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Abstract

The ocean exerts a pervasive influence on Earth’s environment. It is therefore important that we learn how this
system operates (NRC, 1998b; 1999). For example, the ocean is an important regulator of climate change (e.g.,
IPCC, 1995). Understanding the link between natural and anthropogenic climate change and ocean circulation
is essential for predicting the magnitude and impact of future changes in Earth’s climate. Understanding the
ocean, and the complex physical, biological, chemical, and geological systems operating within it, should be an
important goal for the opening decades of the 21st century. Another fundamental reason for increasing our un-
derstanding of ocean systems is that the global economy is highly dependent on the ocean (e.g., for tourism, fish-
eries, hydrocarbons, and mineral resources) (Summerhayes, 1996). The establishment of a global network of
seafloor observatories will help to provide the means to accomplish this goal. These observatories will have pow-
er and communication capabilities and will provide support for spatially distributed sensing systems and mobile
platforms. Sensors and instruments will potentially collect data from above the air-sea interface to below the
seafloor. Seafloor observatories will also be a powerful complement to satellite measurement systems by provid-
ing the ability to collect vertically distributed measurements within the water column for use with the spatial
measurements acquired by satellites while also providing the capability to calibrate remotely sensed satellite
measurements (NRC, 2000). Ocean observatory science has already had major successes. For example the TAO
array has enabled the detection, understanding and prediction of El Nifio events (e.g., Fujimoto et al., 2003). This
paper is a world-wide review of the new emerging «Seafloor Observatory Science», and describes both the sci-
entific motivations for seafloor observatories and the technical solutions applied to their architecture. A descrip-
tion of world-wide past and ongoing experiments, as well as concepts presently under study, is also given, with
particular attention to European projects and to the Italian contribution. Finally, there is a discussion on
«Seafloor Observatory Science» perspectives.

Key words multidisciplinary seafloor observato- nated research effort of long-term investiga-
ries — marine science and technology tions is required. Experiments and research pro-
grammes, from the 1980s to the present, reflect
the progressive enhancement of monitoring

1. Introduction systems in the ocean basins. During this time
we have witnessed the achievement and

Much of what we know about the oceans is strengthening of the concept of «seafloor obser-
the result of ship-based expeditionary science vatories» and the integration of earlier, quite
dating back to the late 19th century. But, it is simple, stand-alone seafloor mono-parameter
now clear that to answer many important ques- monitoring modules inside more complex mul-
tions in the ocean and Earth sciences, a co-ordi- ti-parameter platforms with extended lifetime

and performance. Simple stand-alone modules
like OBSs (acronyms and abbreviations are list-
ed before the references), already in use, al-
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covery are performed either by means of ROVs
or by free-fall landing and pop-up procedures.
More complex systems with better perform-
ance, namely seafloor observatories, have been
developed to overcome the limitations of the
stand-alone modules with respect to multidisci-
plinary monitoring and (near)-real-time commu-
nications and integration. Much of seafloor ob-
servatory research is interdisciplinary in nature
and has the potential to greatly advance the rele-
vant sciences. To obtain further advances, long
time-series measurements of critical parameters,
such as those collected using seafloor observato-
ries, are needed to supplement traditional seago-
ing investigations (NRC, 1998a, 1999, 2003c). In
1991 the EC promoted feasibility studies aimed
at identifying both the scientific requirements
(Thiel et al., 1994) and the possible technologi-
cal solutions for the development of seafloor ob-
servatories, the ABEL concept (Berta et al,
1995). The «Symposium on Seafloor Observato-
ries» (Islamorada, Florida, 2000) was an oppor-
tunity to discuss the scientific potential and tech-
nical needs associated with the establishment of
anetwork of seafloor observatories. This meeting
was followed by the NRC report «Illuminating
the Hidden Planet. The future of Seafloor Obser-
vatory Science». In this report a complete defini-
tion of the term «seafloor observatories» was giv-
en for the first time: «[...] an unmanned system,
at a fixed site, of instruments, sensors, and com-
mand modules connected to land either acousti-
cally or via a seafloor junction box to a surface
buoy or a fibre-optic cable [...]» (NRC, 2000). In
the fall of 1999, NSF asked NRC to investigate
the scientific merit, technical requirements, and
overall feasibility of establishing the infrastruc-
ture needed for a network of unmanned seafloor
observatories. The NRC Committee on Seafloor
Observatories was appointed to carry out this
task and concluded that seafloor observatories
present a promising and in some cases essential-
ly new approach for advancing basic research in
the oceans. NSF was thus encouraged to move
ahead with plans for a seafloor observatory pro-
gramme (NRC, 2000). The scientific benefit of
seafloor observatory investigations has been
recognised for many years, and, as such, numer-
ous independent national and international ef-
forts have been proposed or are underway. Many
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of these challenging initiatives are described here
(see Section 4). Although seafloor observatories
have primarily research goals, the data collected
by them will also provide an important contribu-
tion to operational observing systems such as
GOOS (NRC, 1997; GOOS, 1999). This paper
reviews the efforts made world-wide in a new
emerging science, «Seafloor Observatory Sci-
ence» and its perspectives, focusing on European
and Italian contributions.

2. Scientific motivation for seafloor
observatories

The question we have to answer is: «Why es-
tablish seafloor observatories?». In recent
decades oceans, Earth and planetary sciences
have been shifting from a discontinuous, expedi-
tionary mode toward a mode of sustained in sifu
observations. This change in the mode of investi-
gation stems from the realisation that Earth and
its oceans are not static, but are dynamic on
many time and space scales, not just the short
time scales involved in catastrophic events. As
examples of catastrophic events we may note the
influence on global weather of the El Nifio events
of 1982-1983 and 1997-1998 or earthquakes,
with associated tsunami waves, like the cata-
strophic earthquake (M,, 9.5 main shock) and re-
lated tsunami that occurred at the end of Decem-
ber 2004 in the Indian Ocean (Lomnitz and
Nilsen-Hofseth, 2005; Merrifield et al., 2005).
Understanding Earth and its oceans means inves-
tigating processes as they occur. A scientifically
powerful component of the observatory concept
is the long time-series collection of multiple vari-
ables at a single location. These multidisciplinary
data sets will enable the enhancement of more
traditional methods, giving strong benefits to
many disciplines, like geophysics (Favali et al.,
2002), physical oceanography (Millot, 2002) and
biology (Thiel et al., 1994).

Seafloor observatories could offer Earth and
ocean scientists new opportunities to study mul-
tiple, interrelated processes over time scales
ranging from seconds to decades. Scientific
processes with various time scales should bene-
fit from data collected by seafloor observatories.
These include: a) episodic processes; b) process-
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es with periods from months to several years;
c) global and long-term processes. Episodic
processes include, for instance, eruptions at mid-
ocean ridges, deep-ocean convection at high lat-
itudes, earthquakes, and biological, chemical and
physical impacts of storm events. The category
«b» includes processes like hydrothermal activi-
ty and biomass variability in vent communities.
The establishment of an observatory network
will be essential to investigate global processes,
such as the dynamics of the oceanic lithosphere
and thermohaline circulation.

2.1. Role of the ocean in climate

Climate variations have widespread societal,
economic, and environmental impact (NRC,
2003b). As a result, vigorous research efforts are
currently aimed at improving our understanding
of the spectrum of climate system variations. The
ocean is a component of Earth’s climate system,
playing an increasingly important role in deter-
mining the nature of climate variability, as time
scales expand. The goal is ultimately to predict
climate variability and change. Another impor-
tant issue is to separate natural interannual-to-
centennial climate variations from anthropogeni-
cally induced climate change. This aspect is crit-
ical for predicting future variations and magni-

tudes of climatic changes. Therefore, we rely in-
creasingly on models of the climate systems.
Even though present ocean circulation models
are much improved, our knowledge of ocean
physics is not comprehensive enough. A substan-
tially improved observational basis for determin-
ing the necessary model enhancements is re-
quired. Oceanographic variability has a signifi-
cant influence on climate. The deep-sea has also
recently been warming significantly (e.g., Fuda
et al., 2002) and it is very important to under-
stand the causes and its role in a climate change
context. It is essential to fully resolve many
scales of variability and this requires nested,
complementary observing systems. Moreover,
such observing systems provide the physical
oceanographic context for interpreting biological
and chemical distribution. To further our under-
standing of the role of the ocean in climate,
seafloor observatories should be long-term facil-
ities. A fundamental change achieved by pursu-
ing the observatory concept would be the main-
tenance of existing sites and establishment of
new sites. This may be the key to moving from
the current focus on long-term science projects,
such as JGOFS or CLIVAR, to the implementa-
tion of a sustained global ocean-observing sys-
tem (NRC, 1998a,b; 2004). The main scientific
goals achievable by using seafloor observatories
are listed in table I. For instance, reliable sam-

Table 1. List of scientific goals where the Seafloor Observatory Science is very useful (NRC, 2000).

Sectors Scientific goals

Role of the ocean
in climate

— To test and improve ocean circulation models.
— To understand the physics of the exchange processes between the ocean and atmosphere.

— To observe the ocean climate anomalies from generation to destruction.
— To predict climate variability and change.
— To monitor, understand and predict:
o the sequestration of carbon dioxide in the ocean;
o productivity and biomass variability, including factors controlling chemistry;
o the full temporal and vertical evolution of thermohaline structure;
o rapid episodic changes of the ocean;
o changes in water mass transformation processes;
o air-sea exchanges (e.g., heat and gases);
o vertical exchanges of heat, salt, nutrients and carbon;
o thermohaline variability in the Arctic and Antarctic;
o the pathways of ocean transports;
o the role of eddies in transport and mixing.
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Table I (continued).

Sectors Scientific goals

— To provide reference sites for calibration or verification of:
o air-sea fluxes for numerical weather prediction models, satellites;
o absolute interior and Eckman layer velocities;
o remote sensed variables (e.g., sea surface temperature, sea level, wind);
o model statistics, physics and parameterisations.

Fluids and life — To investigate the chemical and biological response to episodic volcanic
in the ocean crust and hydrothermal events.

— To inquire into marine food webs on the seafloor.

— To understand the linkages between geological, biological and chemical processes
in ocean crust.

— To assess the extent of sub-seafloor biosphere and determine its biological and chemical
character.

— To assess the impact of fluid and gas flow and related processes on crustal structure
and composition, ocean chemistry, and biological productivity.

— To determine the fluid flow patterns on ridge crests and flanks,
and in convergent margins through space and time.

— To directly observe the changes in heat, chemical fluxes, and biological diversity
produced by ridge-crest magmatic and tectonic events.

— To determine how hydrothermal-event plumes form and assess their global importance.

— To directly observe how biological productivity and diversity change in response to
fluctuations in fluid and chemical fluxes at vents and seeps on ridge crests and flanks,
and at convergent margins.

— To assess the extent to which sediment cover and spreading or subduction rates affect
fluid chemistry and biological diversity at ridge crests and flanks, and subduction zones.

— To quantify the importance of chemosynthetic productivity on the seafloor.

— To understand the relations between tectonic and fluid processes in subduction zones.

— To determine rates of gas hydrate formation and dissociation in response
to perturbations of pressure, temperature, and fluid chemistry and flow rate
and determine the influence on ocean chemistry, biology and climate.

Dynamics of oceanic - To investigate:

lithosphere and o global Earth structure;
imaging Earth’s o core-mantle dynamics;
interior o seismogenesis at subduction zone megathrusts;

o seismogenesis at convergent margins;

o ridge-crest processes and creation of oceanic crust;

o marine volcanism;

o upper mantle dynamics;

o oceanic plate kinematics, plate deformation and faulting;
o geo-hazard mitigation.

Coastal ocean — To investigate:
processes o sediment transport;
o coastal eutrophication;
o the impacts of global environmental change on the coastal environment;
o fishery;
o the structure and function of coastal ecosystems.

Turbulent mixing — To observe and understand processes that modulate vertical turbulence statistics.
and biophysical — To generalise turbulence flux parameterisations.
interactions — To determine the relationships between temporal and spatial distribution of turbulence

in the ocean.
— To map sub-surface distribution of mesoscale and sub-mesoscale horizontal turbulence.
— To determine the impacts of turbulent mixing on biochemical distribution.
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Table I (continued).

Sectors Scientific goals

Ecosystem dynamics
and biodiversity

— To detect and follow episodic ecological events (e.g., faunal responses to volcanic
eruptions or hydrothermal fluid events).

— To characterise and understand long-term (annual to decadal) ecological cycles.
— To characterise and understand shorter-term (diel, tidal to seasonal) biological cycles.
— To detect and monitor ecosystem responses to anthropogenic perturbations
(e.g., influences of climate change on nutrients, trace metals and trace gases).
— To forecast population and community changes (e.g., forecasting changes

in fisheries stocks).

pling of the deep-sea environment (over 50% of
the Earth’s surface) is important for reconstruct-
ing episodes linked to past climatic variability; to
do this appropriate tools for sediment sampling
and for deep-sea geotechnics are necessary (e.g.,
Oebius and Gerber, 2002).

2.2. Fluids and life in the ocean crust

Although ocean chemistry is greatly influ-
enced by the movement of fluids through ocean-
ic crust, the processes controlling this flow are
poorly understood. Four different environments
are important for research on fluids and life in
the oceanic crust: ridge crests, ridge flanks, con-
vergent margins, and coastal areas on passive
margins. Within each of these environments, it
is critical to determine the nature and the link-
ages among tectonic, thermal, chemical, and bi-
ological processes at different temporal and spa-
tial scales. Previous observations of fluids relat-
ed to the ocean crust have been made mainly by
deploying single, short-duration experiments
that stored data rather than transmitted informa-
tion in real time. To make significant advances,
it is essential to observe co-varying processes by
making large-scale simultaneous collections of
measurements over a variety of time scales. Fur-
thermore, real-time data collection through
seafloor observatories is essential, as it will al-
low scientists to respond to unusual events or
modify experiments if necessary. The chemistry
and biology of fluids within the oceanic crust is
a cutting edge research field for which seafloor
observatories are an essential investigative ap-
proach (table I). One of the most exciting scien-
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tific problems that can be addressed using ob-
servatory science concerns the nature of the
sub-surface biosphere. This is thought to con-
tain a population of dormant microbes that are
periodically driven into a population explosion
by input of heat and volatiles into the crust dur-
ing magma emplacements. Eruptive events on
the seafloor can release great volumes of hy-
drothermal fluid that affect the chemistry and
biology of the overlying water and generate a
unique type of hydrothermal plume, called an
event plume. Although it is not known how
event plumes are formed, it is clear that they are
produced by a sudden catastrophic release of
large quantities of hot water. Eruptions also ex-
trude lavas on the seafloor, creating new habi-
tats for endemic vent faunas and increasing pro-
duction and export of deep-living microbial
populations (Delaney et al., 1998; Summit and
Baross, 1998). Initial changes in the water col-
umn and the seafloor after an eruption are very
difficult to study using expeditionary approach-
es; a seafloor observatory system near a volcani-
cally active site would provide an important
platform for characterising the early stages of
an event while also monitoring longer-term
changes. A good example is the NeMO Obser-
vatory (see Section 4.2). Another exciting and
closely related scientific problem concerns the
general response of the hydrothermal system
and associated biota to seafloor spreading
events in which magma is injected into the
crust. This research would include the response
of seafloor biological communities at conver-
gent margin seepage sites to abrupt changes in
fluid and chemical fluxes caused by seismic ac-
tivity.
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Similarly, the dynamics of gas hydrate for-
mation and dissociation, especially in response
to perturbations produced by tectonic cycles or
global warming, is a problem of current interest
that could be addressed by observatory science.
For future studies of fluids and biota in the
oceanic crust, access to the sub-surface is a crit-
ical requirement. One possibility for sampling
and observing fluids and biota in the crust is by
drilling, and some seafloor observatory experi-
ments would be conducted in conjunction with
boreholes drilled into the crust, like the CORKSs
observatories (see Section 4.1). Thus, ODP, its
continuation IODP and the development of new
drilling capabilities will be an essential adjunct
to seafloor observatory studies.

2.3. Dynamics of oceanic lithosphere
and imaging Earth’s interior

Geoscience research in the oceans is mov-
ing beyond the exploration and mapping of the
seafloor and is focusing on the dynamics of the
solid Earth system and the interaction of geo-
logical, chemical and biological processes
through time. Many of Earth’s dynamic tecton-
ic systems will be difficult to understand fully
without continuous observations provided by
the establishment of seafloor observatories.
These include the complex magmatic and tec-
tonic systems at ridge crests and submarine vol-
canoes; the genesis of destructive earthquakes
and tsunamis and their relationships to large-
scale plate motions, strain accumulation, fault
evolution, and sub-surface fluid flow; the geo-
dynamics of Earth’s interior and the origin of
Earth’s magnetic field; and the motion and in-
ternal deformation of lithospheric plates.
Seafloor observatories also have the potential to
play a key role in the assessment and monitor-
ing of geo-hazards, as many of Earth’s most
seismogenic zones and most active volcanoes
occur along continental margins.

The short-term expeditionary approach,
common in the ocean sciences in the past, is
poorly suited to detect or understand longer-
time changes. Continuous measurements are re-
quired with the ability to react quickly to
episodic events, such as earthquakes and vol-
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canic eruptions. Geophysical observatories
have long been an integral component of Earth
science research on land; advances in technolo-
gy and our understanding of the oceans now
make it feasible to establish long-term observa-
tories on the seafloor, as many experiments and
projects have demonstrated (see Section 4 for
details). Many areas of Earth science would be
advanced through the collection of time-series
observations on the seafloor (table I), these in-
clude: a) global Earth structure and core-mantle
dynamics; b) seismogenesis at subduction zone
megathrusts, and at convergent margins; c)
ridge-crest processes and oceanic volcanism; d)
oceanic plate kinematics, plate deformation,
and faulting; e) geo-hazard mitigation. The sci-
entific objectives that can be addressed particu-
larly with geophysical data from long-term
ocean-bottom observatories include two broad
subject areas: Earth structure and natural haz-
ards. These two areas can each be divided into
sub-areas according to the global, regional, and
local spatial scale under investigation: a) global
scale: mantle dynamics, core studies, moment
tensor inversion; b) regional scale (between 500
and 5000 km): oceanic upper mantle dynamics,
lithosphere evolution, and tsunami warning and
monitoring; c¢) local scale (<500 km): oceanic
crustal structure, sources of noise, and detailed
earthquake source studies (tomography of the
source, temporal variations).

For the global Earth structure, there are fun-
damental scientific questions concerning the dy-
namics of Earth’s mantle and core; for instance,
the spatial scale of convection and the existence
of distinct mantle geochemical reservoirs. The
nature and origin of hotspots and their interac-
tion with the lithosphere are other important
questions in mantle dynamics. New paleomag-
netic data are inconsistent with the idea of
«fixed» hotspots (e.g., Torsvik et al., 2002) and
geochemical data appear to be compatible with
different origins for hotspots, including the 670-
km discontinuity, a boundary in the lower man-
tle, or the core-mantle boundary (e.g., Zhao,
2001; De Paolo and Manga, 2003). Four cen-
turies after the demonstration by Gilbert that
Earth’s magnetic field is largely of internal ori-
gin, our understanding of the dynamo process re-
sponsible for generating the field remains incom-
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plete. Improved spatial sampling provided by
long-term seismic and geomagnetic observations
in the ocean promises great gains in understand-
ing the geodynamics of Earth’s interior and the
origin of Earth’s magnetic field. Large gaps exist
in the global network of seismic and geomagnet-
ic stations, since the oceans cover 7/10 of the
whole Earth surface. These gaps can not be filled
with island stations only, particularly in the East-
ern Pacific and southern oceans. Many authors
have recognised the importance of filling these
gaps by using seafloor observatories (e.g., Purdy
and Dziewonski, 1988; Montagner and Lancelot,
1995; Lowes, 2002). The OSN, first proposed
over a decade ago, is envisioned as part of a larg-
er ION, and would include about eight seafloor
magnetic observatory sites as necessary for an
improved global characterisation of the short-
term behaviour of Earth’s magnetic field.

For seismogenesis, plate tectonic theory pro-
vides a quantitative framework within which
lithospheric deformation and faulting can be un-
derstood as well as a first-order explanation of
the global distribution of seismicity. However,
investigations are focusing on the deformation
process itself and the still poorly understood in-
terplay among tectonic stress, rock rheology, flu-
id distribution and faulting (e.g., Monna et al.,
2003 and references therein). Subduction zone
megathrusts produce the largest and potentially
most destructive earthquakes and tsunamis on
Earth. Despite the societal impact of these great
earthquakes, little is known about the seismo-
genic zones. Understanding the origin of major
earthquakes at subduction zones, such as off-
Japan, Central America and Cascadia, is the key
focus of the SEIZE international initiative
(Moore and Moore, 1998). The scientific strate-
gy employed by SEIZE involves a combination
of geophysical imaging, drilling, and long-term
monitoring over an earthquake cycle at a few
representative subduction zones. These observa-
tions, in concert with laboratory experiments on
the behaviour of material and theoretical model-
ling, offer the potential for major advances in our
understanding of earthquake processes. A sea-
floor observatory programme would comple-
ment land-based studies by providing the capa-
bility to monitor deformation and faulting of off-
shore active fault systems.
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For ridge-crest processes and oceanic vol-
canism, the volcanism controls the heat flux,
mass and volatiles from Earth’s interior. The
circulation of hydrothermal fluids transfers heat
from the crust to the overlying ocean, and mod-
ifies ocean chemistry. Hydrothermal processes
affect the chemical, thermal and biological bal-
ance of oceanic environments. As a result of
successful interdisciplinary international pro-
grammes, such as RIDGE and InterRIDGE, the
importance of understanding the links among
geological, physical, chemical, and biological
processes in submarine volcanic systems is well
established. Current ship-based studies allow
only periodic visits, at intervals of months to
years. Thus, hydrothermal and biogeochemical
processes that occur at and immediately after
the time of an eruption have never been ob-
served. The links, mentioned above, can be
studied by installing long-term observatory
nodes at sites along the global mid-ocean ridge
system and at a few oceanic volcanoes.

For oceanic plate kinematics, deformation,
and faulting, our picture of plate tectonics is
largely based on historical data sets, such as the
geomagnetic reversal record averaged over mil-
lion of years, geomorphologic estimates of trans-
form-fault azimuths, and present-day earthquake
slip vectors. These data have provided input to a
plate tectonic model. But this model lacks detail
because most of the plate boundaries are under-
water. Seafloor observatories provide an oppor-
tunity to advance the embryonic science of mon-
itoring geodetic motions on the seafloor. It will
finally be possible to continuously observe mo-
tion near plate boundaries.

For geo-hazard mitigation, as the human
population continues to grow, the potential social
and economic dislocation provoked by natural
hazards, such as earthquakes, volcanoes, subma-
rine landslides and tsunamis, has increased.
These impacts are especially detrimental to de-
veloping nations. The destructive earthquakes
and related tsunamis that occurred at the end of
2004 in the Indian Ocean, and that strongly af-
fected Sumatra, Malaysia, Indonesia, the An-
daman Islands, Thailand, Myan Mar, Bangla
Desh, Sri Lanka, India and the Maldives in terms
of lives and economic impact, are only the most
recent examples. Another cause of hazard is the
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natural leakage of gaseous hydrocarbons at the
seafloor, gas bubbles in the sediment, leaking hy-
drates, mud volcanoes on land and on the
seafloor, and submarine gas seepage in pock-
mark fields (Etiope and Favali, 2004). New sub-
marine gas sources are being continuously dis-
covered (e.g., Holland et al., 2003). Off-shore
gas leakage has not been adequately explored,
but is an important hazard for off-shore oil ex-
ploration, exploitation and construction of relat-
ed infrastructures (Etiope et al., 2002). Au-
tonomous multidisciplinary benthic observato-
ries can be used for reliable characterisation and
monitoring of specific sites, like pockmarks
(Marinaro et al., 2004). The main advantage of
long-term monitoring is to assess the temporal
variability of the phenomena.

2.4. Coastal ocean processes

An important factor limiting coastal ocean
research is the inability to quantify vertical and
horizontal transport of water, elements and en-
ergy through the coastal ocean system. Long
time-series measurements of critical parame-
ters, such as temperature, salinity, nutrients and
trace elements, will help to provide the neces-
sary data to remedy this deficiency. The coastal
ocean includes estuaries, and the continental
shelf and slope, and incorporates a great deal
of environmental diversity. Furthermore, the
coastal ocean is where terrestrial influences en-
counter the broader ocean. It is the area of the
ocean most strongly affected by anthropogenic
impacts, it displays a strong geographic diversi-
ty, and it is the most biologically productive part
of the ocean and hence is most heavily fished.
Some major problems in coastal ocean science
are the following: a) coastal ecosystems are ex-
tremely productive, but not very well under-
stood in terms of how their structures and func-
tions respond to variations in environmental
conditions; b) there are concerns both about
how global change might affect littoral areas,
and about how the resulting variations within
the coastal zone might affect the rest of the
ocean; separating natural from anthropogenic
changes is essential; ¢) coastal management is-
sues will require long, high-resolution time se-
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ries of coastal ocean processes. The need to un-
derstand oceanographic change then implies a
need to document environmental changes and
their potential forcing agents. Because the
oceanographic variability can change with time
over weeks to years, there is a great need to col-
lect long-time series in order to document im-
portant variations in critical parameters (table
I). One way of making long-term measurements
in the coastal ocean would be to deploy arrays
of moorings equipped with a wide spectrum of
sensors. A low-cost model for a moored-buoy
observatory has been proposed by Frye et al.
(1999).

2.5. Turbulent mixing and biophysical
interactions

Successful modelling of the distribution of
organisms and chemical compounds in the
ocean depends directly on the predictive quality
of circulation models, which are limited by our
ability to model turbulent mixing in the ocean.
Because turbulent motions result from highly
non-linear dynamics acting across a range of
time and space scales, progress in understanding
these motions is difficult. Advances depend on
systematically collecting long-term measure-
ments and resolving small vertical and horizon-
tal scales throughout the range of turbulent
regimes that are controlled by extremes of me-
chanical forcing, buoyancy forcing and topogra-
phy. Turbulent mixing occurs over a broad spec-
trum of time and space scales, strongly affecting
the distribution of momentum, heat, chemical
compounds and living organisms in the ocean.
Turbulent mixing at the sea surface mediates air-
sea exchange of biologically reactive com-
pounds, such as dimethyl sulfide and carbon
dioxide. Turbulence in the bottom boundary lay-
er plays a role in benthos-pelagic coupling of
nutrients, and affects chemical signalling, habi-
tat choice and genetic exchange in benthic com-
munities. The grand objective is a parameterisa-
tion of turbulence statistics as a function of larg-
er scale, more deterministic flows. The physical
oceanography community has identified sub-re-
gions of general circulation models that are
greatly in need of improvement, including deep
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convection, boundary currents and benthic
boundary layers, the dynamics and thermoha-
line variability of the upper mixed layer, fluxes
across the air-sea interface, diapycnal mixing,
and topographic effects. There is a strong con-
nection between the understanding of coastal
ocean processes and diapycnal mixing. Because
of the bottom slopes, flow across depth contours
implies a vertical density transport that can de-
termine transport in the boundary layer. Flow
near the bottom is important because of its role
in the transportation of materials, such as sedi-
ments and benthic biota, between shallow and
deep water. These bottom flows govern the be-
haviour of stronger alongshore flows in the
overlying water column. As with the diapycnal
turbulent fluxes, there is a clear need to improve
our knowledge of horizontal turbulence. This re-
search is a new frontier for physical oceanogra-
phy. Furthermore, in this case also effective
tools for sampling the benthic boundary layer
can greatly help (e.g., Oebius and Gerber, 2002).

The main challenge for the parameterisation
of turbulent mixing is to obtain high-quality tur-
bulence statistics and their variation. To develop
a universal parameterisation it is necessary to
conduct observational studies in a broad range of
environmental conditions (table I). In this con-
text, a seafloor observatory programme would
be of great benefit to advance our understanding
and parameterisation of mixing in different dy-
namic regimes. Some of these dynamic regimes
that need to be observed include: a) a smooth
bottom dominated by steady geostrophic flows;
b) rough-bottom topography; c) dense water for-
mation; d) internal tidal solitons; e) sill over-
flows; f) extreme atmospheric forcing at the
near-surface boundary layer; g) double diffusive
regime; h) hydrothermal vent fields; i) the conti-
nental shelf; j) vortex shedding; k) baroclinic in-
stability; 1) sediment gravity flows.

2.6. Ecosystem dynamics and biodiversity

The biological, ecological and biogeochem-
ical questions likely to benefit most from sus-
tained ocean time-series observations are those
involving time-dependent processes or episodi-
cally triggered events, and those requiring long-
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term data sets. Seafloor observatories are cru-
cial for addressing many of the major scientific
problems (table I). It is also important to note
that the observatory approach, while necessary
for solving many problems in marine ecology
and biological oceanography, is not sufficient
alone, and must be used in concert with other
approaches. Oceanic ecological observatories
will extend into deep water the concept of the
LTER network. The mission of LTER is similar
to that proposed for seafloor observatories in
that it aims to understand ecological phenome-
na occurring over long temporal and broad spa-
tial scales and to increase our understanding of
major natural and anthropogenic environmental
perturbations at selected sites. Just as restricting
a seismic network only to land limits the abili-
ty of geophysicists to understand the dynamics
of the Earth, restricting ecological observato-
ries only to land limits the ability of ecologists
to fully understand the dynamics of the bios-
phere. LEO-15 constitutes a good example of a
long-term ecosystem underwater observatory
(Schofield et al., 2002). In this case, a seafloor
observatory is considered in the broadest sense
as a system supporting measurements from the
seafloor to the ocean surface. An observatory
might consist of a series of stationary observa-
tory nodes to monitor the seafloor and the wa-
ter column and AUVs dispatched to provide
broader spatial and temporal coverage. This
definition does not include Lagrangian drifters
or floats, but their use will greatly complement
an array of fixed observatories.

The exploitation of deep-sea resources, be-
gun more than 50 years ago, is expected to in-
crease in the next future. In these activities, im-
pact assessments must be conducted to avoid
any misuse of the environment, by using the
deep-sea either for waste deposition or for ore
mining and hydrocarbon extraction (Thiel,
2002 and references therein).

3. Technical solutions for seafloor
observatory architecture

The principal characteristic of a seafloor ob-
servatory is a two-way communication between
platforms and instruments and shore. During the
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last 30 years deep-sea investigations moved from
scarce observations to continuous measurements
of a wide set of parameters in selected areas. Un-
til the 1980s, deep-sea investigations relied on
autonomous bottom landers, in the middle of the
1980s they were based on deep manned sub-
mersibles (table II). Starting from the 1990s, the
concept of benthic stations and (relocatable and
long-term) seafloor observatories appeared (Per-
son et al., 2006). Seafloor observatories are char-
acterised by the following basic elements: a)
multiple payload; b) autonomy; c) capability to
communicate; d) possibility to be remotely re-
configured; e) accurate positioning; f) data ac-
quisition procedures compatible with those of

shore observatories. It is also useful to introduce
some definitions:

1) Seafloor observatory is an unmanned
station, capable of operating in the long-term
on the seafloor, supporting the operation of a
number of instrumented packages related to
various disciplines. Seafloor observatories can
have as possible configurations: autonomous,
acoustic linked and cabled.

Autonomous — Observatory in stand-alone
configuration for power, using battery packs,
and with limited capacity of connection, using,
for instance, capsules or an acoustic link from
the surface, which can transfer either status pa-
rameters or a very limited quantity of data.

Table II. Deep-rated ROVs (R) and manned submersibles (S) for research purposes (operation depth greater
than 2000 m) (e.g., NRC, 2000; Romanowicz et al., 2001; Sagalevitch, 2004).

Vehicle Type Depth rating (m) Support research vessel Operating institution
Pisces IV S 2000 Ka‘imikai-o-Kanaloa NOAA
Pisces V S 2000 Ka‘imikai-o-Kanaloa NOAA
Shinkai 2000 S 2000 Natsushima JAMSTEC
Aglantha R 2000 Opportunity IMR
Cyana S 3000 Opportunity IFREMER
Dolphin 3K R 3000 Natsushima JAMSTEC
Hyper-Dolphin R 3000 Kaiyo JAMSTEC
Little Hercules R 4000 Opportunity IFE
Hercules R 4000 Opportunity IFE
Quests R 4000 Opportunity MARUM
MODUS(¥) R 4000 Opportunity TUB
Tiburon R 4000 Western Flyer MBARI
Alvin S 4500 Atlantis WHOI
ROPOS 11 R 5000 Opportunity CSSF
Nautile S 6000 Nadir/La Thalassa IFREMER
Victor 6000 R 6000 L’ Atalante/La Thalassa IFREMER
Mir-1 S 6100 Akademik Keldysh Shirshov Institute
Mir-2 S 6100 Akademik Keldysh Shirshov Institute
Jason 11 R 6500 Atlantis/opportunity WHOI
Shinkai 6500 S 6500 Yokosuka JAMSTEC
Isis R 6500 Opportunity NOC
UROV7K R 7000 Kairei JAMSTEC
Kaiko () R 11000 Kairei JAMSTEC

(*) Primarily designed for GEOSTAR; (**) lost in 2003.
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Acoustically linked — Observatory able to
communicate by acoustics to an infrastructure,
such as a moored buoy or another observatory.

Cabled — Observatory having as infrastruc-
ture a submarine cable (retired cables, dedicat-
ed cables or shared cables devoted to other sci-
entific activities, such as neutrino experiments).

2) Infrastructure is any system providing
power and/or communications capacity to an
observatory (e.g., a submarine cable, a moored
buoy, another observatory); an infrastructure
may also serve as support for other instrument-
ed packages.

3) Instrumented package is a sensor or in-
strument devoted to a specific observation task;
it may be hosted inside the observatory, be op-
erated autonomously, be directly connected to
an infrastructure or be placed near an observa-
tory and interfaced to it (thus having the obser-
vatory as its infrastructure).

The technological issues regarding long-
term observatories versus temporary stations
are quite similar. However, the technological
developments are largely dependent on the pe-
riod of operation of the station; a long-term ob-
servatory is much more difficult to maintain
than a temporary ocean bottom station, due to
the problems of power supply, failures in data
retrieval and transmission, and corrosion and
bio-fouling. Long-term observatories can be
used as reference stations and as nodes for
short-term experiments with a dense coverage
of stations (Montagner et al., 2002). These tem-
porary arrays, for instance of OBS/H, are need-
ed to study seismicity in particular areas. Many
experiments have already demonstrated the im-
portance of integrating OBS/OBH with land-
based seismic stations or of using a dense array
of OBS/OBH, thereby greatly improving the
quality of results (e.g., Hino et al., 1996; Dahm
et al., 2002; Montuori, 2004; Shinohara et al.,
2004; Barberi et al., 2006; Sgroi et al., 2006).
This approach is completely different from the
long-term seafloor observatories: it is a sort of
mobile network for specific experiments simi-
lar to terrestrial ones. The OBS/OBHs are nor-
mally deployed in a free-falling mode, and this
introduces an uncertainty in the positioning, in
the orientation of the three components, and in
the coupling of sensors with the seabed. De-
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pending on the sampling rate, they also have a
limited autonomy. Moreover, there is no control
of the instrument while it is on the seafloor. On-
ly a posteriori, after recovery with a pop-up
system, is it possible to discover if the sensor
has worked correctly and to recover the collect-
ed data. For studying local seismicity deploy-
ments of a few months are sufficient. On the
contrary for global tomographic studies 1-2
year deployments are preferable (Bialas et al.,
2002).

At present, there are two ways to provide
two-way connection: using either a cabled or
an acoustic link (e.g., Stojanovic, 1996; Sozer
et al., 2000) from the seafloor to a surface buoy
that communicates via satellite and/or radio to
shore, or using submarine electro-optic cables
linked directly to a shore station. The links
through cables can be made using either new
cable deployments or decommissioned cables
(e.g., Nagumo and Walker, 1989). On the other
hand, individual nodes established for various
scientific purposes can differ in size, complexi-
ty, scientific instrumentation, and technical ca-
pabilities in order to balance overall network
objectives and cost. The actual designs must be
driven by science needs. Standardisation is one
of the key issues.

Another important issue is to have proper
marine logistics for the management of fixed
seafloor observatories (ships and ROVs) and
joint use of AUVs able to extend the capabili-
ties of mapping and sampling. Other important
requirements for establishing a seafloor obser-
vatory network are sensors, power and data
telemetry. Although many sensors are currently
available for underwater use, there is a lack of
new sensors, especially for long-term use in the
deep-sea environment. One of the most crucial
aspects of the seafloor observatory is to furnish
and to maintain the necessary power, especially
in the autonomous mode. Finally, there are con-
cerns related to data telemetry and manage-
ment. The energy and telecommunications in-
dustries can be involved in many aspects of
ocean observatories, from supplying the cables,
buoys, and instruments for observatory infra-
structure to the ships, ROVs, and support serv-
ices needed to maintain and operate this infra-
structure over the long term (NRC, 2003a).
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3.1. Autonomous observatories

This type of observatory is characterised by a
stand-alone configuration. Therefore they are
powered by battery packs and their autonomy
depends on the battery capacity, but lifetimes are
typically at least one year. The connection be-
tween the seafloor autonomous observatory and
the surface is provided through releasable data
capsules able to send information on the status of
the observatory and a limited quantity of data.
Acoustic systems constitute another possibility
to provisionally link the seafloor observatory to
the surface. These systems are composed of an
underwater transducer and acoustic modem, and
a surface transducer and surface acoustic unit.
Examples are, for instance, the Japanese «mobile
seafloor observatory» equipped with data cap-
sules (Momma et al., 2001), GEOSTAR when
using the MESSENGERS (Beranzoli et al., 1998,
2000a,b; Marvaldi et al., 2002), or SN-1 and
MABEL in experiments where they can be inter-
rogated acoustically from the surface (see Sec-
tion 4.5).

3.2. Acoustically linked observatories

These observatories can have long-term
acoustic links either with a moored buoy or an-
other observatory as a node of an underwater
network, as in the ORION-GEOSTAR-3 proj-
ect. In the first option the observatories transmit
data to a surface buoy acting as a central com-
munication node, with a satellite and/or direct
radio link to shore. This surface buoy is an-
chored to the seafloor and communicates with
the sub-sea nodes acoustically or via an electri-
cal or fibre-optic cable. In contrast to cabled ob-
servatories, moored-buoy systems are generally
less expensive to install, but the trade-off is a
greatly diminished data bandwidth and reduced
power availability. Data transfer rate, power
consumption, and system stabilisation require-
ments are all interdependent, but it is possible
to obtain high data transfer rates in balance with
power and buoy stability. Some satellite sys-
tems, because of the need to use a directional
antenna, impose strict stability requirements on
the surface buoy (<10 degrees per second in
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pitch, roll and yaw). Satellite communications
can also consume substantial power. Data trans-
fer requirements range from less than 1 to up to
100 kb/s. In order to prevent disruption to the
time-series data sets, a back-up communication
system should be included in the design. Fur-
thermore, the system must have the capacity to
store data.

Moored-buoy systems will need to be engi-
neered for deployment in different environ-
ments, including those at high latitudes. De-
ployment location will greatly impact mooring
design due to variations of sea state, wind ve-
locity, ocean and air temperatures, water depth
and satellite coverage. Furthermore, other fac-
tors have to be taken into consideration, such as
the suitability of solar panels at high latitudes,
potential for vandalism and visibility of the
mooring in shipping lanes. It is estimated that,
at present, the average maintenance interval for
a moored-buoy observatory will be about 12
months.

3.3. Cabled observatories

Cabled seafloor observatories use undersea
communications cables to supply power, com-
munications, and command and control capabil-
ities to scientific monitoring equipment at nodes
along the cabled system (e.g., Chave et al.,
2004, 2006). Each node can support a range of
devices that may include an AUV docking sta-
tion. Cabled systems will be the preferred ap-
proach when power and data telemetry require-
ments are great. Early generation commercial
optical undersea cables that are soon to be re-
tired will have the communications capacity,
but will possibly have insufficient power capa-
bility. If these cables are suitably located for
seafloor observatory research, their use could
reduce the need for expensive new cables. More
than 35000 km of electro-optical telecommuni-
cations cables on the ocean floor will be retired
in-place by the industry within the next few
years, and more are likely to follow during en-
suing years (NRC, 2003a). There are many
good examples of the re-use of retired cables,
such as H20, GeO-TOC and VENUS (JP) (see
Sections 4.2 and 4.3 for details).
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The major components of a cabled observa-
tory are: a) shore station (containing high-pow-
er and -voltage, direct-current generation, net-
work and science experiment management); b)
undersea cable (containing optical fibres and
power conductors); c¢) undersea observatory
nodes (containing power conditioning, network
and science experiment management, and stan-
dardised interfaces); d) network and science ex-
periment command and control, and communi-
cations systems; e) specific sensors and AUVs.

The current generation of commercial opti-
cal cables can satisfy all the seafloor observato-
ry data requirements for long (greater than ap-
proximately 300 km) and short systems. These
cables can provide data transfer rates on the or-
der of 500 Gb/s per fibre pair. Undersea mate-
able connectors are currently available. But
substantial engineering development will be re-
quired for the design and packaging of the pow-
er conditioning, network and science experi-
ment management to be placed at the observa-
tory nodes. In order to meet the necessary spec-

ification for high system-operational time, low
repair costs, and overall equipment lifetime,
significant trade-offs will have to be considered
between the use of commercially available and
custom-built equipments.

3.4. Ships, ROVs and AUVs

Ships must have suitable characteristics to
execute sea operations related to seafloor obser-
vatories, particularly dGPS, navigation system
and DP, and adequate A-frame and handling
systems. For instance, medium size vessels, like
the Italian R/V Urania owned by CNR (fig. 1),
have already demonstrated the feasibility of
managing seafloor observatories such as GEO-
STAR-class observatories in the Mediterranean
and in the deep-sea (over 3000 m w.d.).

The use of vehicles, like ROVs and AUV, is
complementary to seafloor observatories. ROVs
are likely to play an important role in installing,
servicing, and repairing seafloor observatories,

Fig. 1. R/V Urania, a medium-size vessel (overall length: 61 m; gross tonnage: 1100 t) owned by CNR and
managed by SoProMar. The top-left corner shows the ship during the launch of a GEOSTAR-class observatory.
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even if the payload is limited to a few hundred
kilos. ROV technology is available with a wide
range of capabilities and has been advancing,
both within the oceanographic community and
industry. The largest pool of ROVs is in the off-
shore industry, but their depth rating normally
does not exceed 2000 m (3000 m in a few cas-
es). Presently only ROV specifically developed
for scientific applications have depth ratings ex-
ceeding 3000 m (see table II). In fig. 2 the
French ROV Victor 6000 is shown as an exam-
ple. Some common uses for ROVs include: a)

high-resolution site mapping (seafloor maps are
important for site preparation prior to the sea-
floor observatory installation; towed vehicles
are routinely used for these surveys, but ROVs
and AUVs capable of flying precision tracks
produce the highest quality maps); b) installa-
tion of instrumentation; c) servicing installed
instrumentation (instrumentation positioned at
depth can experience biofouling or short-term
failures); d) servicing node components; e)
plugging and unplugging platforms and instru-
ments; f) burying cables and sensors. The oce-

Fig. 2. The French deep-rated ROV Victor 6000 built and managed by IFREMER (see also table II). A detailed

view of the ROV is shown in the bottom-left corner.
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anographic community has already demonstrat-
ed the use of ROVs in aspects of observatory
work, such as Scripps at OSN-1, WHOI for H20
and MBARI for work in Monterey Bay (see Sec-
tion 4.2).

AUVs have the potential to undertake a va-
riety of mapping and sampling missions while
using fixed observatory installations to re-
charge batteries, off-load data and receive new
instructions. A major use for AUVs will be to
map seafloor and water-column properties and
to document horizontal variability. Another use
will be to extend the spatial observational capa-
bility of seafloor observatories. Scenarios for
employing AUVs as elements of seafloor obser-
vatories envision small vehicles, weighing at
most a few hundred kilos, with docking capa-
bilities. Vehicle endurance is dictated by survey
speeds (typically about 5 km/h) and power con-
sumption by onboard computer and sensor pay-
load. General goals of AUV missions include:
a) seafloor mapping (AUVs operate very close
to the seafloor and they can collect high-resolu-
tion, high-accuracy mapping data, in addition to
other geophysical parameters, such as bathym-
etry and magnetics); b) water-column mapping
(AUVs provide the capability to map physical
and chemical parameters, horizontally, vertical-
ly or in three-dimensions); c) measuring fluxes
(AUVs provide this capability at specific loca-
tions); d) initialising and constraining models
(AUVs are capable of obtaining the physical
parameters needed). Recently, the oil and gas
industry has demonstrated a growing interest in
AUVs for deep-water surveys driven by the
combination of the move of off-shore drilling to
greater water depths and the increasing maturi-
ty of AUV capabilities.

3.5. Scientific instrumentation

A wide variety of sensors are already avail-
able for undersea research, and there are many
instruments that are being deployed for long du-
rations (e.g., thermistors, seismometers, hydro-
phones and current meters). There are also sever-
al types of samplers available for the collection
of fluids and biological samples that require
shore-based analysis. Many of these sensors and
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samplers are not suitable for long-term deploy-
ments for a variety of reasons (e.g., instability of
chemical reagents, sensitivity to biofouling, or
loss of calibration). It is clear that development of
new sensors will be critical in order for seafloor
observatories to be fully effective. Sensor tech-
nology (e.g., in chemistry and biology), especial-
ly for long-term use in the deep-sea, is not suffi-
ciently advanced to take advantage of the
seafloor observatory infrastructure. In addition,
enhancements of existing sensors are necessary
for unattended operations for a long time. The
general requirements for new sensors or for en-
hanced types are: low power consumption, long-
term stability, standard interface and adequate
choice of materials. If an ocean observatory in-
frastructure is to be established, it will be neces-
sary to make substantial parallel investments in
sensor technology (e.g., Brewer et al., 2002,
2004) or packages, for example SEABASS de-
veloped as a VLF system (2-50 Hz) to study am-
bient noise at and below the seafloor (Stephen et
al., 1994), SAPPI an autonomous pore-pressure
instrument (Kaul e al., 2004), hydrophone ar-
rays for measuring ocean temperature (ATOC
project; Dushaw ez al., 1999) or geodetic meas-
urements using both GPS and acoustics (Spiess
et al., 1998; Gagnon et al., 2005a,b). Much effort
has been made to develop prototypes in parallel
with the activities of the EC GEOSTAR and re-
lated Italian projects (see Sections 4.4 and 4.5).
Each sensor has its own requirements for correct
installation and data acquisition in terms of sam-
pling rate (see Favali et al., 2006). An important
issue is the synchronisation of all the sensors. It
can greatly help to understand better the mutual
relationship among different processes when one
is comparing data sets acquired by accurately
synchronised sensors. This is particularly true for
seismometers, where the required clock stability
is <10” s. Another important issue for seismome-
ters is how to minimise the level of noise record-
ed in different frequency bands (depending on the
noise sources), so as to keep within the high and
low background noise reference models (Peter-
son, 1993). Different modes of sensor installation
and of «cleaning» the seismological data using
other types of instruments sampled at high rates
(like current meters and/or DPGs) are the tools
used for minimising noise (e.g., Stakes et al.,
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1998a; Webb, 1998; Webb and Crawford, 1999;
Crawford and Webb, 2002; Monna et al., 2005;
Shinohara et al., 2006).

A challenge for any observatory data man-
agement structure will be the processing, dis-
tributing and archiving of the large data sets
produced (e.g., Momma et al., 2001). A fully in-
tegrated plan for data handling should be devel-
oped in the early stages for any seafloor obser-
vatory programme. Redundancy must always be
built in.

3.6. Technology for power supply

Power supply is one of the most critical as-
pects in seafloor observatories, especially those
in stand-alone configurations. At present, for
these applications primary lithium batteries are
normally used, as in GEOSTAR-class observa-
tories (see Section 4.4). This type of battery
easily supports multidisciplinary experiments
for more than one year. Efforts must be made to
develop new sources of energy (e.g., fuel cells)
and to design systems that are re-chargeable
from the surface using the surface buoy as pri-
mary source, or substituting battery packs on
the seafloor systems by ROVs.

For a cabled observatory, the power aspects
are less critical, but significant engineering de-
velopment will be necessary to provide sufficient
power and to adapt the power transmission
schemes used in the sub-sea telecommunications
industry. The following developments in seafloor
power hardware will be required: a) design of
specific direct-current conversion hardware with
the required reliability; b) provision of a work-
able thermal environment for the power condi-
tioning, network and science experiment man-
agement (the physical design of the thermal
paths from the electronics to seawater need to be
carefully engineered); c) the physical power path
to the observatory will need to be designed so as
to minimise the probability and effects of corona
discharge; d) the configuration and hardware for
power surge protection need to be designed to
provide a fault-tolerant observatory network.
These scenarios could be quite complex for an
observatory with many nodes and more than one
shore station.

530

4. World-wide past and ongoing
experiments

The scientific benefits of establishing a
seafloor observatory network for geophysical,
oceanographic, climatological and meteorologi-
cal investigations have been recognised for
many years. Following the pioneering efforts in
the 1960s (Sutton et al., 1965), the importance
of filling the existing gaps in the global land-
based networks (particularly in the network of
seismic and geomagnetic stations) by using sea-
floor observatories has been recognised (e.g.,
Purdy and Dziewonski, 1988; Montagner and
Lancelot, 1995; Lowes, 2002). Since the 1990s,
many important workshops have been organised
outlining long-term scientific strategies for the
use of observatories: for instance, the three «In-
ternational workshops on the scientific use of
submarine cables» organised in 1990 in Honolu-
Iu (Chave et al., 1990), in 1997 in Okinawa
(Utada et al., 1997) and in 2003 in Tokyo (Kasa-
hara and Chave, 2003), the international confer-
ence «Science-Technology Synergy for Re-
search in Marine Environment: Challenges for
the XXI Century» held in Erice (Sicily) in 1999
(Beranzoli et al., 2002), the «Symposium on
Seafloor Observatories» held in 2000 in Islam-
orada (Florida), the OHP/ION Joint Symposium
«Long-term observations in the Oceans» in Ya-
manashi (Japan) (Romanowicz et al., 2001) and
OCEANS’04 in Kobe (Yada et al., 2004).

This section aims at reviewing all the rele-
vant past and ongoing experiments, projects
and programmes on seafloor observatories in a
world-wide context. Table III lists the twenty-
eight seafloor observatories validated through
long-term missions at sea.

4.1. International
4.1.1. Experiments and projects

CORKs — From 1991 to 1997 ODP installed
13 long-term hydrogeological observatories
(CORKS5) to study fluid flow processes in situ in
two flow regimes: sedimented young oceanic

crust and accretionary prisms (e.g., Davis et al.,
1992; Becker et al., 1998; Becker and Malone,
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Table III. Twenty-eight seafloor observatories validated at sea; A: autonomous; AL: acoustic linked; C: cabled.

Name Type Starting year Country

JMA - Omaezaki C 1978 Japan

IMA - Off-Boso C 1985 Japan

JAMSTEC - Off-Hatsushima C 1993 Japan

ERI - Off-Ito City C 1994 Japan

ERI - Off-Sanriku C 1995 Japan

NIED - Hiratsuka C 1995 Japan

LEO-15 C 1996 U.S.A.

GEO-TOC C (re-used) 1997 Japan

HUGO C 1997 U.S.A.

JAMSTEC - Off-Muroto Peninsula C 1997 Japan

MOISE A 1997 U.S.A.

NeMO AL (buoy) 1997 U.S.A.

H20 C (re-used) 1998 U.S.A.

Mobile seafloor observatory A 1998 Japan

JAMSTEC - Oft-Kushiro-Tokachi C 1999 Japan

VENUS (JP) C 1999 Japan
GEOSTAR AL (buoy) 2000 EU

MVCO C 2000 US.A.

NEREID-1 A 2000 Japan

NEREID-2 A 2000 Japan

WP-2 A 2000 Japan

WP-1 A 2001 Japan

MOBB A 2002 U.S.A.
ORION-GEOSTAR-3 (Node 3) AL (observatory) 2003 EU
ORION-GEOSTAR-3 (Node 4) AL (observatory) 2003 EU
ASSEM (4 nodes) AL (buoy) 2004 EU
GMM C 2004 EU

SN-1 - NEMO(¥) C 2005 Italy-EU

(*) SN-1 was used in autonomous configuration in 2002.

2001). These observatories involve sealing a
borehole at the throat of the re-entry cone with
a sensor string suspended in the hole. A long-
term data logger is positioned so as to be acces-
sible by a submersible on the seafloor for peri-
odic data transfer and re-programming. Interna-
tional initiatives like SEIZE, funded within the
NSF programme MARGINS, can greatly bene-
fit from permanent observatories including
seafloor seismic and fluid flow, and borehole
monitoring devices. CORKs can provide a real-
time record of sub-surface transient events in
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temperature, pressure and water chemical data.
SEIZE was developed to study the shallow sub-
duction zone interface that is locked and accu-
mulates elastic strain which is periodically re-
leased in large or great earthquakes, often
tsunamigenic (MARGINS, 2003).

DSDP Legs 52, 88 and 91, and ODP Leg
128 — Borehole seismology was introduced to
ocean drilling on DSDP Leg 52 in 1976-1977 at
Site 417 in the Atlantic Ocean (Stephen, 1978;
Stephen et al., 1980a,b); then on DSDP Leg 88
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in 1982 at Site 581 in the Pacific Ocean with the
emplacement of a seismometer built by the
Hawaii Institute of Geophysics (Duennebier et
al., 1987); and finally on DSDP Leg 91 in 1983
at Site 595 in the Pacific Ocean, during the
Ngendie programme (Adair et al., 1987; Jordan
et al., 1987). In all cases the Glomar Challenger
vessel drilled a cased hole.

In September 1989, a feedback-type ac-
celerometer capsule was installed in Hole 794D
in the Japan Sea during ODP Leg 128 (Ingle et
al., 1989; Suyehiro et al., 1995). The instru-
ment recorded a teleseismic event (mp, 5.4 at
about 4000-km epicentral distance) that clearly
showed a surface wave dispersion train (Tama-
ki et al., 1992).

Technologies for re-entering boreholes with
observatory style sensors have played a vital
role in the evolution of the seafloor observatory
concept. These include the IFREMER Nadia
systems (versions 1 and 2) (Legrand et al., 1989;
Gable, 1992) and the SIO wireline re-entry sys-
tem (Spiess et al., 1992; Stephen et al., 1994;
Becker et al., 2004).

NERO (ODP Leg 179) — ODP Leg 179 in
April-June 1998 set out with two primary objec-
tives (Pettigrew et al., 1999). One of these was
to prepare the NERO site where researchers
could establish a GOBO as part of the future
network of seafloor observatories proposed in
the ION programme, drilling a cased re-entry
hole into basaltic basement on the Ninety East
ridge. This objective specifically included
drilling a single hole as deep as possible into the
basement, and installing a re-entry cone and
casing beyond basement to prepare for the fu-
ture installation of the observatory. The depth of
penetration below the seafloor (493.8 m) in a
water depth of 1648 m as well as the firm at-
tachment of casing to the basement, should iso-
late the instrument from noise. Geophysical ob-
servatories currently operating world-wide
share a common attribute and shortcoming in
that they are only emplaced on continents or is-
lands. Since the world’s oceans cover more than
two-thirds of the planet’s surface, the coverage
given by observatories on oceanic islands is in-
complete. Installation of a downhole observato-
ry at this location in the East Indian Ocean will
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fill one of the major gaps in global seismic mon-
itoring coverage. The NERO project is a joint
initiative among JAMSTEC, IFREMER and
IPGP.

ODP Leg 186 — Two borehole geophysical
observatories were installed (about 1100 m be-
low the seafloor) in August 1999 on the deep-
sea terrace of the Japan Trench during ODP
Leg 186 at Site 1150 (NEREID-1; 39°11'N,
143°20’E) and at Site 1151 (NEREID-2;
38°45'N, 143°20'E) (Sacks et al., 2000). The
sites are located in areas with contrasting seis-
mic characteristics. The northern site is within
a seismically active zone where microearth-
quakes are frequent and M 7 earthquakes recur.
The southern site is within an aseismic zone
where no microearthquakes are observed.
These features coexist within the seismogenic
zone of the Japan Trench plate subduction zone,
where the >100-Ma portion of the Pacific plate
is subducting at a fast rate (~9 cm/yr) beneath
Northern Japan causing major earthquakes
along the trench. Leg 186 is the first scientific
venture to succeed in installing state-of-the-art
strain, tilt, and seismic sensors for long-term
operation in seafloor boreholes. The systems
started collecting data in September 1999.
These stations make invaluable additions to the
existing geophysical network over the Western
Pacific. This type of multiple-sensor seismo-ge-
odetic observatory can now be emplaced by the
JOIDES Resolution drilling vessel in many oth-
er areas where active processes wait to be mon-
itored. Although not always the case, normal
coring objectives and observatory objectives of-
ten overlap and are interrelated as in this leg or
recent CORK legs. Once an observatory is es-
tablished, ways and means to recover the data
and to keep the station running become neces-
sary. Such tasks are not easily undertaken even
if a site only needs servicing once a year. A new
fibre-optic cable owned by the University of
Tokyo already exists and currently terminates
near Site 1150. Once Site 1150 proves to be
functioning, connections will be made to sup-
ply power, send commands, and retrieve data in
real time on land. Furthermore, a 50-km cable
extension is planned to connect Site 1151 as
well. The borehole geophysical observatories at
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Sites 1150 and 1151 greatly improve source lo-
cation (particularly depth) and focal mecha-
nism and rupture process determinations for
earthquakes near the Japan Trench (Nishizawa
et al., 1990, 1992; Suyehiro and Nishizawa,
1994; Hino et al., 1996). Near-field data, ob-
tained from these observatories with the aid of
ocean bottom seismographs, will particularly
improve the resolution of source mechanisms for
very slow rupture events such as tsunami earth-
quakes (Hino et al., 2001; Hirata et al., 2003), or
tsunamis generated by submarine landslides
(e.g., Driscoll et al., 2000), contributing to better
constraint simulation (e.g., Ohmachi et al.,
2001).

ODP Leg 191 — ODP Leg 191 (July-Sep-
tember 2000) had two main goals: to drill and
case a borehole at a site in the north-west Pacif-
ic Ocean between Japan and the Shatsky Rise
and to install therein a borehole seismic obser-
vatory (Kanazawa et al., 2001). The seismic ob-
servatory was successfully installed at Site
1179 (called WP-2) and left ready for activation
by a future ROV cruise. A high priority for [ON
has been to install a station beneath the deep
seafloor of the north-west Pacific to gain a bet-
ter understanding of regional earthquake pat-
terns and to enhance tomographic images of the
Earth’s interior. The seismometer augments a
regional network consisting of land stations in
Eastern Asia, Japan, and the Western Pacific is-
lands and borehole seismometers installed dur-
ing ODP Leg 186 (Sacks et al., 2000) and
planned at that time for ODP Leg 195 (see be-
low). Owing to its location, the Site 1179 seis-
mometer will provide critical seismic observa-
tions from the seaward side of the Japan
Trench. The objective is to understand the
processes driving Earth’s dynamic systems
from a regional to a global scale by imaging the
Earth’s interior with seismic waves. Unfortu-
nately, few seismometers are located on the
71% of the Earth’s surface covered by oceans.
The asymmetry and non-uniformity of seismic
station distribution makes high-resolution im-
aging of some parts of the mantle nearly impos-
sible. Ocean-bottom seismometers are needed
to accomplish the goals of international geo-
science programmes that use earthquake data.
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Downbhole instruments for these Western Pacif-
ic borehole observatories have been developed
under the ongoing Japanese OHP programme
(see Section 4.3). Aside from plugging an im-
portant gap in the global seismic array, the Site
1179 observatory produces high-quality digital
seismic data (Shinohara et al., 2006). Tests with
other borehole seismometers show that the
background noise level for oceanic borehole in-
struments is much less than most of their coun-
terparts on land (e.g., Stephen et al., 1999).

ODP Leg 195 — ODP Leg 195 (March-May
2001), among three distinct objectives, dedicat-
ed the first segment to coring and setting a long-
term geochemical observatory (CORK) at the
summit of South Chamorro seamount (Site
1200). The second segment was devoted to cor-
ing and casing a hole in the Philippines Sea
abyssal seafloor (Site 1201) and the installation
of broad-band seismometers for a long-term
sub-seafloor borehole observatory (Salisbury
et al., 2002). The drilling and observatory in-
stallation at Chamorro was designed to: a) ex-
amine the processes of mass transport and geo-
chemical cycling in the subduction zones and
forearcs of non-accretionary convergent mar-
gins; b) ascertain the spatial variability of slab-
related fluids in the forearc environment; c)
study the metamorphic and tectonic history of
non-accretionary forearc regions; d) investigate
the physical properties of the subduction zones
as controls over dehydration reactions and seis-
micity; e) investigate biological activity associ-
ated with subduction zones. A high-quality dig-
ital seismic observatory was therefore installed
in the West Philippine Basin as an important
component of the ION seismometer net. The
observatory (called WP-1) allows more precise
study of the seismic structure of the crust and
upper mantle in the Philippine plate, as well as
better resolution of earthquake locations and
mechanisms in the north-west Pacific subduc-
tion zone. The observatory is designed as a
stand-alone system with its own battery pack
and recorder on the seafloor so that it can be
serviced and interrogated by a ROV, like the
borehole observatories installed at Sites 1150
and 1151. However, there is a coaxial TPC-2
cable near Site 1201 (Shinohara et al., 2006)
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and there are plans to connect data, control and
power lines to this cable. This will also be done
under the auspices of OHP (see Section 4.3).

ODP Leg 196 — Leg 196 was the second of a
two-leg program of coring, logging, and in-
stalling ACORK long-term subseafloor hydro-
geological observatories in the Nankai Trough, a
convergent margin accreting a thick section of
clastic sediments (Mikada er al., 2002). The
Nankai subduction zone off southwest Japan
forms an «end-member» sediment-dominated
accretionary prism. The Philippine Sea plate un-
derthrusts the margin at a rate of about 4 cm/yr
along an azimuth of 310°-315° (Seno et al.,
1993) down an interface dipping 3°-7° (Kodaira
et al., 2000), causing repeated great earthquakes
(magnitudes >8) with an average recurrence in-
terval of about 180 years (Ando, 1975). Al-
though the role of fluid is thought to be a key
factor in the study of seismogenic zones (Hick-
man et al., 1995), the magnitude and location of
active fluid flow in this accretionary prism and
the potential linkage to the Nankai seismogenic
zone are not clearly defined. The investigation
of this system motivated the deployment of
long-term hydrogeological and geochemical
monitoring systems. Leg 196 (May-July 2001)
focused on logging while drilling and installing
ACORKSs at two sites (808 and 1173) near the
toe of the Nankai prism.

ODP Leg 203 — The ODP Leg 203 science
programme is part of a multidisciplinary project
that primarily represents the interests of the
NSF’s component of the international DEOS®™
planning effort, and ION (Orcutt er al., 2003).
The Leg (May-July 2002) drilled a cased re-en-
try hole (Hole 1243A, OSN-2, 3882 m w.d. at
5°18'N, 110°4’'W) in the eastern equatorial Pa-
cific, the location of a future DEOS multidisci-
plinary observatory. The drill site was located
in 10- to 12-Ma lithosphere. The hole was
drilled to a total depth of 224 m, which includ-
ed 121 m of sediment and 103 m of basement
penetration. Hole 1243A will subsequently be
used to install an observatory-quality broad-
band three-component seismometer (0.001-5
Hz) as well as a high-frequency three-compo-
nent seismometer (1-20 Hz) to ensure high-fi-
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delity recording over the range of frequencies
normally recorded by the terrestrial GSN. The
seismic system, as well as other instrumenta-
tion associated with the observatory, will be
connected to a DEOS® mooring, for both pow-
er and high-speed data telemetry, to a land sta-
tion and to the Internet. The equatorial site sat-
isfies two scientific objectives of crustal
drilling: a) it is located in one of the high-prior-
ity regions for the OSN and DEOS™; b) it is in
oceanic crust created by fast seafloor spreading,
providing a rare opportunity to examine crustal
genesis, evolution, and crust/mantle interaction
for a seafloor-spreading end-member responsi-
ble for generating the majority of the oceanic
lithosphere. The drilling and establishment of a
cased legacy hole at the remote equatorial Pa-
cific ION multidisciplinary observatory site
provides an ideal location for the initial instal-
lation of a moored observatory. This site is one
of the high-priority prototype observatories for
the OSN (Purdy, 1995) (see Section 4.2).

ODP Leg 205 — Costa Rica is an important
area for studies of the seismogenic zone and
subduction factory for several reasons. Science
objectives for Leg 205 (September-November
2002) had two primary foci, both related to
seismogenic zone and subduction factory ques-
tions. The first was to determine the igneous
and alteration history of the uppermost part of
the downgoing plate at reference Site 1253. The
second was to characterise and monitor two of
the three hydrological systems: in basement at
Site 1253 and along the décollement (or upper
fault zone) at Sites 1254 and 1255 (Morris
et al.,2003). These goals were accomplished by
1) targeted coring at selected intervals, 2) down-
hole temperature and pressure measurements, 3)
logging at Site 1253, and (4) installation of
long-term observatories (CORK-IIs) to monitor
temperature and pressure and to sample fluids
and gases in each of the hydrologic systems. In-
stallation of long-term seafloor observatories
was a major focus of Leg 205. Two boreholes
were drilled on the Costa Rica subduction zone
to study the geochemical fluxes and related
processes. The holes (1253A and 1255A) were
outfitted with modified CORKs (CORK-IIs)
that include instruments capable of fluid sam-
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pling and measuring flow rates, temperature,
and pressure (Jannasch et al., 2003).

4.1.2. Programmes

ION — The ION committee was established
in June 1993 and the IASPEI executive com-
mittee granted it Commission status. It is an in-
ternational association affiliated to IUGG (Ro-
manowicz and Suyehiro, 2001). ION was
formed to foster synergies among different dis-
ciplines, and to promote international co-opera-
tion in the development of critical elements of
the seafloor observing systems, harmonisation
of those elements of the system that would al-
low shared maintenance of the observatories
and development of common plans for the use
of international resources (e.g., GOOS, IODP).
ION was originally created for the purposes of
the seismological community; the seismic data
from a WWSSN, established in the early 1960s,
accelerated advances in seismology and were a
great resource for new discoveries till the
1970s. During the past 15 years, our knowledge
of the processes of the deep Earth has been
greatly improved by the development of new
generations of global monitoring networks in
seismology and geodesy and by the continua-
tion of long-term observations in geomagnet-
ism (e.g., GEOSCOPE, IRIS, GeoFon, and
MedNet). Improvements in the observatory lo-
cations for seismology, geodesy, and geomag-
netism, particularly in the oceans, can greatly
enhance our understanding of the Earth’s interi-
or. ION emphasises that «oceans are seismic
deserts» (this also applies to geomagnetic ob-
servatories). Except for a few stations on ocean-
ic islands, very large zones are unmonitored,
particularly in the Pacific, South Atlantic, and
East Indian Oceans. In 1995 participation in
ION was enlarged to include the geoscience
community, and in 2001 to include the oceano-
graphic community. During its meetings ION
has formulated recommendations, among the
most important of which are: a multidiscipli-
nary approach to ocean observatories is essen-
tial; extension of observing systems to the
oceans is essential not only for solid Earth geo-
sciences, but also in other disciplines such as
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biology. At the end of 2004 ION gained an in-
ter-association status. Under its umbrella sever-
al experiments have been performed, among
them MOISE and NERO, and many observato-
ries installed in boreholes have been supported.

4.2. U.S.A./Canada
4.2.1. Experiments and projects

LEO-15 — The LEO-15 real-time cabled un-
derwater observatory was established in August
1996 in 15 m of water 7 km off-shore of Great
Bay (New Jersey). One of the major goals of
LEO-15 is to develop a real-time capability for
rapid environmental assessment and physical/
biological forecasting in coastal waters (Glenn
et al., 2000). It provides communications and
power for different instruments at many sub-sea
nodes via a cable, and shore facilities. Continu-
ous measurements made at each node are used
to model and to aid biologists in their research
into benthic communities and phytoplankton
ecology (Traykovski et al., 1999; Howe et al.,
2002; Schofield et al., 2002).

MVCO — Another coastal observatory (MV-
CO) has recently been installed starting in 2000
by WHOI off the south coast of Martha’s Vine-
yard (Massachusetts) to monitor coastal atmos-
pheric and oceanic conditions (Edson et al.,
2000; Austin et al., 2002). The observatory is
able to provide scientists with direct access to
the coastal environment and to allow continu-
ous measurements of environmental parame-
ters. Based on a telemetry system, the observa-
tory has been designed to be in operation for a
minimum of 25 years with minimal mainte-
nance. Spare power conductors and optical fi-
bres in the main cable provide for significant
expansion capability for future nodes, AUV
docking stations and other special experiments.

HUGO - The University of Hawaii devel-
oped the HUGO project, a seafloor observation
system cabled to an on-shore station by means
of a 47-km fibre-optic cable (Duennebier ef al.,
2002a). HUGO was installed in 1997 and
aimed at creating a permanent multidiscipli-
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nary ocean-floor laboratory at the top of the
Loihi submarine active volcano through the in-
tegration of marine electro-optical cables with
existing sensor technologies (fig. 3). HUGO
has the potential of supporting experiments
from many disciplines, including volcanology,
biology and geochemistry. The main compo-
nents of HUGO are the shore station, supplying
power to the observatory and recording data;
the electro-optical cable; the junction box; the
power distribution and data collection centre on
Lahoi; multiplexing nodes and secondary dis-
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Fig. 3. A multibeam map of the summit of the sub-
marine volcano Loihi (Hawaii) where the HUGO ex-
periment was performed (rectangle). The route of the
47-km fibre-optic cable is shown on the right (Duen-
nebier et al., 2002a).

tribution points. HUGO could potentially sup-
ply electrical power, command capability and
real-time data services to more than 100 instru-
ments connected to and removed from the
ocean floor by submersible or ROV. Unfortu-
nately in April 1998 the main HUGO cable de-
veloped a short circuit to sea water and a new
cable must be obtained and installed. Despite
the failure, this experiment accomplished sev-
eral important tasks, among them the transmis-
sion of high-rate, high-fidelity data from the
top of Loihi.
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H20 - In mid 1998 a similar experiment
was undertaken for the development of H20
based on a retired commercial submarine tele-
phone cable (Burns, 1999; Butler et al., 2000;
Chave et al., 2002; Petitt et al., 2002). It con-
sists of a cable termination and a junction box
in 4979 m of water placed in the Eastern Pacif-
ic, roughly half-way between California and
Hawaii (141.6°W, 28.5°N). In fig. 4 a photo-
graph of the junction box is shown, together
with a map of its location and the route of the
decommissioned cable used, an AT&T tele-
phone cable system that originally connected
San Luis Obispo, California, and Makaha, on
Qahu Island, Hawaii. Instruments are connect-
ed by means of a ROV to the junction box,
which provides two-way digital communication
at variable data rates and a total of about 500 W
for both junction box systems and user equip-
ment. There are two shallow buried seismome-
ters (~1 m below the seafloor), consisting of a
modified Guralp CMG-3T broad-band seis-
mometer and a conventional 4.5 Hz three-com-
ponent geophone (Duennebier et al., 2002b).
This sensor has been transmitting seismic data
to shore (Oahu) continuously and in real time
for >2 years. The seismic data are forwarded to
the IRIS Data Management Center in Seattle
and are included in the GSN database for use in

global and regional earthquake studies. To re-
duce the noise level significantly (Collins et al.,
2001), it was decided in future to place the
broad-band seismometer in a borehole. During
ODP Leg 200 (December 2001-January 2002) a
re-entry hole was drilled and cased into base-
ment near the existing Hawaii-2 cable and the
H2O junction box in order to establish a long-
term borehole geophysical observatory for con-
tinuous real-time seismic monitoring, as well as
for other geophysical experiments. The long-
term H2O site satisfies three scientific objec-
tives of crustal drilling: 1) it is located in one of
the high-priority regions for the OSN; 2) its
proximity to the Hawaii-2 cable and the H20
junction box makes it a unique site for real-
time, continuous monitoring of geophysical,
microbiological, and geochemical experiments
in the crust; and 3) it is on fast-spreading Pacif-
ic crust (71 mm/yr half-rate) (Stephen et al.,
2003a).

MOISE and MOBB — As part of the MBARI
Margin Seafloor Experiment, conducted from
1996 through 1999, the MOISE experiment de-
ployed a suite of geophysical and oceanograph-
ic instruments by means of the ROV Ventana
(<2000 m operative depth) on the western side
of the St. Andreas fault system off-shore of

Fig. 4. The H20 junction box (on the left). A map of the H20 location and the route of the retired cable used

is shown on the right (Chave et al., 2002).
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Fig. 5. Location of proposed OOI global observatory network sites (NRC, 2003a).

Central California. The experiment ran in au-
tonomous mode at around 1000 m w.d. and col-
lected three months of data in the summer of
1997, having developed a corehole seismome-
ter for low-noise seismic data (Stakes et al.,
1998a) to constrain continental margin seismic-
ity by extending the seismic network to off-
shore sites (Begnaud and Stakes, 2000). Period-
ical ROV reconnection to MOISE’s logger per-
mitted data download from the sensor package
(Romanowicz et al., 1998; Stakes et al., 1998b,
2002; Stutzmann et al., 2001). In April 2002,
MBARI also installed MOBB at 1000 m w.d.,
40 km off-shore, using a ROV, as a direct fol-
low-up of MOISE. This observatory was buried
and besides a broad-band three-component
seismometer comprises a current meter and a
DPG. The ultimate goal is to link MOBB by
continuous telemetry to the shore, so that it be-
comes part of BDSN. This awaits the installa-
tion of the MARS cable (Romanowicz et al.,
2003, 2006). In the next IODP Leg 312 (Octo-
ber-November 2005) an engineering leg is plan-
ned for the development of a borehole observa-
tory as part of the MARS activity. MBARI is al-
so testing several high-risk technologies associ-
ated with a cable-linked moored buoy observa-
tory at the MOOS test mooring site in 1860 m
of water (NRC, 2003a).
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DEOS - The DEOS"™ seafloor observatory
initiative, concentrating on geophysics, started
in 1997. Initially the focus was on deep-water
geo-observatories, but this was subsequently
expanded to include near-shore observatories
and water-column studies. To reflect this effort
to engage the wider oceanographic community,
the acronym was changed in 1999 to DEOS™.
The DEOS® steering committee includes repre-
sentatives of the major U.S.A. geo-science ob-
servatory programmes and additional members
from the microbiological community. The DE-
OS® planning initiative in the U.S.A. and the
U.K. (supported by NSF and NERC respective-
ly), in co-ordination with partners in several
member states of the EU and Japan, represented
by TASPEI/ION, has identified a network of
sites for multidisciplinary observatories focused
on the atmosphere, ocean, and the Earth beneath
it. Whereas for centuries observatories have
been commonly used on land for many purpos-
es, long-term continuous observations of natu-
ral phenomena in the oceans represent a new
frontier for the sciences. A component of DE-
OS™ seeks to establish a global network of 20
moored-buoy ocean observatories that could
comprise the global network component of the
OOl (fig. 5; NRC, 2003a). In other locations,
generally those closer to land, DEOS™ calls for
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the use of direct submarine cable connections to
shore. The DEOS®™ ocean observatory planning
initiative was launched to foster a long-term
continuous observational presence at the air-sea
interface, throughout the water column, on the
seafloor, and below. DEOS® transitioned into
OOI/ORION (see below). Another major inter-
national ocean observatory programme with
close ties to the NSF’s OOl is the B-DEOS pro-
gramme (NRC, 2003a). The B-DEOS pro-
gramme plan calls for the establishment of mul-
tidisciplinary moored ocean observatories at 3
sites: south of the Azores on the Mid-Atlantic
ridge, on the Reykjanes ridge south of Iceland,
and in the Drake Passage-East Scotia Rise-
South Sandwich Islands area.

NEPTUNE — One major component of the
DEOS® and OOI/ORION planning effort is
NEPTUNE, a project to establish a lithospher-
ic-plate scale multidisciplinary observatory net-
work on the Juan de Fuca Plate, located a few
hundred kilometres off the US-Canadian west
coast, and connected to two land-based re-
search laboratories (shore stations) using high-
speed, fibre-optic submarine communications
cables (fig. 6; Delaney et al., 2000; NEPTUNE,
2000). The project started in June 1998 with the
U.S.A. NEPTUNE feasibility study, completed
and published in June 2000. The Canadian
NEPTUNE feasibility study started in June
1999 and was completed and published in Oc-
tober 2000. The deployment of a 3000-km ca-
ble, largely along the margins of the Juan de
Fuca plate is planned, with approximately 30
nodes spaced roughly at 100-km intervals and
«extension cords» to permit the location of in-
struments 50 km or more from a node (Massion
et al., 2004). The multidisciplinary approach
covers as preliminary examples: a) cross-mar-
gin particulate fluxes; b) seismology and geo-
dynamics, seafloor hydrogeology and biogeo-
chemistry; c) ridge-crest and subduction zone
processes (fluid venting and gas hydrates); d)
deep-sea ecology; e) water-column processes;
f) fisheries and marine mammals. The system
has been designed to provide real-time data
transmission, interactive control and power to
instruments and vehicles. The planned lifetime
is 30 years. In 2002-2003 both cabled-observa-
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Fig. 6. Picture of the 3000-km cable planned in the
NEPTUNE project to establish a lithospheric-plate
scale multidisciplinary observatory network on the
Juan de Fuca Plate (Delaney et al., 2000; NEPTUNE,
2000).

tory test beds, VENUS (CAN) in the Strait of
Georgia, the Strait of Juan de Fuca and Saanich
Inlet, British Columbia (3 different cables), and
MARS in Monterey Bay (a 62-km cable down
to 1220 m w.d.) were funded (NRC, 2003a).

NeMO — The NeMO Observatory was estab-
lished in autumn 1997 at the axial seamount
(1520 m w.d.) on the Juan de Fuca ridge (Wei-
land et al., 2000), and will form part of the fu-
ture NEPTUNE network. NeMO is acoustically
linked to a surface buoy and has the objective to
monitor and sample geophysical, geochemical,
and microbial variability on an active segment
of a mid-ocean ridge system to determine of the
relationships between sub-seafloor magma
movement, faulting, and changes in the biolog-
ic, chemical and physical properties of the sub-
surface biosphere (e.g., Daughney et al., 2004).
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OSN - Another major component of
DEOS®, OOI/ORION and ION programmes is
the establishment of a permanent OSN consist-
ing of about 20 sites throughout the world’s
oceans for improved geophysical imaging of the
internal structure of Earth, as part of the
IRIS/GSN networks (Orcutt and Stephen, 1993).
The intention is to deploy sensor packages re-
entering in boreholes, such as ODP holes, using
a special thrustered tool. These planetary-scale
fixed ocean observatories may also serve as
long-term measurement sites for other types of
oceanographic and climate studies, such as those
envisioned by the GEO system of moorings,
now called OceanSITES. The OceanSITES goal
is to establish oceanographic observatories at se-
lected sites around the world’s oceans for the
collection of time-series measurements of sur-
face meteorology; air-sea exchanges of heat,
fresh water and momentum; and full-depth pro-
files of water properties, including temperature
and salinity, and ocean velocity. Time-series
measurements will be an essential element of the
strategy developed to build accurate fields of
air-sea fluxes. These observation stations have
been proposed as an important component of
GOOS. As part of the OSN activity, between
February and June 1998 OSNPE collected data
over 115 days from a broad-band borehole seis-
mometer at ODP Site 843B in 4407 m w.d. off-
Oahu about 200 km south-west of Hawaii
(called OSN-1) (Stephen, 1998; Stephen et al.,
1999, 2003b; Collins et al., 2001, 2002; Suther-
land et al., 2004).

4.2.2. Programmes

ORION-OOI — The NSF’s Division of
Ocean Science established the ORION in 2003
Programme to operate and manage existing and
future ocean observing sites funded by NSF
some of which will be constructed using funds
for OOL. The total 5-year construction costs are
budgeted at 208 M USD for the period 2006-
2010 (NRC, 2003a). The OOI infrastructure is
an integrated observatory with three elements:
1) aregional cabled network consisting of inter-
connected sites on the seafloor spanning sever-
al geological and oceanographic features and
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processes, such as NEPTUNE; 2) relocatable
deep-sea buoys that could also be deployed in
harsh environments, such as the Southern
Ocean; 3) new construction or enhancements to
existing facilities leading to an expanded net-
work of coastal observatories (NRC, 2003a; Is-
ern, 2005). The research-focused observatories
enabled by the OOI will be networked, becom-
ing an integral part of the proposed IOOS, that
is an operationally-focused national system and
in turn will be a key to enable the U.S.A. con-
tribution to the international GOOS and the
GEOSS (Summerhayes, 2002). The ORION
Programme will also co-ordinate the science
driving the construction of this research observ-
ing network as well as the operation and main-
tenance of the infrastructure; development of
instrumentation and mobile platforms and their
incorporation into the observatory network; and
planning, co-ordination, and implementation of
educational and public outreach activities. The
ORION Programme will be the most complex
initiative that ocean scientists have undertaken
within the U.S.A. and it will revolutionise the
way that oceanographers study the sea. The
NSF-supported OOI will have close ties to
ocean and Earth observing systems supported
by other agencies including NOAA, NASA and
USGS (Isern, 2005). In addition to the pro-
grammes listed above, there are other interna-
tional research programmes that include signif-
icant observatory related research initiatives
which OOI infrastructure could facilitate. Ex-
amples include: 1) the InterRIDGE initiative
for long-term monitoring of the Northern Mid-
Atlantic ridge (MoMAR); 2) the InterMAR-
GINS international consortium to understand
seismogenic zones in subduction settings; 3)
ION activities to co-ordinate global network
observatory efforts; 4) the international Ocean-
SITES for studying climate and ecosystems in
the world’s oceans; and 5) IODP.

4.3. Japan

In 1978, Japan started to manage cabled
seafloor observatories for scientific use, and also
for real-time monitoring for seismic and tsunami
warning. Submarine cable-based seismic moni-
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toring began in five sea areas as part of the na-
tional earthquake preparedness efforts (Asakawa
et al., 2003) following the recommendations of
the Headquarters for Earthquake Research Pro-
motion. For instance, in 1993, off-Hatsushima
Island a cable connected multidisciplinary obser-
vatory was installed by JAMSTEC (Momma et
al., 1998). The observatory was equipped with
geophysical and oceanographic sensors and
video-cameras. Continuous observations were
made for about six years. In July 1999 the obser-
vatory stopped working because of a short circuit
of the submarine cable. Since then the replace-
ment of the primary observatory and the design
of a new one, enhanced to acquire additional
measurements (e.g., tsunami pressure gauge, y-
ray spectrometer) and based on new technolo-
gies, has been completed. In 2000 a new obser-
vatory was deployed with a new cable. At pres-

Fig. 7. Map of the cable-connected ocean bottom
observatories in Japan (Shirasaki er al., 2003): a)
JMA — Omaezaki; b) JIMA — Off-Boso; ¢) ERI — Oft-
Ito City; d) ERI — Off-Sanriku; e) NIED — Hiratsuka;
A) JAMSTEC - Oft-Hatsushima; B) JAMSTEC -
Off-Muroto Peninsula; C) JAMSTEC - Off-Kushiro-
Tokachi. A map of the planned ARENA cable is
shown in the top-left corner.
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ent, eight cabled experiments are running (table
I and fig. 7) and all these experiments will be
part of a larger project based on cable technolo-
gy, called ARENA (Massion et al., 2004) and
proposed in 2002 by IEEE-Oceanic Engineering
Society of Japan. ARENA plans to deploy elec-
tro-optical cables all around Japan including in
this network all the eight existing experiments. A
feasibility study is presently ongoing for the de-
velopment of the ARENA project. ARENA will
be used for many scientific fields such as seis-
mology, geodynamics, oceanography, marine
environmental sciences, ecology, biology and
exploitation of mineral resources. The ARENA
architecture will be based on a mesh-like net-
work, connecting underwater observatories and
terrestrial stations, and covering the vast research
area with 3600 km of cable powering the obser-
vation nodes. To satisfy the power requirements
a new current-to-current converter has been pro-
posed (Asakawa et al., 2005). When fully opera-
tional, the system will be equipped with 320 ob-
servation nodes (one every 20-50 km) over a to-
tal cable length of 16000 km (Shirasaki ef al.,
2003). A wide-band optical system to transmit
high-definition images will also be developed.
Finally, expandable and mobile real-time moni-
toring systems for deep-sea use have also been
developed (Kawaguchi et al., 2001, 2002).

GeO-TOC and VENUS (JP) — Although
long-term (a few months) seafloor experiments
have been carried out with mobile stations (e.g.,
Momma et al., 2001), the main trend of the sci-
entific and technological research has been to-
ward the use of underwater cables. While all the
submarine cables described above have been
specifically deployed for scientific purposes, the
utilisation of decommissioned underwater tele-
communications cables for scientific observation
has also been considered. The use of these latter
cables makes possible a low-cost implementa-
tion of scientific submarine cable systems. Typi-
cal examples of the utilisation of a submarine
communications cable are the GeO-TOC project
using the Japan-U.S.A. cable TPC-1, which con-
nects Ninomiya and Guam, and VENUS (JP)
which uses the TPC-2 cable running between
Okinawa and Guam islands. A map of the two
cables is shown in fig. 8 (Kasahara et al., 1995,
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1998a,b, 2000; Hirata et al., 2002; Kasahara,
2002). In January 1997, as part of the GeO-TOC
project, a multidisciplinary observatory was de-
ployed on the forearc slope of the Izu-Bonin
Trench at 2708 m w.d. The observatory included
a hydrophone, accelerometers and a quartz pres-
sure and temperature sensor. Under the VENUS
(JP) project, in August-September 1999 a multi-
disciplinary observatory was installed at a depth
of 2170 m on the slope of the Ryukyu Trench,
and attached to the Okinawa-Guam cable. The
observatory was equip-ped with a triaxial broad-
band seismometer, a tsunami pressure sensor, a
hydrophone array, a precision range meter for
crustal movement observations, an ad hoc obser-
vation system, a potentiometer, a magnetometer
and a video-camera. These instruments were
connected to the junction box via an underwater
mateable connector using a deep-towed unit,
ROV and manned submersible (fig. 8; Kasahara
et al., 2006). This arrangement allows the main-
tenance of instruments by means of a ROV and
future up-grading of sensors to those with new
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functions. In addition, it is planned to insert sen-
sors into the GeO-TOC system. The VENUS
(JP) system enabled the continuous acquisition
of observational data from sensors installed on
the ocean floor until a break down in communi-
cations occurred after several months caused by
the failure of an underwater connector on the
junction box.

OHP — The OHP project plans to cover the
East Asia-West Pacific area by a permanent geo-
physical network. OHP is a long-term multidis-
ciplinary project funded by the Ministry of Edu-
cation, Culture, Sports, Science and Technology
and started in April 1996. The OHP aims to
study and to build a new concept of the structure
and dynamics of the Earth’s deep interior by con-
structing a global network of multidisciplinary
geophysical observations on the hemisphere
including the whole of the Pacific Ocean. This
network consists of three components: seismic,
electromagnetic and geodetic. Each network is
further composed of observations using different

Fig. 8. Map of the TPC-1 and TPC-2 cables. The
junction box used in the VENUS (JP) experiment is
shown on the right (Kasahara et al., 2006).
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technologies and/or methods. OHP will improve
and expand the broad-band seismic network in
the north-western Pacific region, unifying the
observation system, and also deploying semi-
broad-band OBSs, such as the experiment in the
Philippines Sea (nine months in 2000-2001). An-
other goal of the project has been the installation
of four seafloor borehole geophysical stations
(NEREID-1, NEREID-2, WP-1 and WP-2; see
previous Section 4.1.), established by ODP and
managed by JAMSTEC (Suyehiro et al., 2002;
Shinohara et al., 2006). This type of installation
of a long-term observatory has shown that a
properly cemented ocean-floor borehole in
bedrock can also be very quiet at long periods
(Araki et al., 2004). Moreover, under OHP three
types of long-term OBS have been developed for
seafloor observations: 1) LT-VBB (360-0.05 s);
LT-BB (30-0.05 s); LT-OBS (1-0.05 s). The geo-
electromagnetic network aims to study the elec-
trical conductivity structure of the Earth’s man-
tle, Earth’s main magnetic field variations and
core-mantle dynamics, using the same type of
magnetometer. The distribution of permanent ge-
omagnetic observatories is not dense enough.
Therefore to improve the spatial resolution three
types of temporary stations were established:
OBEM, MT and SFEMS (Toh et al., 1998; Shi-
nohara et al., 2006). In the last case OHP uses
trans-continent submarine retired coaxial cable
for measuring geoelectrical potentials, in collab-
oration with the IRIS Consortium (IRIS, 1994).

Finally, geodetic measurements were per-
formed by a permanent network of 10 GPS sta-
tions, called WING (Kato et al., 1998), and by
seafloor instruments. As part of OHP, instru-
ments for seafloor geodesy have been developed
and tested (Fujimoto et al., 1998; Osada et al.,
2005) jointly with SIO, which was the first to
develop precision acoustic transponders with a
sub-cm resolution in 4-5 km (Spiess et al., 1998;
Gagnon et al., 2005a,b).

4.4. Europe

ECORD-JEODI — ESF has created a Euro-
pean research structure, ECORD that will serve
as the basis for all aspects of scientific ocean
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drilling research in Europe as part of the [ODP
Programme. Recently (from 2001) the EC has
funded a thematic network (JEODI) to imple-
ment ECORD and move towards a single re-
search and operational funding structure for sci-
ence in Europe enabled by ocean drilling.

OFM — As part of the French efforts to con-
tribute to the establishment of «permanent» sea-
floor observatories (Montagner et al., 1998), the
technical goal of the French Pilot Experiment
OFM conducted in April and May 1992 (Mon-
tagner et al., 1994a-c) was to show the feasibili-
ty of installing and recovering two sets of three-
component broad-band seismometers, one inside
an ODP borehole and another inside a benthos-
phere in the vicinity of the hole. All the logistic
support for the sea operations was provided by
IFREMER; the oceanographic vessel Nadir, the
submersible Nautile and the re-entry logging sys-
tem Nadia-2 were used. Secondary goals were to
obtain the seismic noise level to conduct a com-
parative study of broad-band noise on the
seafloor, downhole, and in continental regions,
and to determine the detection threshold of seis-
mic events on the seafloor. After the installation
of both sets of seismometers, seismic signals
were recorded continuously for 10 days. It was
observed that the noise level tends to decrease as
time goes by for both ocean-bottom and borehole
seismometers, which means that the equilibrium
stage had not yet been attained by the end of the
experiment (Beauduin et al., 1996a,b). The char-
acteristics of microseismic noise in oceanic and
continental areas are completely different. The
background microseismic noise is shifted toward
shorter periods for ocean-bottom and borehole
seismometers compared to a continental station.
This might be related to the difference in the
crustal structure between oceans and continents.
The experiment was a technical and scientific
success and demonstrated that the installation of
a permanent broad-band seismic and geophysical
observatory on the seafloor as well as in a bore-
hole is possible and can provide the scientific
community with high-quality seismic data.

EC feasibility studies — As already men-
tioned (see Introduction), since the early 1990s
the EC has promoted feasibility studies aimed at
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identifying the scientific requirements (Thiel ez
al., 1994) and the possible technological solu-
tions for the development of seafloor observato-
ries (ABEL; Berta et al., 1995). In particular,
ABEL proved the feasibility of the concept of a
benthic laboratory managed by a surface de-
ployer. The configuration proposed by Tecno-
mare (a member of the Eni Group) was a net-
work of co-operating fixed nodes associated
with an AUV that can interact with the fixed ob-
serving station nodes and extend their capabili-
ties by surveying the area investigated (Berta et
al., 1995; Gasparoni et al., 2002). Such a con-
figuration has inspired the EC GEOSTAR,
GEOSTAR-2 and ORION-GEOSTAR-3 proj-
ects (see below). In parallel, other studies and
activities, such as DESIBEL (Rigaud et al.,
1998), have been carried out at EC level, aimed
at defining the needs and expectations for long-
term investigations at abyssal depths. Within
DESIBEL four concepts have been investigated:
a) an active docking system with a mobile hook;
b) an active docking system with a special ROV;
c) a light scientific ROV; d) a free swimming ve-
hicle. The main outcomes of the feasibility stud-
ies ABEL and DESIBEL were the Victor 6000
ROV of IFREMER, and a special ROV able to
deploy and recovery heavy payloads on the deep
seafloor. This ROV, called MODUS, was built
as part of the GEOSTAR projects (Clauss and
Hoog, 2002; Clauss et al., 2004).

GEOSTAR and GEOSTAR-2 — Starting in
1995, after the feasibility studies described
above, the EC supported the GEOSTAR and
GEOSTAR-2 projects aimed at the develop-
ment and testing in actual deep-sea conditions
of a single-frame seafloor autonomous observa-
tory for long-term (up to one year) multidisci-
plinary monitoring at abyssal depths (at pres-
ent, the maximum operative depth is 4000 m).
The power supply is provided by a primary
lithium battery. Beranzoli et al. (1998) describe
the main sub-systems: a) Bottom Station; b)
MODUS; c) the communications systems. The
Bottom Station (i.e. the seafloor observatory)
manages all the scientific payload, provides the
power supply, and hosts the underwater part of
the communications system. The data acquisi-
tion is driven and controlled by a central unit

544

called DACS (Gasparoni et al., 2002) using a
single clock signal to provide a common refer-
ence and quickly compare the different time se-
ries. MODUS is the deployment/recovery vehi-
cle, which is lighter and smaller than tradition-
al ROVs. Although lacking manipulation de-
vices, MODUS takes care of the observatory
from the sea surface to the sea bottom and dur-
ing the deployment/recovery operations is also
the primary communications link with the ob-
servatory. The GEOSTAR communications are
based on different parallel systems: data cap-
sules (MESSENGERS) releasable upon surface
command or automatically in case of emer-
gency, that can transmit their position on the sea
surface and small quantities of data via AR-
GOS; acoustic seafloor-sea surface links with a
buoy or a portable surface station on a ship of
opportunity (Marvaldi et al., 2002). Near-real-
time communication with the observatory on
the seafloor is assured by a surface buoy able to
link by acoustics with the Bottom Station, and
by radio/satellite links with an on-shore station.
Details of the GEOSTAR sub-systems and
characteristics of the sensors used can be found
in Clauss and Hoog (2002), Gasparoni et al.
(2002), Marvaldi et al. (2002), Clauss et al.
(2004) and Favali er al. (2006). Figure 9a-d
shows all the GEOSTAR sub-systems.

In 1998, a demonstration mission was car-
ried out in the shallow waters of the Northern
Adriatic (42 m; Jourdain, 1999; Beranzoli et al.,
2000a) collecting multiparameter data (Beran-
zoli et al., 2000b). The analysis of the data dem-
onstrated the complete reliability of the whole
system, including MODUS functionality, and in
particular demonstrated the scientific potentiali-
ty of unique time-referenced multiparameter da-
ta (Beranzoli et al., 2003). Also the effect of the
observatory structure on the reliability of the
measurements was considered (Fuda er al.,
2006). In 2000-2001 the first long-term deep-sea
mission (GEOSTAR-2 project) took place at
about 2000 m w.d. in the Southern Tyrrhenian
Sea for seven months. A surface buoy was de-
ployed in the vicinity of the mission site to test
the near-real-time communication with the ob-
servatory on the seafloor. The long-term mission
validated the ability of the system to work prop-
erly in actual deep-sea conditions. The quality of
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Fig. 9a-d. The complete GEOSTAR sub-systems: a) Bottom Station, which includes DACS, power supply, un-
derwater acoustic communications and scientific payload, with MODUS on the top; b) MODUS ship-based re-
mote control system; c) surface communication buoy (GEOSTAR-2 configuration); d) five MESSENGERS within
the Bottom Station, the orange ARGOS antennas are visible (see also Favali et al., 2006).

the data collected was also high, as shown, for
instance, by magnetic (De Santis et al., 2006),
gravimetric (Iafolla ef al., 2006), and geochemi-
cal and oceanographic data that evidenced
ocean-lithosphere interactions in the benthic
boundary layer (Etiope et al., 2006). All the ma-
rine operations, either for the Adriatic shallow-
water or for the Tyrrhenian deep-sea missions,
were managed by the R/V Urania.

Also during the GEOSTAR-2 deep-sea mis-
sion fourteen OBSs and OBHs were deployed
in an area between Ustica Island and the Aeo-
lian Islands as far as Stromboli to better moni-
tor the seismicity of that area. The experiment,
called TYDE, lasted six months from the end of
November 2000 to the middle of May 2001.
Details can be found in Dahm er al. (2002).
Some scientific results of TYDE are presented
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and discussed in Montuori (2004), Sgroi et al.
(2006) and Barberi et al. (2006).

A significant example of technological
spin-off from the GEOSTAR projects is the use
of MODUS for the management of an instru-
mented frame, called SCIPACK, for explorato-
ry surveys (casts and profiles) as part of the EC
BIODEEP project. In particular, the exploration
of the deep (>3000 m w.d.) hypersaline anoxic
basins of the Eastern Mediterranean Sea has
been conducted by acquiring real-time video
images, measurements and accurate video-
guided samplings (Malinverno et al., 2006).

The GEOSTAR projects represent the start-
ing point of a set of European and Italian initia-
tives, which have led in around 10 years to the
development and operation of other GEOSTAR-
class observatories. The next step, promoted in
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Fig. 10. Bathymetric map of the Gulf of Corinth where one of the ASSEM pilot experiments was carried out.
The dots represent the locations of the underwater nodes, the two red circles indicate the M1 node (A, underwa-
ter photograph on the right); and the ORION-GEOSTAR-3 Node 4 (B, underwater photograph on the right)

(Blandin et al., 2003).

2002 by the EC, was to move from a single ben-
thic observatory to seafloor observatory net-
works. The two EC projects ASSEM and ORI-
ON-GEOSTAR-3 have such a goal.

ASSEM — ASSEM is a project funded by the
EC in the period 2002-2004 which developed a
seafloor network for the long-term monitoring
of geotechnical, geodetic and chemical param-
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eters over a seabed area with maximum extent
of 1 km* (Blandin et al., 2003). The network
consists of light nodes able to communicate
with a surface buoy and providing power sup-
ply and data logging resources to a set of sen-
sors placed inside or around the node frame.
One of the monitoring nodes also acts as a gate-
way for the data transmission to the buoy and
land stations for processing and access through
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the Internet. The network deployment and re-
covery requires the use of traditional ROVs
with manipulation functionalities to assist the
operations on the seafloor.

ASSEM nodes were deployed in 2004 down
to 400 m in the Gulf of Corinth, down to 40 m in
the Patras Gulf (both sites in Greece) and down to
50 m at Finneidfjord (off-shore Norway). The ex-
periments lasted in total seven months. In the
Gulf of Corinth the array included three nodes
equipped with geodetic sensors based on acoustic
distance meterzzs and tiltmeters, CTD methane
and oxygen sensors. The array was integrated
with a guest station (Node 4) developed as part of
the ORION-GEOSTAR-3 project, to demonstrate
the full compatibility between the two networks,

ASSEM and ORION-GEOSTAR-3 (see below).
Figure 10 shows the bathymetric map of the Gulf
of Corinth in which the experiment was carried
out and the location of the nodes. An additional
node, GMM, was developed and deployed with-
in a methane-bearing pockmark in the Patras Gulf
at 40 m w.d. This module was equipped with
three methane sensors, a H,S sensor and CTD
and was linked to shore by submarine cable for
real-time data transmission (Marinaro et al.,
2004).

ORION-GEOSTAR-3 The ORION-
GEOSTAR-3 EC project (2002-2005) has the
objective to make a significant step forward in
ocean networking starting from the results of

Fig. 11. Swath bathymetry of the Southern Tyrrhenian Sea, on the right a 3D picture viewed from the north of
the Marsili underwater volcanic seamount (Central Tyrrhenian bathyal plain) (Marani et al., 2004). The yellow
star indicates the site of the ORION-GEOSTAR-3 experiment at the NW base of the seamount (over 3300 m
w.d.). Photographs of GEOSTAR (right) and Node 3 (left) are shown at the bottom of the figure.
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the GEOSTAR projects (Beranzoli et al., 2004).
As part of ORION-GEOSTAR-3, GEOSTAR
was upgraded to operate as the gateway node of
a seafloor network, two satellite observatories
were developed (named ORION Nodes 3 and
4) and horizontal acoustic telemetry was devel-
oped to provide a bi-directional communica-
tions link between GEOSTAR and the satellite
nodes. Communication between the seafloor
network and land is once again performed by
the GEOSTAR surface buoy via radio/satellite
link to a shore station. The deployment/recov-
ery of each network node is made by MODUS.
This opens a large perspective in the standardi-
sation of observatory management.

The long-term pilot experiment ran from De-
cember 2003 at over 3300 m w.d. NW of the
Marsili volcanic seamount (Southern Tyrrhenian
Sea) (fig. 11; Marani et al., 2004) involving
GEOSTAR, an additional node placed 1 km away
(ORION Node 3), the improved GEOSTAR
buoy, and a shore-station, sited in the INGV ob-
servatory of Gibilmanna (Northern Sicily). The
surface buoy allows the automatic transmission to
the shore station of periodic messages coming
from Node 3 to the gateway (GEOSTAR node)
via horizontal acoustics and then via vertical
acoustics from the gateway. The buoy-shore link
is by radio through the relay station on Salina Is-
land (Aeolian Islands) and/or by satellite (IRIDI-
UM). It is also possible to retrieve pieces of

waveforms collected by the seismometer by in-
terrogating either the GEOSTAR node or ORION
Node 3 from the shore. Although the experiment
was ongoing at the time of preparation of this pa-
per, the full set of multiparameter data related to
the period December 2003-April 2004 was re-
covered during a maintenance intervention. The
R/V Urania has been used for all the sea opera-
tions in this project.

As part of the ASSEM experiment in the Gulf
of Corinth, one of the ORION-GEOSTAR-3
nodes (ORION Node 4) was deployed and inte-
grated as far as the communications were con-
cerned. The demonstration of the compatibility
of the two networks was required by the EC to
favour the synergy between similar projects and
to enhance the results of individual projects.
This can assess the capability of European re-
search and technology to provide advanced sys-
tems for marine monitoring in (near)-real-time
from coast to deep-sea.

The results of the ORION-GEOSTAR-3 proj-
ect open a new perspective for safe and relatively
inexpensive management of seafloor observato-
ries and for the potentiality of a multiparameter
approach to the improvement of our knowledge
of processes in the benthic boundary layer.

ESONET — The ESONET project promotes
activities to develop the multidisciplinary «sea-
floor segment» of the ESA-EC GMES Pro-

Fig. 12. Map of the «key-sites» of the European ocean margins proposed by ESONET (Priede et al., 2003, 2004).
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gramme. These activities are particularly aimed
at contributing to research into geo-hazards,
global change and biodiversity. ESONET has
produced guidelines for the establishment of a
European seafloor network of observatories
from the Baltic Sea to the Black Sea. In this
context one of the most important outcomes has
been the definition of «key-sites» (fig. 12) at
which cabled multidisciplinary observatories
should be deployed (Priede et al., 2003, 2004).
At several sites several scientific activities have
been running for a long time in preparation for
the introduction of cabled observatories.
Among these sites, the one in Eastern Sicily is
already operative in real-time, having, at the
end of January 2005, connected the SN-1 ob-
servatory to an electro-optical cable and ac-
quired data at the shore station (see Section 4.5
for details). At other sites, such as Porcupine
(off-shore Western Ireland), actions to acquire
and deploy an electro-optical cable are being
developed (Waterworth, 2004).

4.5. Italian initiatives

The Italian coasts have in some cases been
affected by tsunamis (Tinti et al., 2004), most of
them directly linked to earthquakes or to vol-
canic eruptions and consequent submarine land-
slides (e.g., Tinti et al., 1995; Piatanesi and Tin-
ti, 1998; De Martini et al., 2003), as at the end
of 2002 when an unusual eruption of Stromboli
(Aeolian Islands, Southern Tyrrhenian Sea) oc-
curred together with the collapse of a flank of
the volcano. This collapse caused submarine
slumping associated with tsunami waves. INGV
has recently established a permanent laboratory
on Stromboli, which is an ideal natural laborato-
ry, and an extensive interdisciplinary pro-
gramme is being planned (Chiappini et al.,
2002). One of the most exposed areas to tsuna-
mi hazard is Eastern Sicily, where the biggest
Italian earthquakes have occurred, often associ-
ated with tsunamis (1693, M 7.4; 1908, M 7.1,
Boschi et al., 1997; Tinti et al., 2004). There-
fore, the first pilot station of the Italian tsunami
warning system has been installed there, as a re-
sult of the EC GITEC-TWO project (1996-
1998) (Maramai et al., 2002). The seafloor ob-
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servatory SN-1 has also been installed and con-
nected in real time to the shore in that area (see
below).

SN-1 — In the period 2000-2004 the Italian
GNDT funded a project proposed by INGV to
set up and operate off-shore Eastern Sicily in
the Western Ionian Sea (Central Mediterranean)
a multiparameter deep-sea observatory, SN-1,
mainly devoted to seismological and oceano-
graphic measurements. SN-1 is a GEOSTAR-
class observatory with reduced size compared
with GEOSTAR and represents the effort of
Italian marine research towards the realisation
of a seafloor network in the seas surrounding
the peninsula (fig. 13). The site of SN-1 was
chosen as the first one, because it is the most

Fig. 13. Map of the nodes of the future Italian «per-
manent» multidisciplinary seafloor network. The
numbers indicate the sites of geophysical (particular-
ly seismological and/or volcanological) interest in
order of priority from 1 to 10, while the letter «a» in-
dicates sites of environmental interest. The number 1
represents the SN-1 location, the first existing real-
time connected node.
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exposed in Italy to destructive earthquakes and
the tsunamis that are often connected with them
(Boschi et al., 1997; Tinti et al., 2004).

SN-1 has basically the same features of GEO-
STAR: it is deployed/recovered by MODUS, it
hosts a set of sensors, and is equipped with a
DACS providing data streams with a unique time
reference. In contrast to GEOSTAR, SN-1 has a
standard vertical acoustic system enabling the
surface unit to control its status and to retrieve
portions of data and it is not supported by a sur-
face moored buoy. From October 2002 to May
2003 SN-1 successfully completed its first long-
term mission at 2105 m w.d. off-shore Catania.
During this mission, SN-1 acquired, in au-
tonomous mode, around 10 Gb of data, 7.65 Gb
of which were collected by a 100 Hz sampling
rate broad-band seismometer (Favali er al.,
2003). SN-1 has demonstrated the improvement
of seismic event detection obtainable with an ob-
servation site at sea. In fact, it acquired hundreds
of events not recorded on land, fully demonstrat-
ing that seismicity in marine areas is poorly mon-
itored and localised by the on-shore network on-

ly (Favali ef al., 2004b). Moreover, the relatively
simple procedure, already used in previous
GEOSTAR experiments, of de-coupling the seis-
mometer housing from the frame, protecting the
housing with another external bell, and coupling
the instrument with the seabed has been defini-
tively validated and has resulted in the collection
of high-quality seismological data (Monna et al.,
2005).

At the end of January 2005, the SN-1 obser-
vatory was again deployed at the same site
(about 25 km east of Etna volcano at 2060 m
w.d.) and connected to a submarine cable
owned by INFN (fig. 14). The sea operations
have been carried out by the C/V Pertinacia,
owned by Elettra Tlc; the SN-1 connection to
the cable termination was made through a ROV
mateable connector managed by the deep-rated
ROV available on board. In this way SN-1 re-
ceives power from shore and is able to commu-
nicate in real-time with a shore station. This
makes possible the integration of SN-1 with the
existing Italian land-based network, providing a
significant contribution to our knowledge of a

Fig. 14. Sketch of the INFN cable from the shore laboratory in Catania harbour to a plateau of the Malta es-
carpment located about 25 km east of Etna volcano (>2000 m w.d.). A photograph of SN-1 is also shown in the
top-right corner (Favali ef al., 2003). The geographic location of the observatory is indicated by a red dot on the

map in the bottom-left corner (2060 m w.d.).
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key sector of Central Mediterranean geodynam-
ics. The INFN cable will also carry out a scien-
tific experiment to detect natural neutrinos in
deep-sea waters (NEMO Pilot Experiment, see
Section 4.6). These scientific achievements
have been achieved through joint activities be-
tween INGV and INFN, regulated by a specific
MoU. Moreover, SN-1 is also one of the key-
sites defined by the ESONET project around
the European ocean margins as sites for the de-
velopment of seafloor observatories connected
in real time to the shore (Priede et al., 2003,
2004). SN-1 is the first operative cabled obser-
vatory in Europe.

MABEL — MABEL is a deep-sea multipara-
meter observatory for polar seas under develop-
ment as part of PNRA (Calcara et al., 2001). It is
designed to acquire geophysical, geochemical,
oceanographic and environmental time series,
and to operate autonomously for one year. Be-
cause MABEL is a GEOSTAR-class observato-
ry with the same dimensions of SN-1, the launch
and recovery of the observatory will be managed
by MODUS. The first long-term mission has
started at the end of 2005 in the Weddell Sea, us-
ing the R/V Polarstern. The use of this vessel is
regulated by a MoU between INGV and AWL
The mechanical and electronic behaviour of the
whole system at low temperatures has been test-
ed in the HSVA Basin, where it is possible to
simulate polar water and air conditions and
therefore to indicate the weak points that must be
overcome (Cenedese et al., 2004).

Sensor prototypes — An intense parallel ac-
tivity has been planned and carried out to devel-
op sensor prototypes suitable for long-term use
in deep-sea single-frame multiparameter plat-
forms, such as GEOSTAR-class observatories.
In particular, a triaxial fluxgate magnetometer
(De Santis et al., 2006), a very sensitive gravity
meter (Iafolla and Nozzoli, 2002) and an auto-
matic chemical electrode analyser have been
developed, tested and used in long-term mis-
sions down to over 3300 m w.d.

The main characteristics of the scientific
payload, the dimensions and weights of the
available GEOSTAR-class platforms are sum-
marised in Favali et al. (2004a, 2006).
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4.6. Neutrino telescopes

In the last few years high energy particle
physicists have become very interested in carry-
ing out experimentsto detect neutrinos in the
deep oceans. Solar and supenova physics have
indicated the specific role of neutrinos in the
processes involved in stellar evolution, opening
the way to so-called «low energy neutrino astro-
physics». The underwater/ice Cerenkov tech-
nique is widely considered to be the most prom-
ising experimental approach to building high
energy neutrino detectors. The first generation
of underwater/ice neutrino telescopes, BAI-
KAL (Belolaptikov et al., 1997) and AMANDA
(Andres et al., 2001), despite their limited sizes,
have already set the first constraints on TeV
neutrino astrophysical models. The construc-
tion of km” size detectors has already started: at
the South Pole the ICECUBE neutrino telescope
is under construction (Ahrens et al., 2004); the
ANTARES (Katz et al., 2004), NEMO (Capone
etal.,2002) and NESTOR (Zhukov et al., 2004)
collaborations are working towards the installa-
tion of a neutrino telescope in the Mediterranean
Sea. Neutrino detectors must identify faint as-
trophysical neutrino fluxes against a diffuse at-
mospheric background. The cosmic muon flux,
which at sea surface is about 10 orders of mag-
nitude higher than the number of neutrino-in-
duced up-going muons, strongly decreases be-
low the sea surface as a function of depth and of
zenith angle, falling to zero near the horizon
and below. For this reason astrophysical neutri-
no signals are searched for among upward-go-
ing muons. At 3000 m depth, an underwater
neutrino telescope is hit by a cosmic muon flux
that is about 106 times greater than the up-go-
ing atmospheric neutrino signal. Another back-
ground source is the optical noise in seawater.
This background is due to the presence of bio-
luminescent organisms and radioactive iso-
topes. Radioactive elements in water (mainly
“K) produce electrons above the Cerenkov
threshold. The expected number of detectable
high energy astrophysical neutrino events is of
the order of 10-100 per km’ per year (Gaisser et
al., 1995; Bahcall and Waxman, 2001) and on-
ly detectors with an effective area (A.y) of order
1 km® would allow the identification of their
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sources. After the pioneering work carried out
by the underwater DUMAND collaboration off-
shore Hawaii Island (Roberts, 1992), starting in
the second half of the 1990s, two small-scale
neutrino telescopes, the underwater BAIKAL
(Aeg=104 m?; Belolaptikov et al., 1997) and the
under-ice. AMANDA (A,;=0.1 km®, Andres
et al., 2001), have demonstrated the possibility
of using the underwater/ice Cerenkov tech-
nique to track E,>100 GeV neutrinos and thus
measuring the atmospheric neutrino spectrum
at high energies. BAIKAL was the first under-
water neutrino telescope and, after more than
ten years of operation, it is still the only neutri-
no telescope located in the Northern Hemi-
sphere. BAIKAL is an array of 200 photomulti-
pliers, moored between 1000 and 1100 m depth
in Lake Baikal (Russia). AMANDA is current-
ly the largest neutrino telescope. In the present
stage, AMANDA 1I, the detector consists of
677 optical modules of pressure-resistant glass
hosting downward-oriented photomultipliers
and readout electronics. The optical modules
are arranged in 19 vertical strings, deployed in
holes drilled in the ice between 1.3 and 2.4 km
depth. The success of these two experiments
has opened the way to the construction of km’
underwater neutrino telescopes. ICECUBE
(Ahrens et al., 2004), which will extend the
AMANDA detectors to km® size at the South
Pole, will be deployed starting in austral sum-
mer 2004-2005, to be completed by 2010.
When completed it will consist of 4800 photo-
multipliers deployed in 80 strings.

In the Northern Hemisphere three collabora-
tions, ANTARES, NEMO and NESTOR, are
building demonstration detectors and prototypes,
aimed at the construction of a km’ detector in the
Mediterranean Sea. The simultaneous observa-
tion of the whole sky with at least two neutrino
telescopes in opposite hemispheres of the Earth
is essential for the study of transient phenomena.

NESTOR (Zhukov et al., 2004) the first col-
laboration to operate in the Mediterranean Sea,
will deploy a modular detector at 3800 m depth
in the Ionian Sea, near the Peloponnese coast
(Greece).

ANTARES (Katz et al., 2004) will be a dem-
onstration neutrino telescope with an effective
area of 0.1 km’ for astrophysical neutrinos. It is
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located at a marine site near Toulon (France), at
2400 m depth. Between December 2002 and
March 2003 the collaboration has deployed a
junction box and two prototype lines equipped
with oceanographic instruments and optical mod-
ules. The construction of km® scale neutrino tele-
scopes requires detailed preliminary studies: the
choice of the underwater installation site must be
carefully investigated to optimise detector per-
formance; the readout electronics must have a
very low power consumption; the data transmis-
sion system must allow data flow as high as 100
Gb/s to shore; the mechanical design must allow
easy detector deployment and recovery, and the
deployed structures must be reliable over more
than 10 years. In order to propose feasible and re-
liable solutions for the km’ installation the
NEMO collaboration has been conducting in-
tense research and development on all the above
subjects since 1998 (Capone et al., 2002; Migne-
co et al., 2004). NEMO has intensively studied
the oceanographic and optical properties at sever-
al deep-sea sites (depth ~3000 m), close to the
Italian coast. Results indicate that a large region
located 80 km SE of Capo Passero (Sicily) is ex-
cellent for the installation of the km’ detector.

In recent years many innovations have been
applied to underwater technology. DWDM is
permitting a large increase in the speed and
bandwidth of optical fibre data transmission;
newly developed materials can improve the
long-term underwater reliability of complex de-
ployed structures; deep-sea operations with
ROVs or AUVs have been standardised. The de-
sign of the Mediterranean km’ telescope will di-
rectly profit from these advanced technologies.
In order to test the technical solution for the km’
installation, the INFN installed a deep-sea test
site at over 2000 m depth deploying an electro-
optical cable, 25 km E of the harbour of Catania
(Sicily) supported by the infrastructure of LNS
(fig. 14). An underwater station consisting of a
basic NEMO module (junction boxes, towers
and data acquisition system) will be installed by
2007. The neutrino telescopes can provide infra-
structures that support other experiments and
seafloor observatories, as the NEMO test site
has already demonstrated. In fact it also hosts
other experiments such as geophysical ones
through the deployment and real-time connec-
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tion to the cable of the SN-1 multidisciplinary
observatory (Favali ef al., 2003) made at the end
of January 2005 (see Section 4.5).

The research and development activities con-
ducted by the three Mediterranean collaborations
have provided valuable experience in the con-
struction of the underwater km® detector, which
will be the result of their efforts. A step in this di-
rection is represented by their joint effort in the
EC KM3NET project for a design study of the
km’ Mediterranean Neutrino Telescope. Further
details on neutrino telescopes can be found in
this volume (Migneco et al., 2006).

5. Conclusions and perspectives

The establishment of a network of seafloor
observatories will represent a new direction in
ocean science research, and it will require a ma-
jor investment of human and economic re-
sources over many decades.

Potential benefits and risks are envisaged
(NRC, 2000).

The potential risks include:

Installation of poorly designed and unre-
liable observatory systems.

Potential for interference between ex-
periments.

Lack of standardisation and inter-oper-

ability.

— Inefficient use of resources if important
technological questions are not adequately re-
solved.

— Possible compromise in system per-
formance if critical technologies are not avail-
able when needed.

The potential benefits include:

Establishment of a basis for new discov-
eries and major advances in the ocean sciences.
Advances in relevant areas of research,
such as marine biotechnology, the ocean’s role
in climate change, and the assessment and mit-
igation of natural hazards (like earthquakes
and/or tsunamis).
Improved access to oceanographic and
geophysical data, enabling researchers to study
the ocean and Earth in real-time or near-real-
time by providing multidisciplinary observato-
ry infrastructures.
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Establishment of permanent observation
sites over the 70% of Earth’s surface covered by
oceans to provide truly global geophysical and
oceanographic coverage.

Enhancement of interdisciplinary re-
search for improving the understanding of in-
teractions between physical, chemical and bio-
logical processes in the oceans.

Increased public awareness of the
oceans by proving new educational opportuni-
ties for students at all levels using seafloor ob-
servatories as a platform for public participa-
tion in real-time experiments.

Carefully evaluating the potential risks and
benefits, seafloor observatories represent a
promising approach for advancing basic research
in the Earth and ocean sciences. However, ade-
quate resources are required, estimated at sever-
al tens of million Euros per year. A comprehen-
sive sea-floor observatory programme should in-
clude both cabled and moored-buoy systems to
adapt to the diverse possible applications. Be-
cause of the scientific need to study transient
events, it is also important to develop rapidly de-
ployable observatory systems. Applications de-
manding high telemetry bandwidth and large
amounts of power will preferably use submarine
communication cables. Retired cables may be-
come available from time to time in areas of sci-
entific interest. Alternatively, new cables may be
deployed as part of a seafloor observatory pro-
gramme. Moored-buoy observatories will be the
preferred approach at remote sites, when band-
width and telemetry requirements are modest, or
when the duration of experiment does not justify
the cost of a fibre-optic cable. Scientific benefit
should be the leading factor influencing the fu-
ture technological developments in marine in-
strumentation. Needs for the future may be sum-
marised: a) extend the number and type of plat-
forms, with particular reference to landing sys-
tems, benthic observatories and ROVs; b) extend
in time the acquisition of time series by more tra-
ditional stations (like buoys or moorings); ¢) col-
lect in real time, increase the number and type of
instrumented packages. A promising perspective
is the linking of fixed observatories with AUVs,
which have the potential of being more cost ef-
fective than survey ships. The need for more
technological developments related to long-term
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multidisciplinary deep-sea observatories promis-
es a more fruitful relationship between scientific
institutions and industries that are moving into
deeper waters. Standardisation is one of the key
issues for globality, modularity, common instal-
lation and recovery tools, and could provide eas-
ier maintenance procedures (Ollier et al., 2002).
The first step in establishing a seafloor observa-
tory system should be the development of a de-
tailed programme and project implementation
plan. This includes a management structure to
ensure access to observatory infrastructure. This
last requirement is likely to be similar to other
large, co-ordinated programmes in the Earth,
ocean and planetary sciences (e.g., JOIDES, IRIS
and NA-SA). A phased implementation strategy
should be developed, with adequate prototyping
and testing, before deployment of sea-floor ob-
servatories on a large scale. A seafloor observa-
tory programme should include funding for three
key elements: observatory infrastructure, new
sensors and AUV technology. It is essential that
this programme be only one component of a
much broader ocean research strategy. New
mechanisms should be developed for the evalua-
tion of highly interdisciplinary proposals requir-
ing long time-series observations. An open data
policy should be agreed upon to support infor-
mation centres for archiving observatory data
and disseminating data products and informa-
tion. Also an active public outreach and educa-
tion programme should be a high-priority com-
ponent of a seafloor observatory programme.
The seafloor observatory programme must in-
clude co-operation within international initia-
tives, like ION.
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LT-BB: Long-Term Broad Band.

LT-OBS: Long-Term Ocean Bottom Seismometer.

LT-VBB: Long-Term Very Broad Band.

MABEL: Multidisciplinary Antarctic BEnthic Laboratory
(WWW site: http://www.ingv.it/geostar/mabel.html).

MARGINS: Margins Programme (WWW site: http:/
www.mar gins.wustl.edu).

MARS: Monterey Accelerated Research System (WWW
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site: http://www.mbari.org/mars).

MARUM: Zentrum fiir marine Umweltwissenschaften
(WWW site: http://www.marum.de).

MAST: MArine Science and Technology (WWW site:
http://www.cor-dis.lu/mast).

MBARI: Monterey Bay Aquarium Research Institute
(WWW site: http://www.mbari.org).

MedNet: Mediterranean Network (WWW site: http:/
mednet.ingv.it).

MOBB: Monterey bay Ocean Broad-Band observatory
(WWW  site: http://quake.geo.berkeley.edu/bdsn/
mobb.overview.htm).

MODUS: MObile Docker for Underwater Sciences.

MOISE: Monterey bay Ocean bottom International Seis-
mic Experiment (WWW site: http://www.mbari.org/
shake/MOISE).

MoMAR: Monitoring the Mid-Atlantic Ridge (WWW site:
http://www.momar.org).

MOOS: Monterey bay Ocean-Observing System (WWW
site: http:// www.mbari.org/moos).

MoU: Memorandum of Understanding.

M/P: Moto Pontoon.

MT: Magneto Telluric (array).

MVCO: Martha’s Vineyard Coastal Observatory (WWW
site: http://www.whoi.edu/mvco).

NASA: National Aeronautic and Space Administration
(WWW site: http:// www.nasa.gov).

NeMO: New Millennium Observatory (WWW site: http:/
www.pmel.noaa.gov/vents/nemo).

NEMO: NEutrino Mediterranean Observatory (WWW site:
http://nemoweb.Ins.infn).

NEPTUNE: North East Pacific Time-series Undersea
Networked Experiments (WWW site: http://www.nep-
tune.washington.edu).

NERC: Natural Environment Research Council (WWW
site: http://www.nerc.ac.uk).

NEREID: Neath Seafloor Equipment for Recording Earth’s
Internal Deformation

NERO: Ninety East Ridge Observatory (WWW site:
http://www.ifre-mer.fr/dtmsi/programmes/nero.htm).

NESTOR: NEutrino experimental Submarine Telescope
with Oceanographic Research (WWW site: http:/
WWW.Nestor.org.gr).

NGI: Norges Geotekniske Institutt (WWW site: http://
WWW.Ngi.no).

NIED: National research Institute for Earth science and Dis-
aster prevention (WWW site: http://www.bosai.go.jp).

NOAA: National Oceanic and Atmospheric Administration
(WWW site: http://www.noaa.gov).

NOC: National Oceanography Centre, Southampton
(WWW site: http://www.noc.soton.ac.uk).

NRC: National Research Council (WWW site: http:/
www.nationalacademies.org/nrc).

NSF: National Science Foundation (WWW site: http:/
www.nsf.gov).

OBEM: Ocean Bottom Electro Magnetometer.

OBH: Ocean Bottom Hydrophone.

OBS: Ocean Bottom Seismometer.

OceanSITES: OCEAN Sustained Interdisciplinary Time se-
ries Environment observation System (WWW site:
http://www.ocean-sites.org/oceansites).

ODP: Ocean Drilling Programme (WWW site: http:/
www.odp.tamu.edu).
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OFM: Observatorie Fond de Mer (WWW site: http://
www.dt.insu.cnrs.fr/ ofm/ofm.php).

OGS: Istituto Nazionale di Oceanografia e Geofisica Sper-
imentale (WWW site: http://www.ogs.trieste.it).

OHP: Ocean Hemisphere network Project (WWW site:
http://eri-ndc.eri.u-tokyo.ac.jp/en/ohp/index.html).
OOI: Ocean Observatories Initiative (WWW site: http://

WWww.orionprogram.org/ooi).

ORION: Ocean Research Interactive Observatory Net-
works (WWW site: http://www.orionprogram.org).
ORION-GEOSTAR-3: Ocean Research by Integrated Ob-
servation Networks (WWW site: http://www.ingv.it/

geostar/orion.htm).

OSN: Ocean Seismic Network.

OSNPE: Ocean Seismic Network Pilot Experiment.

PNRA: Programma Nazionale di Ricerche in Antartide
(WWW site: http://www.pnra.it).

RIDGE: Ridge InterDisciplinary Global Experiments.

ROPOS: Remote Operated Platform for Ocean Science
(WWW site: http://www.ropos.com).

ROV: Remote Operated Vehicle (WWW site: http:/
my.fit.edu/~swood/ rov_pg2.html).

Royal NIOZ: Royal Netherlands Institute for Sea Research
(WWW site: http://www.nioz.nl).

R/V: Research Vessel.

SAPPI: Satellite-linked Autonomous Pore Pressure Instru-
ment.

SEABASS: SEAfloor Borehole Array Seismic Network.
SEIZE: SEIsmogenic Zone Experiment (WWW site: http://
www.margins.wustl.edu/seize/seize.html#webinfo).

SFEMS: SeaFloor Electro Magnetic Station.

SIO: Scripps Institution of Oceanography (WWW site:
http://sio.ucsd.edu).

SN-1: Submarine Network-1 (WWW site: http://www.ingv.it/
geostar/sn.htm).

TAO: Tropical Atmosphere-Ocean array (WWW site:
http://www.p-mel.noaa.gov/tao).

TeV: Tera electronVolt.

TFH: Techniche Fachhochschule Berlin (WWW site: http:/
www.tfh-berlin.de).

TPC: Transoceanic Phone Cable.

TUB: Technische Universitit Berlin (WWW site: http:/
www.tu-berlin.de).

TYDE: TYrrhenian Deep-sea Experiment (WWW site:
http://www.ingv.it/geostar/tyde.htm).

USGS: United States Geological Survey (WWW site:
http://www.usgs.gov).

USSAC: United States Science Advisory Committee
(WWW site: http://www.usssp-iodp.org).

VENUS (CAN): Victoria Experimental Network Under the
Sea (WWW site: http://www.venus.uvic.ca).

VENUS (JP): Versatile Eco-monitoring Network by Under-
sea-Cable System (WWW site: http://wwweprc.eri.u-
tokyo.ac.jp/haiiki/cable_eng.html).

VLEF: Very Low Frequency.

WHOI: Woods Hole Oceanographic Institution (WWW
site: http://www.whoi.edu).

WING: Western pacific Integrated Network of GPS (WWW
site: http://sps.unavco.org/crustal_motion/ dxdt).

WP: Western Pacific.

WWSSN: World-Wide Standardised Seismograph Network
(WWW site: http://www.seismo.com/msop/msop79/
msop.html).
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