length) divided
by 2, i.e. the inverse of its frequency (wave
number).

Spectral window: A band of time scales and length
scales of the processes and interactions on
which a particular study is focused.

Thermohaline: Related to the temperature and salin-
ity distributions.

Variables, parameters: A variable is, in mathemat-
ical terms, a characteristic of the system
described and predicted by the mathematical
equations constituting the model. These equa-
tions may be differential equations describing
the time evolution of the variables suitably
averaged over some region of space or partial
differential equations describing the time and
space evolutions of the variables. These equa-
tions must be complemented by initial condi-
tions (i.e. the values of the variables at some
initial time of computation) and boundary con-
ditions (i.e. the values of the variables at all
time along the boundaries of the space domain
under study). When the equations are reduced to
differential equations by averaging over space,
only initial conditions must be specified, bound-
ary conditions being incorporated as additional
forces in the differential equations by the pre-
liminary space averaging. A parameter is a
characteristic of the system which is not
described and predicted by a specific equation
of the model, but which is inferred from obser-
vations or sideways models and appears in the
parameterization of the model’s equations as an
empirical (constant or variable) coefficient.

Summary

The geographical and geodynamical importance of
the ocean, in a global perspective of sustainable
development, is emphasized. Historical, recent, and
ongoing progresses of ocean sciences are stressed and
the essential processes which dominate the physics,
chemistry, biology, and geology of the marine environ-
ment are briefly described, underlining the importance
of interactions between these traditional disciplines
and the need to take into account the multiplicity of
time scales, length scales, and levels of hierarchical
organization of the ocean system in all observational
and modeling studies.

1. Introduction

Photographs of the Earth taken from space show a
beautiful planet of blue and white colors. The ocean
gives the blue color and the clouds the white one. The
dominant color of the Earth is blue because the ocean
covers about 71 percent of the planet’s surface. With
a mean depth of some 4 km, the ocean is a vast,
fascinating reservoir of water, food, minerals, and
energy.

Ocean science is relatively young. In his caustic
analysis of “The Age of Physical Oceanography,” Rui
Xin Huang writes:

Most branches of sciences go through a “life” cycle
similar to the human life cycle, which includes the
stages of infancy, childhood, adolescence, adult and old
age, eventually, death.

High-energy physics (almost perished) was one of the
hottest sciences in this century and thus it attracted
many gifted scientists. If judged simply by the number
of Nobel Prize winners, it was on the top of the science
landscape. However, it is now, for the most part, history.
The fast decline of high-energy physics is not due to the
fact that it is no longer challenging, but rather it is too
expensive and has very little direct impact on society.

Aerodynamics (old age) started around 1930 and reached
its peak in the 1960s. Now computer simulations are as
good as wind tunnel results. Although many unsolved
problems remain, aerodynamics is no longer a young
science. After the Apollo landing on the moon, aerody-
namics reached maturity. Government funding declined
quickly. As a result, many scientists left acrodynamics
and entered other new research fronts, such as geo-
science and life science.

Meteorology (adult) started around the beginning of this
century. It developed very quickly due to the strong
demand for weather forecasting and the collection of a
large database. Now weather forecasting on the synoptic
scale has become a routine engineering problem. There
remain many questions related to smaller scales or
very strong nonlinear processes associated with severe
weather forecasting. The most challenging problems are
associated with understanding and forecasting climate
changes, which are intimately related to the dynamics of
ocean circulation.

Physical oceanography (adolescent) was started a long
time ago with tidal observations and theory, but is
moving much more slowly than meteorology. We have
just barely completed- the first picture of the world
ocean. Meteorology, which is generally considered our




Queeunaography 1147

twin, has a much shorter history and within the past 50
years has developed much faster. There are two main
factors thut have contributed 1o the different fates lor
these two disciplines of science. First, there is strong
demand for weather forecasting, which is ihe primary
driving force Tor the wmospheric science. Scecond. data
collection in meteorology is conducted more conveni-
ently. Since there will be a stronger demand for climate
forecasting and for an understanding of the globul envir-
onment, physical cceanography will enjoy its golden
period in the next len or twenty years. Physical oceano-
graphy is still young. and there is a bright future in front
of us. This is good news for all oceanographers.

Eavironmental science (child) is one of the youngest
scicnces. As the impact of human activity on Nature
becomes more noticeable, understanding these efiects
and preserving our eavironment become inore and more
pressing issucs. It is expected (hat environmental sci-
ence will be one ol the most important branches of
science in the next contury.

The author is here mainly concerned with phvsical
oceanography and ils possibic effects on climate.
However, the ocean system is a whole. with physical,
biogeochemical, ecological, and sociocconomic pro-
cesses interfering, competing, and comforting each
other. Similarly, we should remember that ocean sci-
ence grew out of the perpetual confrontation between
marine physics, chemistry, and biology, pencraling
interdiscipiinary overviews, novel cquipments and
technigues of obscrvational surveys, and world-wide
cooperation.

In addition, human activitics are  fundamentally
affecting marine ccosystems al global scale via fish-
ertes. aguacullure, introduction ol non-native species,
modification or destruction of critical habitats, and
through the addition of nutrients and poliutants, with
a particular severe stress on coastal zones where 50%
of the world population may dispose of Icss than 10%
ol the occan surface. The occan also plays an essen-
tigl role in the regulation of myjor biogeochemical

eycles and their climatic impacts and is a reserve of

essential living and non-living resources and (he
serious-minded exploitation of these resources s a
cogent part ol environmental management in a global
perspective ol sustainable development. fnterdiscip-
linary ocean science, in this respeet, belongs to the
environmental sciences regarded by Huang as the
youngest of all.

The ocean as one of the media of sustainable develop-
ment must be considered in its natural complexity,
made ol intricated interactions of processes belonging
lo difterent disciplines—physics, biogeochemistry,
ccology, ceconomics, sociology—with different levels
of hicrarchical organization and different (time and
length) scales.

Perhaps the notion ol time scale is the most common
and easicst to grasp. Everyone knows the difference
between a bus leaving every five minutes and a coach
with onc departure a day: children have learned that.

on the beaches of the North Sea, they will not see any -

signiticant change in tidal levels in a few minutes. On
the other hand. they will be complelely misled by
tidal mechanisms il they rcappear 10 observe it, at

random, after scveral days or weeks. They instine-
tively associate the tidal process with a time scale of
tew hours. This gives them a sound feeling of how to
intelligently sample variations in tidal elevations, and
how 1o conrclate them with o preat variety of other
processes trom the uncovering of beaches and reefs to
variations in coastal eccosystems and the distribution
of debris along the shore,

Looking Tfurther. il is not difficult to sec that the
geochemical and ecological processes have dominant
time scales associated with global biogeochemical
hicrarchical organizations resulting from different
rales of chemical reactions and physiological, behay-
1wral, and ceological functions, confronted to the
multi-scale physical environment which one instine-
lively perceives. Socio-cconomic anthropogenic inter-
ferences have also their own operating patierns and
routines and, extrapolating to variations in space, one
can casily have a vision of the natural interdisciplin-
ary complexity of the ocean. Al the same time, ong
can easily imagine, with the same intitive wisdom us
the child observing the tidal excursions on the beach,
that processes of similar time- and length-scale are
likely to have a more “privileged.” efticient, direcl
{Le. “resonand”) interaction than processes of Very
dilferent scales.

A picture thus emerges ol a structuration of the
ccean’s diversily, where multidisciplinary processes
and interdisciplinary inlcractions can be ordered,
sampled, analyzed, and modeled according to their
typical scales of variations in time and space, allow-
ing for a belter understanding of all the physical,
biological, sociocconomic, and other interplaying
mechanismy which may enforce or jeopardize sus-
tainuble development.

The simplest way to understand the predominance of
processes ol well-identificd (time and length) scales,
within the expanse of the geophysical variability of
the marine system, is to remember the motion of a
spring. A spring has a natural lrequency of oscillation
(the so-called “cigenfrequency” which is a function of
its mass and elasiicity). The inverse of this frequency
defines a (ime scale al which the spring can most
effectively convert energy (from potential to kinetic
form, for instance) and generate large amplitude
motions from external solicitations, however small. In
addition, the application of an external force can
produce forced oscillations of the spring at the fre-
quency of the force,

Marine geophysical processes of dilferent time scales
can be. similarly, associated with specific cxternal
force mechanisms or intemal eigenmodes of behavior
of the system,

For mnstance, solar radiations are an cssential source
of encrgy. Light from the sun is indispensable for
photosynthesis and primary production, a constitutive
element of the marine food chain. It is thus not
surprising to find strong diurnal and seasonal signals
i the Ecohydrodynamics of the upper layer of the
sed. Stmilarly, lunar and solar tidal forees have well-
defined frequencies and generate wave motions in a
band of time scales corresponding 10 their ITequencics
and those of their principal harmonics. The wind
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acting on the sea surface and. in general, all air-sea
interactions, afleet the marine system in well-defined
ranges of time scales related 1o the Lypical times of
change of the weather patterns.

On the other hand, scawater is naturally stratilied
because water density is aftfected by temperature
(solar heat coming [(rom above, for instance) and
salinity {the concentrations of dissolved substances).
The stratification in the sea is, in most cases, stable,
i.c. heavy waler lies underncath lighter water. This
creates a restoring force: il one parcel of water is
displaced up or down, it will experience a gravity
force tending 1o return it to its equilibrivm level.
Possible overshooting will generate waves. These
waves arc called “interval waves” to stress the fact
that they propagate in the stratilied interior ol the
ocean and not in well-mixed boundary layers. Their
frequency is the Brunt-Viisdld frequency. propor-
tional to the square rool of the vertical gradient of
density. Typical values of the Brunt-Viisili fre-
quency in regions of signilicant internal wave propa-
gation arc in the range 107, 1675 ', Onc may thus
associale with the vertical stable stratification un
eigenmade ol the marine system with time scales of
the order of minutes o hours,

The geofluids arc natorally studied in axcs of refer-
ence hixed with the rotating Larth. In such a system
of reference. the main correction for the motion of
the reference frame is the existence of (he “fictive”
Coriolis force that tends lo deflect any projectile or
ocean current perpendicularly to its velocity. Students
who have tricd to throw a ball on a rotating table in
the physics laboratory know very well that it does not
travel in a straight line, bul actually turns and comes
back alter deseribing a circular trajectory. This effect
may be seen as the action of a restoring force and, in
the ocean, it is indeed the source of so-called “imertial”
oscillations and waves. The inertial eigenmode will
have time scales, set by the vertical component of the
Earth’s rotation vector, of the order of a few hours in
mid-latisudes, comparable with the scales of the dom-
inant tides and many wind-force events, There is also.
in mosl cases, a significant overlap between the
incrtial and internal scale bands of the cigenmodes.

in addition, the Earth is (globally} spherical. Although
this may he difficult to visualize, the sphericity is
responsible lor some forms of restoring mechanisms
{reminiscent ol certain cffects of bottom topography)
that may give rise to the gencration of waves and
wave packels. The main parameter in detcrmining
the Gimc scales associated  with these  so-called
“Rossby™ eigenmodes is (he latitudinal gradicnt ol
the vertical component of the Earth™s rotation vector
(B ~ 107" m's"). Hence, for waves or wave pack-
ey affecting the whole water column, with a hori-
sontal size of the order of a hundred kilometers
(L. ~ 10° m), onc finds time scales of the order of
(LP) ', i.c. a month or so.

lnternal waves, inertial oscillations, and  Rosshy
waves, associated respectively with the stratification
of the ocean walers, the Earth's rotation, and the
Earth's curvalure, may, as much as the lamiliar

surface waves at the air-sea interface, give a vision of
an ocean controlled by well-defined restoring forces
acting as ordering agents of the ocean system. Ex-
ternal forces may seem to have similar functions,
imposing the time scales of encrgy transfers {rom
astronomical and atmospheric sources 1o the ocean
(what better example of this hypothesis than the M,
lunar tide?). However, onc must remember that the
ocean is a nenr-linear systiem and that processes
excited by external forces, channeled or amplificd by
the activation of cigenmodes, interact between them-
sclves and generale an cver-spreading manifold of
phenomena of different (time and length) scales. The
ocean, in this perspective, appears more or less as a
hattle-ficid: on the one hand, there are well-organized
forces (even if they are not devoid of some variabil-
ity) which may come from astronomical and atmo-
spheric forces or be associaled with cigenmodes of
vibrations of a stratified rotating ocean on a spherical
garth: on thc other hand, omnipresent non-linear
interactions tend to spread the energy and the infor-
mation over a wide range ol scales and, one way or
the other, drive the energy towards the smallest scales
where it is ultimately dissipated into heat. It is there-
fore not difficult to visualize the encrgy spectrum of
the ocean as a succession of peaks (wherce the encrgy
is poured from oulside or channelcd by eigenmodes),
separated by valleys alimented by energy transfers
lostered by non-linear interactions.

The study of ocean hydrodynamics cannot therelore
be done without some form of (observalional or
theoretical) alternative focusing on one or the other
main events. This requires means of (1) scparating a
targeted sel of processes belonging 1o a well-defined
range ol (time and length) scales, i.c. a “spectral
window™, (ii) appraising the long-term, long-range
trend laid upon these processes by larger scale phe-
nomend; and (iit) assessing (he role of smaller scale
fluctuations in smoothing out transitory and ephem-
eral varicgations which can only blur the vision
through the spectral window.

Biogeochemical und ecological processes are also
characterized by typical reaction rates, which may
depend on various factors—-concentrations, biomasses,
light intensity, temperature, clc.—but can be casily
quantified, and these in (urn bring out specific ranges
of time scales where, in terms of biogeochemical and
ecological processes, “things are bound to bappen.”
Similarly, sociocconomic anthropogenic interfercnces
with the natural system, following the planning of
management policies, can be associated with charac-
teristic times ol interventions. On the peaks and valleys
postcard of physical processes, one must supermpose
the same spectral distribution of biogeochemical, ceo-
logical, and sociocconomic processes.

The non-linear mteractions that one has identified
between physical processes happen, in cxactly the
same way, between physical processes and bio-
geochemical/ceological/sociocconomic processes and
between the latter. Any inert or living particle in the
sea is transported by currents of all time scales and
variability which may produce organized water mass



Oceanography 149

transports or small scale mixing which may. differ-
ently bul cqually ecfficiently, deeply affect bio-
geochemical and  ecological  systems  from  the
displacement or diffusion ol cssential chemicals or
contaminants, to physiological and behavieral per-
formances ol living species, population dynamics and
marinc productivity. Biogeochemistry, ccology and
socioeconomic management ol the marine system
rely on the conveyor and assembly line of physical
processes 1o execute optimally the functions ol find-
ing appropriate nutricnls and energy, feeding and
reproduction, cscaping predators, locating prey or
mates, sceuring habitats and population diversity,
harvesting al all levels of the food chain up to the
final exploitation of the ocean’s (living and non-
living} resources by man.

[t is easy to understand that, even more than for the
study of physical processes, the study of the multi-
disciplinary occan system will not be possible in a
multidimensional space of non-linear interactions if
one cannot frame a limited number ol spectral win-
dows (i.e. bands of length and time scales). Here, onc
can observe an overall resonance between encrgy and
information being forced into the system and cigen-
mechanisms taking over (dircetly or through instabil-
itics of primary spin-ups) (o distribute these, as well as
biogeochemical/ccological/socioeconomic  processes
tuned 1o the same scales of global forces. The iden-
tification of these Speciral Windows (note the use of
capitals to emphasize that one is no longer simply
probing the hydrodynamical variability but the whole
interdisciplinary manifold of marine processes) is
prerequisite Lo the understanding, ordering, and mod-
cling of the marine system in an ultimate global
perspective ol sustainable development.

2. The Oceans

The most unique feature of planct Earth s its great
expanse of oceans. Among other things. the oceans
are the origin of life, and are responsible lor its
sustainability. The word “occan” originates trom
classical Greek, Okeanos, meaning the outer sea. In
contrast to the Mediierrancan, an ocean was origin-
ally thought 10 be a great river flowing arcund the
carth. Today, the term is used in reference o any of
its four principal geographical divisions: the Atlantic,
Pacific, Indian, or Arctic. As great bodies of sall
water, the oceans cover 71 percent of the carth, and
0 quile naturally they have a lot to tell us,

People who study the oceans are called occano-
graphers, and oceanography (or marine science as
some would prefer 1o call it) 18 an interdisciplinary
science studying the environment of the oceans
including the waters, currents, depths, sedimems,
plants, and animals. It embraces a range of scientific
disciplines including physical, chemical, biological.
and geological phenomena and processes in the
world’s oceans; in solving a particular problem. it 13
frequently necessary to invoke the assistance of
several disciplines.

There are four major occans. The Pacific, the largest,
extends [rom Antarctica northward to the Bering

Strait, which scparates the Pacilic from the Arctic
Ocean. The boundary between the Pacilic and the
second largest ocean, the Atlantic, is the line form-
ing the shortest distance (rom Cape Horn of South
America (70°W) 1o South Shetland Island. The
boundary between the Adantic and the third largest
ocean. the Indian, is placed at the meridian of the
Cape of Good Hope (20°L). The boundary between
the Pacific and the Indian Occan lollows the line
between the Malay Peninsula through Sumatra, Java,
Timor, Australia {cape Londonderry}) and Tasmania,
and follows the meridian ol 147°E 1o Antarctica.
Deiinition of the fourth occan is somewhat blurred,
some defining the Southern Occan as the waters
surrounding Antarctica and extending northward about
as lur as the southern tips of the continents; others
define the waters surrounded by BEurasia and North
America as the Arctic Ocean, which connects o the
Atlantic through the Norwegian and Greenland Sca.

The ocean floor can he divided into physiographic
provinces using criteria such as depth. relief. gradient,
and composition. Two groups ot provinces are gen-
erally recognized: continental marging and  open
oceans. The deepest poinl on our unsmooth globe, the
Challenger Deep in the Mindanac Trench in the west
Pacific, cast of the Philippines, plunges 11524 m
beneath the surface of the sca. Tt is casily deep
cnough to engulf the tallest mountain, Mt. Everest at
a mere 8 848 m. Although the icmperatures there are
continually near-freezing, forms of life are siill found.
Turther, the occans are so vast, at 361 million km®,
and so deep, averaging 3729 m. they occupy a
volume of 1 348 million km®. With a volume of 293
million km®, even the second smallest of the lour
major oceans. the Indian Ocean. is large cnough to
contain more than double al! the land on Earth (125
million km™), with room to spare.

Between the oceans and the continents are the shore,
continental shelf, slope, and rise. The share is the
band belween the high and low tides. Continental
shelves are shallow platforms adjacent 1o land masses,
many are characterized by an irregular topography
comprising banks, basins, and valleys, but some have
relatively smooth oors. The seaward limil ol the
shelf, with a gradient ol 1 in 500, is usvally delined
by u shell break. a distinet gradient change from ihe
gentle shelf to the steeper slope.

The continental slopc has a steep gradient of 1 in 20
and extends to the deep sea ol about 4 000 m depth.
Mien the slope is dissected by submarine canyons.
Materiul s transported mainly by the turbidity cur-
rents al the [oothills of continental slopes, and lorms
the continental rise. This 1 composed ol a long
wedge of sediments, usually several kilomeiers thick.
Between the land and the four major open oceans are
scas. The largest sea is the South China Sca and,
delined by shoreline length, the largest bay is Hudson
Buay.

Becausc of proximity, humans are more familiar with
the seas {(which arc smaller), than with the vast open
oceans. For inslance, as carly as live centuries BC the
Chinese [ Ching (or Book of Changes) had already
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described coastal tides. As far back as classical
mythology, both the dangerous rock of Scylla and the
whirlpool Charybdis opposite it, in the Strait ot
Messina between Sicily and Ttaly, were personificd as
female monsters. And, in 350 BC Aristotle obscrved
the tidal currents and waves across the Strait of
Chalcis. In fact, the Mediterranean may very well
have been the first sea to be scientifically studied. 1n
1661 the Royal Society of London (R.8.L.) reported
supcrposed flows across the Strait of Gibraltar, join-
ing the Atlantic and the Mediterranean, and their
elTect on the climate.

The first systematic effort o explore the scalloor
of the open oceans was that of US Naval Officer
Matthew Fontaine Maury who published “The Phys-
ical Geography of the Sea™ in 1850, Muury showed a
rudimentary bathymetry of the North Atantic. Global
coverage of the oceans dates back at least to the HMS
Challenger cxpedition of 1872-1876, which system-
atically collected observations ol the oceans stopping
every 200 miles. AL cach station. depth to the sealloor
and temperature at various depths were measured
by lowering a sounding rope over the side. Water
samples were collected and the bottom was dredged
for rocks and decp sca marine life. The Challenger
expedition set the pattern for all expeditions for the
next 50 years. The establishment ol the occano-
graphic museum in Monaco belween 1899 and 1910
during the reign of Prince Albert facilitated, for the
first ime, regular time-series measurements of marine
and climatic parameters. Other than the work by the
R.S.1.., the [irst ccecanographic capeditiens to the
Meditcrrancan Sca were conducied between 1908 and
1910, These studies paved a solid foundation for
modern marine sciences.

A relatively young discipline, modem oceanography
was born only in the 19404, partly from the urgency
of the Sccond World War. For instance. 1t was in
these years that the ULS. Scripps institution of Oceano-
graphy (510), lounded as a coastal marine station
in 1903, grew from a coastal marine station to
an occanographic rescarch laboratory. Woods Hole
Oceanographic Institution {WHOI) was established in
1930 because the U.S, Navy and the government
officials saw the need o establish an Bast Coast
equivalent 1o Scripps 10 concentrate on the Atlantic
Ocean. In 194), the threcal ol submarine warlare
provided the national imperative 1o understand the
marine environment. The current format of oceano-
graphy, which involves an interdisciplinary grouping
ol marine physicists. biologists, engineers, chemists,
and geologists, was largely an invention of the US
Navy to meet its specific needs. Many observations
relevant to US Navy’s investipations undertaken for
the purpose of anti-submarine warfare turned out to
be key ingredients for future revolutions in plate
lectonics or paleoclimate reconstructions. For ex-
ample, deteeting the presence of submarines acoustic-
ally required knowledge of the shape of the bottom of
the occan and the sediment type, magnetic detection
required knowing the ambient background field. cte..
Since then, inlermational interest 1n the oceans has
erown partly due (o three main reasons:

s« The role of the world's veean in climate change.
The world’s ocean s a huge source of heat, and
from this point of view is of extreme importance
for long-range wcather forecasting and climate
change cvaluation. Qccan currents transport heal
from the teopics to polar latitudes, which leads to
milder weather condilions. The occans serve as a
reservoir ol dissolved gases, and global cycles of
“preenhouse” gases.

s Problems of ocean pollution and its impact on
marine organisms and human health resulting
from human cconomic activitics and otherwise.
These include oil spills, pesticides, heavy metals,
radionuclides, sewage sludge, etc.

v Ocean as an object of econontic activity (recreation,
reclamation, oil extraction, ore liclds, lisheries and
agquaculture, poris and harbors, navigation, etc.).

Each branch ol occanography 1s guite a distine
science, with 1ts own methods and instruments, and 1o
some exlent occanography may be reparded as a
spectalized, multidiseiplinary  science encompassing
physics, hydroedynamics, chemistry, biology. geology.,
engineering, coral reels, and pollution. This means
scientific concerns in the oceans tend to involve more
than one discipline, so that addressing most issues
often calls for collaboration among scientists, engin-
cers, managers, and even divers with difTerent experi-
cnee and skills. Because of the vast scopes ol many
oceanic processes that observe no natienal boundaries
or borders, marine science alse depends heavily on
cooperation among countries and regions. Further,
processes and phenomena covering a wide range of
lime and space scales are characteristic ol the oceans.
As 4 resull. integration is fundamental. [n response,
major global programs, such as the International
CGeosphere Biosphere Program and the World Climate
Rescarch Program have been set up by organizations
around the world to deal with the occans.

The main task ol occanography s 1o investigate the
occans as an inlegrated dynamic system, charac-
terized by a delicate, complex system ol interactions
among the biota, the ocean boundaries with the solid
carth and the atmosphere. Life originated in the
oceans and has prospered on the carth for nearly lfour
billion (10"} years. In that time climate has fluctuated
drastically. rom ice ages 1o cpochs ol extreme heat.
The climate, however, would have fluctualed even
more were not for the role played by the occans,
where currents move heat around very etficiently
because ol the large heat capacity of scawater. The
top meter of the occans stores as much heat as there is
i the entire atmosphere.

The ice ages and cpochs ol heat are measured 1n
terms of hundred thousands of years, bul now man is
upsectting these natural chythms by adding the gascous
by-products ol civilization 1o the atmosphere. Notably,
carbon dioxide, chlorollurocarbons, mtrous oxides, and
methane have trapped enough heat in the almosphere
to raise the Barth’s average surface air temperature by
a hall-degree Celsius during the past century. These
greenhouse gases, i unchecked, could alter climate
patterns  worldwide, thawing polar ice caps and
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mountain  glaciers, boosting sea level, inundating
coastal zoncs, and more.

In 1995, after years ol intensive studies by many
countries of the world, the Interpovernmental Pancl
on Climate Change {[PCC}), sponsored by the United
Nations, concluded that “the balance of cvidence
suggests that there is a discernible human influence
on global climate.” TPPC projected that in the nexi
hundred years global average temperature will rise by
¢ to 3.5°C. That may not seem much, yel the *Little
Iee Age,” an anomalous cold snap that peaked trom
1570 10 1730 and froze the River Thames in Fngland,
was caused by a drop in temperature ol only 0.5°C.
About 60 percent of the warming observed since
1850 is contributed by CO, due to tossil fuel burning
and deforestation, and about half of this “excess™ CO,
has entered the oceans through the air—sca interface.
The oceans, with an enormous capacity, will cventu-
ally soak up all anthropogenic €O, via biological and
solubility pumps bul so far this does not seem 1o be
happening fast enough.

The coastal zone is the interfuce between land and the
sca and its boundaries depend on several ecological
and anthropogenic (economical, pelitical, adminis-
tralive, and legal) issues. In a broader context the
coastal zone may include the coastal hinterland, the
lowlands, sand dunes. beaches, cstuaries, the coastal
walers, and the shelf sca up o the exclustve economic
sone (EEZ), because activitics that seem remote do
alfeet and interact with this zone. The coastal area is
characterized by a variety ol forms: rocky shores,
sandy beaches, estuaries, lagoons, intertidal flats, wel-
lands, and islands. These provide habitats tor specific
hiological communities including intertidal  com-
munities, mangroves, scagrasses, coral reefs. and the
open ocean communities. Dillerent forms and habitats
are closely interlinked and act as a unified system.
They house numerous resources which support a
significant proportion of some impoverished coastal
populations.

For the sake ol simplicity, however, the complex field
of marine scicnces can be divided into the sub-
disciplines discussed below:

3. Physical Oceanography

In the introduction 1o the APROPOS Workshop on
“The Future of Physical Occanography,” one [inds
the following concise and complete definition:

Physical oceanography is concerned with how water
moves and mixes in the ocean, and how water carrics
and distributes dissolved chemicals, nutrients, plankton,
sediment, and pollutants. Physical occanography 15 a
branch of applicd physics whose goal is to understand,
model and predict ocean processes using mathcmatics
and thaid mechanics. The discipline is increasingly inter-
twined with atmospheric and climate studies: under-
standing the energy and momentum transfer through the
scas and across their boundaries is a major goal of all
these fields. Physical oceanography includes the study
of cstuaries and lakes and also encompasses the study of
large hodies of water on other plancts and moons (for
example, Europa).

A central challenge of physical oceanography is the
range of space and time scales which must be encomi-
passed by any successful cffort to understand the Muid.
Watching the wind blow leaves across a lawn, 1t is
difficult 1o imagine that this foree can be responsible lor
driving the vast surface circulation of the Pacific Ocean,
yet this is the case. Capillary ripples roughen the sca
surlface so that the wind can grip the waler and
this immense friction results in waves that grind into
distant beaches and reshape the shoreline. The wind alse
depasils momentum into the deeper ocean. This drives
syres within which water spirals for decades. Over
centurics and millennia the entire stratification of the
ocean changes in response to cooling in high latitndes
and evaporation in thc subtropics. On these planetary
scales, the occan serves as a reservoir for heat, fresh
water and anthropogenic products.

Observing these processes demands a combination of
i situ and remote measurements, including acoustic,
electromagnetic and satellile-based techniques. Recent
advances, such as  autonomous sampling, acoustic
tomography and tracer rcleascs are producing an
increasingly global and complete picture of the three-
dimensional ocean circulation. Because of new lech-
nologies, oceanic processes that are seen dimly, or not at
all, will be uncovered. Understanding these new data
with fluid mechanics, applied mathematics, powerful
computers and modern descriptive tools is the Tuture of
physical oceanography.

The occan is primarily an immense waler reservoir
set in motion by atmospheric and solar forces, winds,
and heat fluxes, Occanic currents and mixing proc-
esscs re-deploy heat and water within the occan and
this, in turn, affects the atmospherce and influcnces the
climate. These interactions have been exemplified
recently by developments in equatorial oceanography
and ils linkage with meteorology, or by studies of
sea-ice formation and drifting and their role in mod-
ulating air-sea exchanges. The economic benefits of
understanding the role of the ocean in the climatc
systems are obviously enormous. Long-term lorceast-
ing ol the coupled atmosphere—ocean system 8 one
significant path for future rescarch in oceanography.

The best way to visualize the physical processes in
the ocean is perhaps to take advantage of the multi-
plicity of scales to characterize them: (i} at time
scales [rom years 1o decades, the ocean is strongly
coupled with the atmosphere and their interactions are
part of the so-called short-term climate variations;
(i) al scasonal and annual scales, large-scale occan
currents [ostered by atmospheric and solar forces,
winds. and heat fluxes, the so-called “gencral circula-
tion,” re-deploy heat and water within the ocean and,
in wrn, affect the atmospheric dynamics and climate;
{i11) the instabilitics ol such large-scale currents as the
Gull Stream and the Kiroshio give rise to very
energetic synoptic/mesoscale eddies, with life-times
of the order of a month, which co-exist with the wave
motions and waves packets associated with the clfect
of the Rarth’s curvature’; (iv) currents and cddies are
responsible for the cohabitation of large water masses
of very different properties and thus separated by
fronts where these properties vary over short dis-
tances; {v) frontal instabilitics generate vortices,
interleaving layers and other mesoscale features,
transterring energy to smaller scales (contributing in
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an important way to transport and mixing): the small-
est of these scales overlap in the range of scales of
days to hours, with another type of oscillations asso-
ciated with the Earth’s rotation, tidal forces, and
wind-induced surges; (vi) at smaller scales (hours to
minutes), the vertical stratification is responsible for
“internal” wave motions and simultancously the
inhibition of turbulent mixing by the restoring force
exerted on vertical excursions, and the generation of
it by the breaking and non-linear interactions of the
waves; (vil) at scales of minutes to seconds, no
restoring force like stratification, Earth’s rotation or
Earth’s curvature is felt and microscale turbulence
and mixing dominate.

Although necessarily schematic, this description pro-
vides a reasonably good picture of the ocean’s
dynamics but ignores processes which are, one way
or another, related to the existence of ocean bound-
aries: (i) the ocean is vertically bounded by the bottom
and the air-sea interface, and ocean hydrodynamics
must satisfy there boundary conditions. The adjust-
ment to the boundary conditions may be effected over
rather thin boundary layers with quite specific charac-
teristics: bottom friction in the bottom layer and
wind-induced turbulence in the upper layer (mediated
eventually by the presence of sea-ice) tend to homo-
genize heat, salt, and other constituents’ contents,
while the fluid velocity constrained by bottom or
wind stresses varies in amplitude and also in direction
under the effect of the Coriolis force, associated with
the Earth’s rotation, which tends to deflect the velocity
vector (more and more as one goes away from the
boundary) in what is universally referred to as the
Ekman Spiral; (ii) lateral boundaries of the ocean are
not truly coasts but rather the shelf break where
abrupt variations of the bathymetry separate the open
ocean from the relatively shallow continental shelfs
and the so-called “coastal zones.”

Traditional oceanography has often made a distinc-
tion between the open ocean and the coastal zone,
although they are confronted with the same prob-
lems: transport of water masses by currents, mixing,
biogeochemical cycles, marine ecology, sediment
deposition, reprocessing and erosion, and so on. The
distinction is to some extent justified because coastal
zones are shallow, influenced by bathymetry and
coastal geometry, directly exposed to fresh water and
particulate matter discharges from rivers or wind-
born rain and aecrosols, subjected, for the best or the
worst, to pervasive human management policies and
to the stress of a rapidly increasing population. Hence,
although processes are similar, orders of magnitudes
(of tidal velocities, particle concentrations, etc.) may
be very different and, although the study of the open-
sea and the coastal zone do not require oceano-
graphers of different skills, they may benefit from
research specialists of different field experience.

The problem of assessing the processes occurring at
the shelf-breaks and the exchanges occurring between
the open-ocean, shelf seas, and coastal zones is an
essential challenge that will require sustained research
efforts in the future.

4. Chemistry of the Oceans

Chemical oceanography deals with the chemical com-
position of seawater, sea ice, and sediments, with
distribution of ions, dissolved gases, particulate and
dissolved biogenic elements, radionuclides and other
pollutants, and with their chemical interactions, against
a background of physical and biological processes. In
short, it studies the properties and interactions of
substances present in the marine environment.

Measurement of the chemical composition of the
ocean can be traced back to the 1770s when Antoine
Lavoisier and Torbern Bergman made their analyses
of the composition of seawater. In 1819, A. M.
Marcet pointed out that the major components of
seawater remain in constant ratios everywhere. By
1873, the HMS Challenger expedition had a chemical
laboratory equipped to map out many constituents on
a worldwide scale. However, because of the complex-
ity of the chemical composition of seawater, includ-
ing not only the multitude of interactions that occur
between the chemicals themselves but also those
involving air-sea exchanges, marine biota, and bot-
tom sediments, the main activity in chemical ocean-
ography from this time to the middle of the twentieth
century was primarily descriptive. This was limited,
by today’s standards, by the rather weak capability
for analyzing seawater. As a result, aside from the
pioneering work of determining elemental distribu-
tions in the oceans and insights gained on nutrient
chemistry, the field of chemical oceanography was
principally playing a supportive role to physical and
biological oceanography.

During the past several decades, however, this field
has matured to become a major component of the
marine sciences and to the point where questions can
be asked about how the oceans, including their inter-
faces, are acting as chemical systems, and at what
rate. This has resulted mainly from the introduction of
increasingly more sensitive and selective measure-
ment techniques and from the ideas and perspectives
advanced by non-marine scientists, such as those in
solution chemistry. A remarkable advance in the
chemical investigation of the marine environment
began when Lars Gunnar Sillen presented his thoughts
on the chemistry of seawater at the International
Oceanographic Congress held in New York in 1959,
The field has since progressed to a point where
modern chemical oceanographers encompass many
chemical disciplines. They are armed with powerful
analytical tools that can not only be applied to study-
ing the processes and mechanisms that give rise to the
chemical properties of the ocean, but also can often
provide capabilities and information that find use in
the other oceanographic disciplines. For example,
laboratory studies of the carbonate equilibria have
greatly increased our understanding of how these
minerals behave in the sea, and refined techniques for
analyzing low-level radioactivity (e.g. tritium, 4o,
¥Ar, ¥Kr, Cs, "Cs as well as the chlorofluoro-
carbons (freons) and the tritium/helium ratio) have
given insight into the study of mixing processes in
the deep oceans. A major objective of workers in the
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ficld of chemical oceanography is to understand the
mechanisms (hat control the composition ol scawater.
A useful conscquence of this understanding has been
an ability to predict the effects of natural or anthro-
pogenic perturbations in a quantitative manner.

The various sub-disciplines comprising  chemical
occanography tind themselves in different stages of
devclopment. For example, advances in our under-
standing of the physical chemistry of seawater have
permitted the formulation of a new equation ol state
for seawater and ways (0 culculate the speciation of
chemicals. On the other hand. marine organic chem-
ists are still Tuced with an overwhelming number ol
dissolved compounds present in scawater and require
the help of microbiologists for gauining a better under-
standing of the controlling biechemical mechanisms
involved in numerous chemical (and biogeological)
processes (e.g. the degradation of detrital material and
the dissolution of carbonate and silicious testas and
skeletons).

An cnormous mass of the dissolved organic carbon is
present in the oceans, which is about 107 times more
than all living marine organisms combined. The total
amount, il about 700 Gt C is almost the same as all
the CO, in the atmosphere. In the oceans, photo-
synthesis of organic matters is possible only in the
euphotic layer, which is less than 100 m thick,
whereas decomposition ol organic matter is not light-
dependent and may go on al arbitrary depths. The
share ol occanic production eaten up by the micro-
consumers amounts to about only 10 percent. The
mgjor parl of particulate organic carbon produced
is converied to dissolved organic matler or forms
organic detritus such as fecal pellets or dead particles,
which are then calen by rooplankton, bacteria, and
olher heterotrophs. To  address  questions of  the
cycling of organic matter in the oceans. it is necessary
to determine chemically the products of primary
production and also to investigate low levels of
bioaciive substances thal are vilal to communication
within and among species.

Today, the framework of chemical occanography
encompasscs Lthe identification of the major pathways
of both natural and anthropogenic substances, which
in some cases are also pollutants. The essential mass
balance concept has been applicd in the ficld. and the
chemical processes involved in the transler of matter
from one region (o ancther have now begun to be
understood in order to achieve a quantitative chemical
description ol the ocean. The origin and nature of
river-borne and acolian matter has been studicd, as
well as the processes that occur in coastal zones,
especially in the upwelling regions and in the mixing
rones between river water and scawater. An equally
important intcriace cxists between (he air and the
ocean surface, where important mass transfers take
place and some rates arc now known. The processes
occurring at the sediment—seawater interface deter-
mine (o a large extent the composition of the sedi-
ment, as well as the overlying seawalter, and arc
intimately related to the {ermation of certain mineral
resources (€.2. manganese nodules and metal sulfide

deposits). The addition and release of matter in
coastal sealloors is also of particular importance.

In addition te the phenomena thal are occurring, at
these boundaries, chemical processes occurring with-
in the ocean are also important. These include the
intcractions between particulate (both inorganic and
hiological) and dissolved constituents of scawaler.
But by far the most chemically important sysiem in
the oceans, with the exception only of the chemistry
of waler itself, is the CO; system. a buflering syslem
that helps to maintain the pH ol scawaler (0 within a
narrow range. CO, hydrates with water rather rapdly
(in milliscconds) to form carbonic acid. Onee €O, is
hydrated, it is involved in a scrics ol even more rapid
proton transfer steps (submicrescconds) to form
bicarbonate (HCO,) and carbonate (CO_.%_ ) CO, (gus)
+H,0=H,CO,. H,CO;=H"+H.CO,. H.CO;=H"+
CO: . Because of the large buffer factor of scawater,
a 10 percent change in the partial CO, pressure resulls
in only an approximately | percent change in TC(,.
Al the current pH of seawater (aboul 8), the anthro-
pogenic €O, added to the oceans reacts with the
carbonate ion ¢ [orm the bicarbonate ion withoul a
change in pH: CO, + CO7 +H,0=2H CO,.

The concentration of the carbonate 1on is limited
by the solubility of calcivm carbonate as follows:
Ca™* + COy =CaCO.,. In this reaction the solubility of
CaCO, increases with pressure but decreases with
temperature. The surface layer is uvsually saturaied
with CaCQO,. but cxcept for isolated regions such as
the Bahuma Banks. spontanecus precipitation does
not occur because organic material and magnesium
in seawualer retard CaCO, formation, Many marine
organisms, however, utilize calcium and carbonate
ions to form CaCO, skeletons and shells. This process
occurs mainly in the surlace layer. As the organisms
dic, their shells and skeletons sink to a level where
the temperature becomes low enough or the pressure
becomes high enough, and the water becomes under-
saturated with respect Lo CaCO,. at which point they
start Lo dissolve. Accumulation of undissolved CaC(),
in lhe sediments over millions ol ycars, however,
maukes the sediments a major sink of carbon.

Inorganic carbon, along with nutrients, is also uscd by
marinc organisms 1o grow soft tissuc, Soft Lissue
decomposes quickly in the waler column. Both soft
and hard parts of the marinc organisms act as a
“hivlogical pump,” thus removing C(Q, and nutrients
from the surface oceun and transferring these into the
deep ocean and occan bottom. With the knowledge
gained, naturally occurring chemical constituents
{e.g. nutrients, total CQ,, and oxygen) as well as
pollutants in the marine environment {c.g. tritium,
cxcess CO,) have been used to study physical mixing
as well as biological processes. It is now well estab-
lished that the marine organistms have an averagce
C/N/P ratio {the Redficld ratio) of 106/16/1 and the
N/P ratio is also 16/1 in scawater. The C/N/P ratio in
seawaler, however, is close to 80/16/1. As a result,
carbon is never in short supply bul whether N or P is
the limiting nutrient is less certuin, Since nitrogen
{ixation occurs in the occans cven when N s
exhausted, it seems thul P may be the limiting facior,
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Another limiting micronutrient is iron, which is in
short supply in the high-nutrient, low-chlorophyll
regions such as the Southern Ocean.

Rivers supply far more dissolved and particulate
material to the ocean than do all other sources com-
bined. The influence of rivers on the geochemical
budgets of many elements relays a major role in the
cycling of materials through the ocean, especially in
the continental marginal zones. Estimates of the com-
position and rates of fluvial and atmospheric inputs to
the ocean are important boundary conditions for
chemical budgets in the ocean and have been used to
ascertain the impact of human activities in changing
the ocean environment.

A focus has been placed on major rivers, for some of
which there is already a background of information
(e.g. Amazon, Mississippi, Yangtze). Riverine study
areas have extended from terrestrial drainage basins
to the outer limit of plumes in the ocean. Long-term
effects of river-transported sediment to the oceanic
shelf, and chemical alteration in open ocean water,
have already been included.

Rivers commonly pass through estuaries on their way
to the coastal oceans. Dams and irrigation schemes
affect the chemical structure of an estuary, which
traps significant quantities of material and thus acts
as a filter between land and the oceans. Biological
processes may also play an important role in the
trapping and mobilization of material carried by
rivers and land runoft.

Coastal sediments are subject to erosion, bioturbation,
transport or accumulation. In general, most partic-
ulate matter from land is deposited in areas of accu-
mulation such as estuaries, continental shelves, and
slopes. The leakage from such sediments may be
considerable, especially if the sediment has a high
content of organic matter and thus has a rich fauna.
Ammonia, urea, amino acids, phosphate, carbonate,
silica, trace metals, and trace organics are released to
the coastal water in such instances.

Some nineteenth-century river water analyses may be
of interest when establishing the impact of man.
Comparison of data for the upper Elbe from 1892 to
1976 indicates that nitrate concentrations have
increased fortyfold (among other ions). Since nitrate
is considered to be the limiting nutrient in some ocean
surface waters, increased nitrate levels in rivers and
land runoff have caused coastal eutrophication and
low oxygen levels below the ventilated surface water.
Recent observations in the Chespeake Bay, off the
Mississippi river mouth, and in the North Sea and the
adjacent Skagerrak and Kattegat waters indicate an
over-fertilization. Thus coastal waters can be greatly
influenced by land management (e.g. the use of
fertilizers).

The sediment-water interface can introduce a chain of
reactions both chemical and biotic, which serve to
modify particulate matter drastically before the
material enters the bulk geochemical cycles. Spread-
ing centers in general are of particular interest and the

discovery, since the early 1970s, of active hydro-
thermal vents in the ocean may be the most sig-
nificant finding in the field of oceanography since the
refinement of theories on sea-floor spreading. These
vents are active seafloor areas where seawater circu-
lates through hot, newly-formed oceanic crust and is
discharged into oceanic bottom waters. For instance,
near the mouth of the Gulf of California, copper, zinc,
and iron sulfide chimneys have been observed form-
ing around discharge vents when the >350°C waters
encounter cold seawater. The discharging waters
contain high concentrations of hydrogen sulfide,
potassium, calcium, silicate, barium, manganese, iron,
and zinc, but are low in magnesium. These obser-
vations confirm earlier suggestions that such dis-
charging waters are important in controlling seawater
chemistry.

Lower temperature vents in the Gulf of California and
in a vent field northeast of the Galapagos Islands are
characterized by extensive communities of organisms
including giant clams, 30 cm long mussels, crabs, and
forests of meter-long tube worms. Organisms living
around the vents have highly-specialized physio-
logical systems suited to their unique chemical envir-
onment. Sulfur-reducing bacteria play a major role in
the vent food web, and the morphology and enzyme
systems of the giant tube worms may also be spe-
cialized to derive food energy from similar symbiotic
bacteria. Such specialized physiological pathways
lend support to geological and chemical data that
suggest vents have existed on the seafloor for millions
of years. It has even been speculated that the unique
vent environments may have provided the proper
physical and chemical conditions for the origin of life
on Earth.

Several dozens more vent areas in the Pacific have
been located using unmanned systems with sonars
and cameras towed near the seafloor. Photographs
and sonar records show rocky pinnacles rising from
the sediment-covered floor, several with dense clus-
ters of tube worms and clams.

Sulfidic basin waters, such as those found in the
fjords of Norway, the Black Sea, and the Cariaco
Trench, are yet the other areas of special chemical
oceanographic interest, since life in such basins is
restricted to a few species of bacteria; increased trace-
metal concentrations are found which have been
explained by the formation of soluble disulphide
complexes (e.g. HgS,H").

Another area of research that has gained attention
is ocean-atmosphere exchanges, including specific
efforts to study the chemistry of the sea surface micro-
layer. Such investigations have included not only the
determinations of aeolian transport, but also chemical
phenomena which could play a role in such transport
(e.g. methylation as a mechanism in trace-metal
mobilization).

The sea surface microlayer is the boundary between
the oceans and the atmosphere. It is also a source of
contaminant accumulation and can cause modification
of biological processes and air—sea exchanges. Natu-
ral surface-active substances are often enriched in the
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sea surface compared with  subsurface  water.
Amino acids, proteins. lally acids, lipids, pheaols,
surfactants, and many other organic compounds accu-
mulate at the surface. The biota of the water column
below is the source for most of the enrichment of
natural chemicals, Murine organisms and sca birds
produce dissolved compounds us products of their
metabolism. Air bubbles. rising through the water
column, scavenge these organic malerials and bring
them Lo the surface, and sometimes into the air. Also,
as plankton dic and disinteprate, some parlicies and
many of the breakdown products such as oils, fats,
and proteins. {loat 1o the surface.

The accumulation ol natural organic chemicals modi-
fics the physical and optical propertics ol the sea
surfacc. Thin organic films, invisible to the naked
eye, are ubiquitous in aguatic systems. In arcas where
currents converge, thicker films accumulate. Under
light to moderate wind conditions, arcas ol accumu-
lated film dampen small waves and become visible as
“surface slicks.” Strong surface tension torces exist,
creating a boundary region where turbulent mixing is
much reduced.

In arcas contaminated by petroleum hydrocarbons,
the films may be dominated by hydrocarbons, and
heavily-esierilicd compounds; in contrast, natural films
arc for the most part complex polymeric components
with a high degree of hydroxylation, carboxylation,
and proicinaceous content. These types of films dif-
fer significantly in their thicknesses, pressures and
spreading characteristics, and they retard the transfer
of gases and elements Lo varying deprees.

The air—sea interface acts not only as a “membrane”™
between the aqueous phase and the atmosphere bul,
like the sediment—water interface, presents a dis-
continuity where significant chemical reactions may
oceur. Certain chemicals are photedegradable. On
the other hand, photo-active species in the upper
illuminated layers of the sea are gencrated. Some of
the postulaicd marine photo-chemical phenomena
inctude: the degradation and transformation ol xeno-
biatic materials (and hence would have consequences
on considerations of the toxicities of parent and
daughter compounds); mechanisms of solubilization
of surface films including hydrocarbon slicks; metal-
organic photo-interactions; and the production of gas-
eous components [rom primary metabolites,

Present-day biogeochemical cycles are oflen based on
assumption of a steady stale, but anthropogenic inputs
can upset such assumptions. Coastal cutrophication
and the adsorption of excess €0, in the occans are
capilal, Transport of marine acrosols is important for
the cycling of scverul elements and terrestrial life,
Bubbles act as both gas exchangers and producers of
acrosols. The transfer ol carbon through the air—sea
mterface has drawn great attention because of the
critical role it plays in the fate ol human-mobilized
CO, and its effects on the oceans and climate. Carbon
dioxide is receiving still increasing interdisciplinary
atlention, and research into the transport, effeets, and
outcomes on the environment is now underway in

major programs such as the Global Ocean Flux Study
and the Global Ocean Obscervation System programs.

Despite internattonal conventions limiting the rclcase
of potentially harmful substances, point introductions
ol pollutants such as blow-outs of production wells,
tunkers damaged at sca, chemical dump-sites, heavily
polluted rivers. clc., will continue to occur in the
future. In addition o their conscquences being of
interest, their ubiquilous presence has been used to
forccast the pathways of substances in the occan.
Similarly, as new compounds continue to be synthes-
ized on a large scale, they and their by-products may
appear as future pollutants.

Upwelling areas are interesting because of marked
impact of the material transport and mixing on some
ol the scawater constituents, nolably nutrients. A
characterization of the components removed in partic-
ulate matler (e.g. carbohydrates, lipid proteing), or
lecal material leaving the system, is essential 1o an
understanding of the depletion of the essential nutri-
ent clements in these systems. These areas of advee-
tion and recirculation of essential clements via major
ocean mixing processes may be better described by
the movements of chemical tracers, including those
compounds (such as the halogenated hydrocarbons
DDT and PCBs) originally measured only because of
their detrimental cffects on marine life.

Warm and relatively calm areas are olien more acces-
sible for study than eold. hostile regions. The Arctic
Occan is of special interest since il is important for
the climate of the northern hemisphere. Also, il
connects the Pacilic and Atlantic Oceans and is
markedly influenced by the input of river-water and
ice. Formation of deep water is a process of consider-
able interest that takes place in the cold regions in the
Arctic and Antarctic. In addition to learning more
about the composition of this water (C/N ratios,
nutrient content, *C, and tritium) before it is exported
from these regions. one needs additional tracers to
follow its outllow and reappearance, and 10 determine
its age. Mixing processes in various regions of the
world require the use of multiple tracers for their
clucidation.  Measurements ol tritium, helium-3,
carhbon-14. frecns and other hale-carbons, strontium-
90, and cesium-134 and 137 are valuable aids in such
studies. For example, radioacuve efflucnts from the
British Scllafield plant arc well-regulated and mon-
iored (e.g. the Cs-137/8r-90 and Cs-134), and have
been used to study the flow of Atlantic water through
the Trish Sea around Scotland into the North Sea, and
along the ceast of Norway into the Arctic Ocean.

The levels of some trace metals arc considerably
lower than reported previously. Biological systems
may therelore be maore sensitive 1o heavy-metal
inputs than had been thought. Of the 80 elemenis
known 1o occur in seawater, a number are concen-
trated by marine organisms in a process known as
bicaccumulation. Tor example, vanadium concentra-
tion in some filler-feeding animals has been (ound to
be 107 times greater than that of the surrounding
scawaler. Fortunately, vanadium is not very toxic, but
many trace metals are. Take zinc and copper as



1156 Our Fragile World: Challenges and Opportunities for Sustainable Development

examples. These arc cssential for the growth of many
organisms, but when oysters accumulate oo much
zinc and copper they become toxic to humans, Oysiers
themselves can turn green with too much copper,
although they do not necessarily dic. [n most cases,
however, the affecled organisms don’t show any
warning. For instance, several hundred people died
after cating mercury-laden shellfish in Minamata,
Japan. Copper, zinc. and lcad arc of special interest
since they arc produced and used in huge quantities.
Mercury is intriguing since humankind has consider-
ably increased the pool of this element circulating in
nature. Tributyl tin-based paints have been banned
in several countrics because ol toxicity to marine
Organisms.

5. Biology of the Ocean

Major biogeochemical cycles must be studied at the

global scale and this implics reliable asscssments of

chemical fluxes between the occan and neighbor-
ing Barth compartments (e.g. land, scdiments, atmo-

sphere), However, the transit and internal cycling ol

materials within the occan, in relation with the phys-
ical und biological processes, is also of the uppermost
importance. One still discovers new fundamental geo-
logical phenomena which act on biogcochemical
cycles: for instance, hydrothermal processes where
seawalcr, circulaling in the ocean crust and the sedi-
ments, becomes heated in the vicinity of magmalic
chumbers and spurts up at high temperature at the
ocean’s bottom. Such processes play a crucial role in
chemical budgets and the same is true of the very
dynamic biological and geological phenomena lound
in rift zones. Hydrothermal ccosystems have been

found in the deep ocean where the primary source of

cnerpy is bacteria-mediated geochemical reactions,
and not the familiar solar energy uscd by plants on
contincnts and in the upper layers of the sca.

In the ocean, chemical elements are transported by
the currents in dissolved or particulate forms in
suspension as well as by living organisms. loputs
from rivers and winds, in the form of alluvia and
acrosols, constitute important sources, but seawater
hag its own chemistry and discharged material and
chemical compounds may undergo complex trans-
formations in the sca that panicipate in the internal
biogecochemical cycles. Similarly, material deposited
on the bottom is not delinitely removed from the
wuler column. Biological activity inside the sedi-
ments and physico-chemical reactions between the
sediments and the interstitial waters, associated 1o
their migration, contributc Lo the reinserting of a large
ammount of clements into the water column.

The biological activily of the ocean has ofien been
described as a long hierarchical chain of consecutive,
not quite closed, loops where (mincral and organic)
materials are partly reeycled and partly exported
{consumed as food) to higher levels. At the outset of
the chain, nutrients {such as carbon, nitrogen, phos-
phorus, silicon and other miner, but sometimes limil-
ing, constituents like iron) are synthesized, with the

help of appropriate encrgy supplied, to organic forms
constitutive of living organisms. Part ol this material
(dead cells, excrctions, exudations) is returned by
various mechanisms to the nutrient pool; part ol it is
consumed as food by higher-level organisms. which
in turn teed larger living species up (o fish and marine
mammals which may be harvested by man.

Research on marine biodiversity has evolved from an
inventory of specics 1o the study of the dynamics of
ccosystems, the role of diversity in the stability of
marine populations, and the health of the marine
system as a whole when confronted to natural or man-
made severe perturbations. Perhaps the best example
of the dramatic changes which have occurred in the
last two decades in our understanding of ocean cco-
logy is the expanding vision ol the food-web structure
in the marine water column. As described in the
OEUVRFE Warkshop Report, “recognition of the roles
of micrabes has added a suite of new (rophic levels to
the classic “diatom—sooplankten—fish®  food-chain.
Major advances include: the discovery of large popu-
lations of bacteria growing on dissolved organic car-
bon partly exuded by autotrophs: a large fraction of
primary production originating from very small auto-
trophs; and a significant role of flageilate and ciliale
predators. Recent findings also point to the import-
ance of viral-induced lysis of bucteria, and the com-
plex role of mixotrophic nutrition. This new view of
the food-web has improved understanding of the
transfer efficiency of primary production to higher
trophic levels and the role of nutrient regeneralion
within the photic zone.”

This is just one example ol the remarkable advances
made in our understanding of marine biology and
ceology within the last 20 or 30 years, but it is
indicative of the speed at which these sciences have
developed and must continue to evolve to acquire the
mastership necessary (o deal effectively with the
accelerating pace of cnvironmental change and the
challenge of sustainable development. As stated in
the “Critical Tssues and Promising Opportunities”
section of the QEUVRE Workshop Report:

Ocean ecologists must provide for belter stewardship of
marine resources and ecosystems by: understanding and
predicting which perturbations and food-web allerations
will cause collapses of marine communities and the
ceosystem scrvices that they provide; predicting and
mitigating the effects of harmtul algal blooms; under-
standing and predicting interactions among global cli-
matc, marine geochemical processes and marine biota.
and, understanding and mitigating outbreaks ot micre-
bial pathogens that can decimate important marine:
populations. Meeting these challenges will require better
understanding and resolution of the causes and conse--
quences of changes on scales from hours to millennia.

6. Geology of the Oceans

Geological oceanography, or marine geology, invest-
igates the occan bed, which is no longer considered|

just as “land covercd by water.” On the contrary, the:

highly-complex measuring instruments of oceano-
graphers have established an underwater landscape:
with gorges much deeper than the Grand Canyon and
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mountaing greater than Mt. Everest, making anything
on land scem minuscule. (After all, the average depth
of the aceans is 3729 m compared with an average
land height of only 840 m). Alihough only a fraction
of the bottom of the sea has been cxplored and
mapped, it is known that it consists of a thin layer
of sediments overlying heavy basaltic rocks and that
it was probably formed and processed at dilferent
times from the land. Thus, the domain of geological
oceanography includes the subjects of shape and
lopography of continental shelves, slopes, margins
and deep ocean, basins, ridges, plate icctonics, and
classification and distribution of marine sediments.

Since the human race began to interact with the sea, a
knowledge of seafloor structure and composition has
accumulated. At first a mintmum set of intuitive
knowledge was obtained to allow boatman and sailors
te find food, avoid hazardous rocks and reels, and
relum back to the shore. Later, some seagoing trips
went {urther offshore and perhaps started explorations
in which simple, preliminary charts for mapping the
distribution ol shoals and deeps were produced. Later,
with the advance of (echnology, weighled lines were
used to measure depth. When numerous measurc-
ments along the cruisc trajeclories were recorded,
bathymetric surveying was born. These carly sea-
going cfforts may be scen as the parent of modem
marine geological exploration.

The Chinese were onc of first leading cxplorers of the
ocean. Between 1405 and 1433, in the carly stage of
the Ming Dynasty, the Chinese organized many
cruises to the Indian and Pacilic Occans. There were
the largest peacctime voyages ever undcrtaken,
involving approximately 37 000 men and 300 ships.
Magnetic compasses and detailed navigation charts
were used in these expeditions, demonstrating the
maturity of maritime technology developed then by
the Chinesc, although the cruises were nol necessarily
designed to accumulate scientific data,

Marine geology is a young branch of geology. Trac-
ing back through the carly literature of geology, it can
found that in the cighteenth century James Hutton
reported his studies of marine rocks on land. In his
“Theory of the Earth.” Hutton accepted that changes
of sca level arc important agents for shaping the rock
formations on the Furth. Earlier, a famous chemist,
Antoine Tavrent Lavoisier, had already been able 1o
distinguish two categories of rock layers of marine
origing: “pelagic beds,” which are formed in the open
sea at great depth, and “littoral beds,” which arc
deposited along the coast. In the early period of
exploralion. marine geologists who wanicd to go to
sea and gathcr more information about the pro-
cesses of marine rock formations were constrained by
navigation techniques. It was even belicved that the
deep sca did not circulate but lay stagnant at (he
occan bottom, and that conscquently, no incoming
oxygen would be available to support life therc.
Hypotheses such as these were not refuted until the
1860s. when the bottoms of the ocean basins were
sounded during the laying ol transoccuanic telegraph
cables. Living animals such as corals were found on a

cable from 2 000 m depth when the cablc was raised
lor repairing.

As marine geological cxploration progressed and
moved further oul to open sea, there was a gradual
change of cmphasis (rom straightforward descriptions
of marine sediments and environments to looking for
a better understanding of the origin and cvolution of
the seafloor and its relationship to the history of the
Earth. The HMS Challenger cxpedition (1872-1876)
represents such an effort; systemalic investigations
were made of the general morphology of the seafloor
and the typc of sediments distributed globally, By the
[860s. the scientific oceanography community had
recognized the need for large-scale. global investiga-
tions of the deep sca. Funded by the RSIL., the
cxpedition abourd HMS Challenger established a Lra-
dition of large-scale rescarch projects that has been an
intportant component of oceanographic rescarch ever
since. The Challenger was remodeled for scientific
purposes from a sailing warship. The scientific party
onboard was assigned 1o invesligate “cverything
about the sca.” The misston included the study of all
physical and biologicul conditions in every ocean.
The track of the Challenger during the first compre-
hensive scientific study of the ocean in 1872—1876
spread over the Atlantic, the southern Tndian, and the
western and southern Pacific oceans. The shipboard
screntists ook waler samples and made measurements
of the temperatures of surface and deep oceans, obsery-
ing currenis, and also collecting sediment samples,
Along a journey of approximately 109 000 km, numer-
ous rock and sediment samples were dredged; sound-
ings of water depth from ocean basins that the ship
passed through were taken by using a weighted hemp
line. Data from the expedition filled 50 large vol-
umes. The cruise reports, writlen over 23 years, were
a watershied in the development of occanography, and
signaled the beginning of modern marine geolopy.
The reports gave a foundation that established the
general morphology of the deep-sea floor and the
types of sediments covering it.

Marine geological exploration on sediments has
stimulated a varicly of inierests in oceanic history. To
obtain marine geological records for revealing the
past variability ol oceans, technology must he devel-
oped for taking or drilling “cores™ of marine sedi-
ments (rom the deep sea. Pioneer expeditions taking
or drilling marine scdimentary cores were made by
the German vessel Meteor and the Swedish vessel
Albatross in the years 1925-1948. Marine sediment-
ary cores laken during Meteor cruises were used to
develop and estimate the concept and magnitude of
scdimentation rates. The Albatross cruiscs. led by
Hans Pettersons, discovered and presented the first
evidence of cyclic sedimentation patterns in deep sea
cores which may be related o climate fluctuations of
ice-ages in the past million years.

The saga of the plate tectonic revolution has its roots
m the meteorologist Alfred Wegener's theory of
continental drift in the 1920s. With data such as
magnetic anomalies in the ocean basins resulting
from scafloor spreading, combined with aperiodic
reversals of Earth’s magnctic ticld, the theory of plate
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tectonics received recognition in the 1960s. Observa-
tion ol the magnetic linealions across fracture zones
and the nearly perfect symmetry in these lincations
confirmed the theory in the 1970s. Subscquently,
second-order elleets, such as the existence of propa-
gating ridges and microplates, were observed from
detailed surveys and found to be important mechan-
isms [or accommodating changes in the direction of
relative plale motion.

A hypothesis and theory for explaining satisfactorily
the overall morphology of ocean basing and varicus
types ol continental marging and sedimentations were
first proposed by Wegener in his debated book, The
Origin of Continents and Oceans. Wegener wus lirst
interested in the parallelism ol the coastlines border-
ing the Atlantic Occan, a phenomenon noted carly in
eighteenth century by the famous naturalist Alex-
ander von Humboldt. Wegener thought that the con-
tinents over the two sides of the Atlantic Ocean
looked like purzle picces which belonged together.
Later, he was impressed by cvidence provided by
palcontologists regarding the existence of “land-
bridges™ in the remole past between Lurope and
North America 1o cxplain the similarity of lossil
faunas and floras. These convinced him 1o propose a
concept of “continental drift,” in which he imagined
granitic continents (loaling in basaltic mantle magma
like icebergs in water. The driving lorces or mechan-
isms responsible for the continental “drifting” were
unknown at that time. Wegener envisioned that the
forces could come from the rotation of the Earth.

A revolutionary theory in marine geology and also in
earth sciences, “plate tectonics” needed more critical
evidence collected by marine geophysicists. These
pioncer cfforts of marine geophysical explorations
included carth magnetism, heat flow, and seismic
surveying by E. C. Bullard and M. Ewing, and gravity
anomaly patterns ol deep-sea trenches and  the
detailed structure of continental margins by I1. Hess.
Among much accumulated evidence pertaining to the
concepl ol platc tectonics, Hess's publication “A
History ol the Ocean Basin” was critical. As a naval
officer, TTess had discovered and mapped a great
number of fat-topped scamounts. and investigaled
geophysically the properlics ol deep-sea trenches.
Combining all cvidence from geophysical surveying
on the rifi morphology and heat flow of the mid-
ocean ridge, Hess proposed his model of the seafloor
being gencrated at the center of the mid-ocean ridge.
moving away and downward into the continental
margins, finally disappearing inte trenches. A theory
ol “sca-loor spreading” was used to describe the
whole conveclion process happening in the upper
layers of occanic and continenial crusts. The sea-floor
spreading theory, with lately added obscrvations on
marine geology and geophysics, trunsformed into a
theory of plate tectonics which has since become the
basic lramework within which most of the data in
geological oceanography are interpretable.

The vertical motion of the seatloor was predicled
from conductive cooling relations and compared with
the depth data. The archives of heat flow obscrvations
were compared with the predictions based on the

thermal cooling model that fitted the subsidence ol
the seafloor away [tom the mid-ocean ridges, bul
were found lacking, The conductive heal Mow was
less than predicted near the ridges and on the flanks,
leading 10 the proposal that hydrothermal circulation
wis appreciable in young crust. Later expeaditions to
the East Pacific Rise in 1979, found the “smoking
gun” for hydrothermal circulation near mid-ocean
ridges in the form of hot vents and the completely
uncxpected chemosynthetic food chain  associated
with them.

Hotspots, although not a natural component of the
plale lectonic paradigm. proved to be a usetul indic-
ator of direction and speed of absolute plate motion.
Obscrvations of the flexure ol the lithosphere beneath
the weight of the holspot 1slands and seamounts, and
seaward of subduction zones, were used to calibrate
the strength ol the oceanic plates. These studies led to
unprecedented abilities to predict the horizontal and
vertical history of the seafloor in all of the world’s
oceans.

The impact of the reconstruction of the paleoclimates
on saciely has been ne less important than the platc
tectonic revolution. Whereas the time scales for plaie
tectonics are measured in millions of years, the deep
scu record from sediment cores has taught us that
the Earth’s climate vacillates on hundred-year time
scales, and possibly even less. There is every reason
to belicve that natural climate cycles enhanced by
human degradation of air, water, and land could resull
in u planct unable to support the present population in
a matter of centuries, or seoncr.

The climale story partly started with cores demon-
strating that the carbonale compensation depth in the
oceans hag varied over time, as had sea level. Further-
more, the microfossils indicated that therc had been
sudden swings ol chmate trom warm-loving 1o cold-
loving marine planktonic microfossils and back again
at rates (oo last 1o have been caused by plates drifting
into dilferent climate zongs.

High-resolution mass spectromelers were used to ana-
Iyzc the down-core oscillations in the ratio of the
heavy oxygen isotope, O, (o the light oxygen iso-
tope, '“0. Based on the corrclation with the bio-
stratigraphy, these variations were clearly corrclated
with changing climate, but it was unclear whether
the isotopic variations were caused by changes in
ocean lemperature or in terrestrial ice volume.
Anoiher core containing well-preserved benthic and
planktonic foraminifera showed the same oxygen
isotopic signal. Whercas surface waters are  very
prone to temperature changes, the deep sea is roughly
isothermal. Therelore, the fact that the signal was the
same in the surfuce waters as in the deep sea sug-
pested thal the ultimate cause was climate-related
changes in ice volume, not temperature directly.

The impact of the development of the stable isotope
proxy on palcoceanography was substantial. The
oscillations in the stable isolopes have been the
paleoclimate equivalent of the magnetic reversals for
plate tectonics. The paltern was used for global cor-
relation and spectral peaks matched the predictions
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of the Milankovitch hypothesis. According to this
theory, variations in the Carth’s orbital parameters
(cceentricity. tlt, and precession of the equinoxes)
caused variations in solar insulation that resulted in
changes in climate. The deep sca has provided a well-
calibrated record of the Earth's natwral climate
changes that cun be used to help assess the future
impact of human’s activitics, such as the greenhouse
effect.

7. Coral Reef Studies

Shallow coastal areas support a greater varicly of
habitat and are of vital imporiance to the life cycles of

a high proportion of the animal life in the world's
oceans. One of the most important of these habitats is
a coral reef. Biologically-rich coral ridges form in
warm shallow scas by the accumulation of the skel-
etons ol certain colonial marine invertebrates, coral
polyps being the most significant. The gradual accu-
mulation of calcareous material results in the growth
of permancnt coral fringing reefs, rings or islands.
Coral polyps repealedly divide themselves into
daughter polyps, such that colonies are formed with a
common skeleten. Coral reefs are attached to the
ocean floor and may become so lurge and so heavy
that only an excessively violent storm could disturb
them. Coral reefs provide habitat, food, and shelter
for a vast array of forms ol marine life, perhaps cqual
1o tropical rainforests in terms of biodiversity, or the
variety of living things. They are of greal importance
nol just in their own right from bone graft material to
the development of pesticides, but also as breeding
areas ol a large proportion of the occan’s fish
resources, including commercially valuable specics,
like lobster. sca cucumber. and grouper. They also
affect coustal life, serving as natural breakwaters
which safeguard lund from typhoons and soil crosion.
Unfortunately, coral reefs arc under severe threat
today. with a large proportion of them being damaged
or threatcned by over-cxploitation, tourism, climaie
change, overfishing or other destructive lorms of
fishing, pollution, and cven the discarding of fishing
nets by unwitting fishermen.

There are lour principal lorms of coral reels: fringing
reefs, barrier reels, alolls, and patch reets. Coral
islands are comprised of low land, generally only a
lew teet above sea level. They may be created by
accretion or accumulation, such as through storms, or
more gradually through sedimentation in combination
with the action of currents and waves, Beaches
develop around shoals and reefs ncar the surtace of
the sca, and dunes may develop over them, providing
conditions for terrestrial vegelation.

Many coral islands in the Central and South Pacilic,
for example, came into existence in this manner, Reef
islands, particularly those close to sea level, are often
not very stable. The storms that help create them may
also destroy them. However, these reef islands are
home to many people in the Pacific. Waves may
attack one side und redeposit the material on the
olher. As precarious as reef islands are, they have

nevertheless long been the homes of peoples depend-
¢nt on the occans for their livelihood. The extent to
which human activitics contribute 1o the destruction
of reel islands is a major concern today, as is the
threat to reels and coral islands from rising sca
levels.

8. Human Uses of Qceans

Humans have settled in the coasial zone in scarch of
the many amenitics that it provides. A century ago,
the presence ol humans caused little harm to the
coustal environment. Fishing and other lorms of use
of the marine and coastal resources indeed caused
local environmental changes, but did not threaten
biodiversity on sustainability. Today, tcchnological
advancement. coupled with the growing resources
demands of the ever-increasing population. has led to
the usce of numerous resources rom the marine and
coastal zone. We arc now exiracling hydrocarbons,
mining coral reels, cutting mangroves, and in some
cases promoting coastal tourism, marine transporta-
tion, and the exploitation of fisheries. In addition, we
have beach erosion and a risc in sea levels. Further,
the last decades have seen a significant increase in
pollution from human by-products and wasles into the
IMAring cnvironment.

In the past. occans and coasial scas have been
regarded as inexhaustible sinks where waste and other
pollutants could safely be dumped without any sig-
nificant adverse effects. Mowever, it is now realized
that environmentally-irresponsible actions and acliv-
ities can cause potential public health hazards through
exposure o contaminaled seafood and water, In
recent years, another threat to living marine resources
has been identificd as resulting from global envir-
onmental change. Global warming may raise the
temperature of the occuns, reducing upwelling of
autrient-rich  subsurtace waters. and having cata-
strophic elfects on phytoplankton and heat-sensitive
corals. In addition, the depletion of the atmospheric
ozone layer is causing more uliraviolet radiation (o
reach the Earth’s surface, affecting the plankton in the
aceuns,

Lnvironmental effects on (he coastal zone caused by
human activities fall breadly into four categorics:
nutrient input, sedimentation, contamination, and
habitat modification. Some of these impacts are mere
amplifications of natural environmental conditions.
One such case is increased scdimentation. Increases
in both suspended sediments and seafloor scdimenta-
tion have dircct adverse effects on plants and on
suspension-feeding organisms such as bivalve mol-
lusks and poiychacle worms, Research and monitor-
ing of the reluted impacts have increased with public
awareness  and media coverage. Tlowever, buasic
research on the complex interactions is still insul-
ficient to provide an adequate scieniilic basis (or
pollution-management decisions.

Examples ot ocean research topics that are important
lo the maintenance of environmental qualily include:
the evaluation of vseful biologicai indicalors to assist
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in distinguishing anthropogenic Irom natural {luctu-
ations: studics ol the bacterial transformation of com-
pounds exotic Lo the marine environment; assessment
of the mechanisms of transport and dispersion; evalu-
ation of the sublethal cffects of various poliutants on
marine communities, stuffy of the effects of non-toxic
substunces (e.g. silt or sludge) on biota, and (he
offects of excess nutrients on the structure and func-
tioning of marine communities. In cach case, the
research will prove highly relevant 10 the problems ol
natural and cultivated (isheries as well as studics of
environmental quality.

9. Ocean Engineering

Ocean science is in large part an observational sci-
ence, which requires technology ranging from ships,
satellites, underwater vehicles, and buoys, 10 sophisi-
icated tools and instrumentation such as SWATH
bathymetric sonar, global positioning syslem devices,
ocean bottom  scismometers, ficld magnelomelers,
Acoustic Doppler Current meters, bioluminescence
sensors, and long-term mooring technologics. Devcel-
oping this technology calls for the assistunce ol ocean
cngincering.

Al the scientific Tevel, ocean engineering includes the
lields of Muid and solid mechanics of oceans, marine
systems, and ships. Much support comes (rom indus-
try. For instance, the dramatic recovery of oil and
patural gas prices in the year 2000 buoyed ottshore
exploration and field developsent activity around the
globe. The offshore technology industry bounced
back aflter a near-record low in 1999 of US $10 per
harrel crude to more than US $30 per barrel in the
first quarter of 2000. Oilfields 2 km below the surlace
of the ocean can now be cxploited. Remotely-
operated vehicles (ROV) equipped with tools, cam-
eras, and navigational equipment can reach almost
any depth now 1o construct and maintain oil wells on
the occan floor. and, ol course, lor scientilic studies
as well.

Rather than causing environmental hazards, old oil
rigs arc now put in good use. There are, for instance,
over 3900 oil- and gas-production platforms oft
the coasts of Alabama. Mississippi. Louisiana, and
Texas in the Gull of Mexico. The operation started in
1947. Aficr reaching their 25-30 year lifespan., some
L00—150 rigs cease operation and require decom-
missioning cach year. All olfshore lcases granted by
the U.S. federal government call for eventual site
clearance and lhe restoration of the seafloor o pre-
drilling conditions— a difficult job. Now. abandoned
rigs arc only partially removed. whereby only the
deck and superstructure are dismantled. The sub-
merged structure is left on-sile as an arlificial reef, in
order fo create a fish habitat on the otherwise feature-
less floor of the Gulf.

Ocean engineering refers 1o the application of engin-
cering, planning, and management o the state-ol-
the-art in the lield of oceanography. Oceanography
is dictionary-defined as a science dealing with the
oceans and includes the delimitation of their extent
and depth, the physics and chemistry of their waters,

marine biology, and the cxploitation of their
resources. Thus, ocean engineering can be explained
in terms of the practical implemcentation of seience
and mathematics by which the physical and chemical
properties of ocean water and the sources of energy
‘1 the occan arc made useful to people. Ideally.
the quality of having utility and practical worth or
applicability for human beings should be the essential
issuc: therclore, a qualified ocean engineer requires
not only a (irm [oundation in general education, but
also a strong knowledge of ocean environment and ils
relationship to other sciences and engineering. Such
hackground equips an ocean engineer to handle occan
engincering data processing- ~the enginecring design
of components and systems for usage in the ocean,
and the application of these clements 10 ihe solution
of cngincering problems concerned with developing
the resources ol the aceans.

Should there be any potential for a significant adverse
effect (o any environmenlal quality. altematives for
avoiding or miligating that possible adverse cffect
should be included to foifill environmental equilib-
rinm as well as economy benefils. As a result, a
deliberate strategy should conduct a multidisciplinary
appraisal of the 1otal impacl of a given development
project. The necessity for this appraisal at the plan-
ning and design stage 1 apparent and regulated by
law in most countries. Currently, emphasis is placed
on the solution of cngineering problems reluted o the
marine cnvironment through consideration of cco-
logical and esthetic perspectives. Further require-
ments include the accusnufation of additional bascline
data and knowledge of the quantitative ecological
physical relationships. This information can be devcl-
oped by monitoring before. during, and after con-
struction effects on any ocean enginecring projects.

In recent years new literature has developed rapidly,
o much so that scientists and cngineers of all dis-
ciplines attempt to keep up with mushrooming know-
ledge withoul becoming too narrowly specialized.
Collections of Teview articles covering broad sectors
of science and engineering are still the best way ol
sifting incoming commentarics critically. In this
regard. the following seven arcas broadly illustrale
the interrelationships among many types ol problems
encountered in occan engincering: ficld measurement
and remole scnsing; marine structures and materials;
naval  architecture; occan energy: mariculture
engineering; underwaler acoustics: and harbor and
navigation.

Field Measurement and Remote Sensing. A ficld
measurement is termed in siu i the sensot or instru-
ment has a direct contact with, or a very close
proximily to, the medium being mcasured. Often,
measurement is made from a distance and is usually
conducted using eleclromagnelic waves and remote-
sensing methods, Gencrally speaking, in sifw meas-
urements can provide continuous and long-term data
at u single location whereas remote-sensing measure-
menls can supply data for a wide range. Applications
with dircct impact in the ocean engincering areas are:
wave, occan current, and wind, problems associated
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with natural or man-made damage, data accuracy, and
gauge and fixture durability.

Marine Structures and Muaterials. Tn the sea, various
engincering facilitics arc constructed for the exploita-
tion of marine resources and the continuity of eco-
nomic development. The classification of marine
structures may depend on moebility, function, or
located terrain. At present, modern ocean technology
is calling for a sophisticated and practical approach to
the structural design of deep ocean exploitation, from
congept to completion.

Naval Architecture. The practice of designing and
building watercrafl can be classified by the various
means ol physical supporting force and their intended
purposes. Three kinds of water lift arc acrostatic,
hydrodynamic, and hydrostatic. Merchant  ships,
naval vessels, working crafl, and pleasure cralt arc
assorted by intended purposes.

Oceun Energyv. When viewing the world’s future
encrgy supply, there 1s the demand to exploit altern-
alive energy in order to sustain and further develop
the activitics ol mankind. Greater attention has come
1o be Tecused on ocean energy. and expectations have
been understandably high since the occan provides a
vast energy resource, theorctically capable of mecting
all our needs if only we could discover effective
extraction methods. The oceans are the world’s largest
solar energy collector and slorage system, and a great
deal of usable power could be generated, not only via
the dynamic exertion ol currents, waves, and lides,
but also via oceanic thermal encrgy conversion.
These means of supply are possible with the requisite
technelogy: however, more research is necessary to
provide greater confidence in technical and economic
feasibility.

Underwater Acoustics. The sound velocity profiles
are important factors for acoustic wuve propagation at
sea and for the measurement of the speed of sound in
water and the study of acoustic phenomena in the
ocean. Three sophisticated wave propagation models
are the acoustic ray model, the normal mode model
and the PE (parabolic wave equation) model.

Mariculture Engineering or “sea farming”™ technology
can be stated as the cultivation of marine organisms
in their natural cnvironment. Today, helty rescarch
efforts 10 produce some fish specics under artificial
conditions have given significant results when it
comes to velume. The technological progress towards
a sustainable industry has mainly been focused at two
areas: artificial reel and cage technology, and iceding
technology, Reasons for the success ol the sea farm-
ing industry include the lact that coastlines are olten
well-suited (or the growing of gencral water-fish
species, and the well-developed coastal infrastructure.
In addition to general research on biological matters,
studies huve produced large steps forward in terms of
vaccine development, feed development, farm tech-
nology development, and farming strategy.

Harbor and Navigation. Harbors afford a place of
safety for vessels in a protected water area where

vessels may discharge or receive cargo, Harbor activ-
ities include approaches, anchorage, and the commer-
cial aspects of quays, wharves, tacilitics for transfer
of carge. docks, and repair ships. Methods of naviga-
tion involving determining position, course, and dis-
tance traveled.

10.  Ocean Modeling

Mathematical medels of the ocean, and of the coupled
ocean—atmosphere  system  have become essential
componenis of ocean studies. In addition to iheir
capacity ol forecasting natural or human-induced
evolution ol the marine system, such models provide
a convenient framework {or organizing the results
of theoreticul studies and observational data. Data-
assimilation, on the one hand, and process-model
explorations ol theoretical ideas, on the other, are
clear examples of the cross-fertilization of mathemat-
ical modeling, theoretical investigations, and field
observations.

The development of marine hydrodynamic models,
before anything clse, has been considerably stimu-
lated by simultancous advances in weather prediction
and by their immediate application to coastal and
offshore engincering. The prevailing idea was, more
or less. that hydrodynamic models arc “self-
contained.” Although transport and dispersion of non-
living or living material in the sea are determinunt
factors of biogeochemical processes, the feedback of
these processes on hydrodynamic phenomena is not
significant (and, if nceded, could easily be taken
into account in some parametric form). Some socio-
economic undertakings of course could have con-
siderable effects but they were casy 1o transcribe in
purely hydrodynamic terms, as for inslance dredging
simply changes the depth distribution,

It is understandable that the physics may have scemed
more casily tractable. For instance, if one leaves aside
boundary processes (surface waves, lor instance), and
the ever-present acoustic and electromagnetic waves,
the ocean body has only three canals to propagate
information and cnergy: one is associated with the
stable stratification and is globally rcferred to as
“internal waves” (because they appear in the core of
the ocean column where stratification is not croded
by mixing): the other one is related to the Earth’s
rolalion which, in axes lixed with the Earth, tends to
relurmn a particle to its point of departure in a circular
trajectory: the last is an effcect of the Earth’s sphericity
which generates wave motions of large horizontal
space scales, the so-called Rosshy waves, involving,
in many cascs, the whole water column,

For the sake of comparison, lime scales associated
with these waves can be set at 107 s lor internal waves,
10*s for incrtial motion. and [0°s for curvature-
deminated Rosshy waves.

The external forces on the occan system may be,
in first approximation, separated into a few well-
understood signals: astrophysical forces generate
(solar and lunar) tides of well-defincd [requency
crenels: solar thermal energy has well-known peaks
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of activity at diurnal and scusonal time-scales; air—sea
{and sea—ice) interactions have more variable ranges
of activily but each ocean region has lcarmed to know
the regime it is subjected to.

The question arises, then: “Why is modeling the
physics of the occan so complicated?” The answer
lics in the fact that the problem is fundamentally non-
linear. One can identify clear-cut forcing mechanisms
and well-delimiled channels through which waves
can propagate energy and information and which are
typical of the geofluid. However, the basic non-
linearitics of the equations describing the system will
not allow this to proceed without an enormous disper-
sion ol both energy und information. As a result of
the non-linearity ol the geohydrodynamic equations,
physical processes of all scales can occur in the ocean
and no model can address the whele spectrum
simultancously.

However, this spectrim is a succession of peaks and
valleys, with the main peaks associated with external
forces (cnergy inputs) or inlrinsic mechanisms (eigen-
modes ol oscillations), and it is possible to distinguish
cogent bands of length-scales and timce-scales which
contain most of the energy and information one needs
to apprehend, understand, and possibly forecast the
system’s behavior,

Al the first stage of constructing models for the
exploration ol sustainable development scenarios, one
had perhaps a simple view of the physics (onc needed
to know the water velocily, temperature, and pres-
sure), and a completely discouraging vision of the
other disciplines (how many chemicals, living species
ol all sizes and specilicities, not taking into account
anthropogenic intruders, shall onc have to include).
This early appreciation was wrong. There is nothing
like the velocity or the temperature of marine water.
There is a whole distribution ol these properties over
time scales and length scales spanning as many orders
of magnide as one wishes to consider,

Everything that has been said for the hydrodynamics
may be repeated for the other disciplines of ocean
science. Marine ccosystems, down 1o bacteria (or
viral) populations deeply involved in the most basic
biogeochemical regenerating mechanisms, show a
hierarchical organization resulting from the different
rates ol physiological, behavioral, and ccological
processes in the multi-scale physical environment.
Processes with similar time-scales constitute levels in
the hicrarchy. Phenomena, on a particular level, are to
a large extenl dissociated from lower level “fluctu-
ations” or higher level “global trend,” and may be
relatively casily singled out of the total complexity of
the ccosystem.

The word “fluctuations™ cmphasizes the fact that,
given the range of time-scales and length-scales of
the hicrarchical level of the ccosystem which is being
studied and of the hydrodynamic processes in which
it is embedded, all physical and hiclogical processes
of smaller scales (undergoing multiple variations,
bifurcations, reversals, ele.), have some of the attrib-
utes of a background “noisc” largely canceling out in
the mean, This small-scale background alfects the

model forccast through the residue of the non-linear
interactions expressed in the model in theory-guided
semi-cmpirical parametric formulations.

A completely realistic model would describe an
infinitc number of variables, but that model would be
the rea! world itself. Computing facilitics, ol course,
impose limitations on the number ol variables bul,
independently of such restrictions, there are reliability
and clarity constraints: a model with many variables
incorporates as many different processes and inter-
actions and involves a correspondently large number
of parameters and boundary/initial conditions which
cannot be evaluated from existing databases within an
inevilable margin of crror. On the other hand, the
results of such a model can become impossible to
interpret in terms of scientific diagnosis and manage-
ment recommendations.

Trying to reduce the overall dimensions of a model, 1t
is tempting—and this approach has prevailed for a
long time—to scparate the model into disciplinary
sectors and to consider separately hydrodynamical,
chemical, biological, and economic models.

Of these, the hydrodynamic models are for historical
reasons by lar the most advanced. In a scnse. this is
rather fortunate because the understanding of hydro-
dynamic processes is prerequisite to any form of
chemical, biclogical, or cconomic meodeling and,
indeed. constitutes, in the present state of develop-
ment ol marine models, the most reliable contribution
1o the explanation and anticipation of ecological pro-
cesses and to the management of marine resources.

This disciplinc-oriented approach, however, while
nalurally consistent with the early stages of modcl
development, cannot be exiended to models intended
10 conduct investigations into sustainable develop-
ment scenarios. These require global vision and long-
term perspectives. The wider and the longer one looks
al the Earth system, the more onc needs the under-
standing of all the disciplines of knowledge. and of
their intricaled interactions, (o appraise all the conse-
quences of environmental or human-induced activity.
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