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Preface

The National Science Foundation’s Ocean
Observatories Initiative (OOI), part of the research-
driven Ocean Research Interactive Observatory
Networks (ORION) Program, is a major contribution
by NSF to a broader national and international
effort to establish a global Earth observing system,
the Global Earth Observation System of Systems
(GEOSS). The underlying goal of the OOI, and
the ORION Program, is to develop the new
knowledge and technologies that will advance our
understanding of fundamental ocean and Earth
processes. The OOl will deliver an advanced,
interactive, distributed sensor network, with an
operational lifetime of 25-30 years, for studies

in locations ranging from the coastal waters of
North America to the remote Southern Ocean. A
system-wide cyberinfrastructure will deliver data

in near-real time to a scientist’s desktop from
almost anywhere in the world’s oceans, as well as
allow users to remotely control their instruments,
perform in situ experiments at observatory sites,
and construct virtual observatories of suites of
sensors specifically tailored to their scientific
needs. The OOI promises to transform the

ocean sciences in the coming decade by opening
entirely new avenues of research, encouraging the
development and application of new sensors and
technologies, providing new opportunities to convey
the importance of the oceans to students and the
general public, and providing essential information
for decision-makers responsible for developing
ocean policy.

The purpose of this document is to describe
examples of high priority science questions within
the broad science themes posed in the OOI Science
Plan published in 2005 that will be investigated
using the OOl infrastructure at the sites described
in the OOI Conceptual Network Design (CND).
Opportunities span all disciplines of the ocean
sciences. The examples given here illustrate
how continuous observations and interactive
experiments provided by ocean observatories

are required in order to make significant progress

in many areas of the ocean sciences. Where
appropriate, research questions that can be
addressed across all scales of the infrastructure
(global, regional, coastal) are noted. In addition,
we highlight some examples of observatory-based
research that are anticipated to lead to early
success and/or lead to major advances in our
understanding of ocean and Earth processes.

This document was prepared under the guidance
of the Steering Committee of the ORION Program
and the ORION Program Office. An ad hoc writing
committee, chaired by Jim Yoder (Woods Hole
Oceanographic Institution) and including Ginger
Armbrust (University of Washington), Kendra

Daly (ORION Program Director), Robert Detrick
(Woods Hole Oceanographic Institution), Steve
D’Hondt (University of Rhode Island), Rick Jahnke
(Skidaway Institute of Oceanography), Doug

Luther (University of Hawaii), Oscar Schofield
(Rutgers University) and Anne Trehu (Oregon State
University) prepared this document for review by
an NSF-appointed “Blue Ribbon Review Panel”. It
draws heavily from the OOI Science Plan and the
CND prepared by ORION’s Science and Technical
Advisory Committee (STAC, Chair Doug Luther)
with input from ORION’s Engineering (Chair Keith
Raybould, Monterey Bay Aquarium Research
Institution), Cyberinfrastructure (Chair Larry Mayer,
University of New Hampshire), Sensors (Chair Scott
Gallager, Woods Hole Oceanographic Institution)
and Education and Public Awareness (Chair George
Matsumoto, Monterey Bay Aquarium Research
Institution) committees. We especially want to
thank the chairs of the STAC subcommittees that
prepared the CND for text and figures used in this
document. They include John Collins (Woods Hole
Oceanographic Institution), Deb Kelley (University of
Washington), Collin Roesler (Bigelow Laboratory),
Uwe Send (Scripps Institution of Oceanography),
John Trowbridge (Woods Hole Oceanographic
Institution) and William Wilcock (University of
Washington).
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1. Vision and Motivation for the OOI

The quality of life on Earth is strongly affected by
the ocean, which covers two-thirds of our planet.
The ocean modulates both short and longer-term
variations in climate, harbors major energy and raw
material resources, contains and supports the larg-
est biosphere on Earth, significantly influences rain-
fall and temperature patterns on land, and occasion-
ally devastates heavily populated coastal regions
due to storms or tsunamis. More than a century and
a half of ship-based observations and research has
described the basic features and processes operat-
ing in the ocean and their interactions with terrestrial
and atmospheric systems. The delineation of major
ocean circulation patterns, the development of plate
tectonics, the discovery of the bacteria and archeae
that dominate open ocean biogeochemical process-
es, and documentation of the coupled ocean-atmo-
spheric interactions that lead to the El Nifio-South-
ern Oscillation (ENSO) are all major achievements
of the ocean sciences over the past five decades.

Yet, as our understanding of the oceans has ad-
vanced, it has become increasingly apparent that
many critical processes occur at temporal and spa-
tial scales that cannot be effectively studied using
only traditional tools such as ships, moorings, drift-
ers, and satellites. Ship-based studies, for example,
are very limited in their ability to investigate episodic
events or to study dynamic systems that change
over very short time periods (seconds to hours) or
over time periods longer than a few months. While
satellite observations have provided a unique, syn-
optic global perspective of the ocean, they remain
primarily limited to measuring properties at the air-
sea interface and in the uppermost ocean.

The National Science Foundation’s Ocean
Observatories Initiative (OOl) is designed to enable
powerful new scientific approaches for investigating
complex ocean-atmosphere-Earth interactions. The
OOl will transform ocean research by developing
pioneering new technology and establishing

a network of interactive, globally distributed

sensors and instrumentation for the research-
driven Ocean Research Interactive Observatory
Network (ORION) Program. Recent technological

advances in sensors, low-power and miniaturized
electronics, in situ genomic analyses, satellite

and fiber optic communications, high-definition
imaging, robotics, and data assimilation-modeling-
visualization are opening entirely new opportunities
for in situ experiments and investigations of ocean
processes changing over time periods of seconds
to decades. The OOI will enable innovative new
studies of ocean and Earth processes, and foster
technological innovation that will contribute to
maintaining American leadership in scientific
advancement and the global economy, as well as
provide unprecedented educational opportunities.

The purpose of this document is to describe ex-
amples of high priority science questions within the
broad science themes posed in the OOI Science
Plan that will be investigated using the OOl infra-
structure at the sites described in the OOl Concep-
tual Network Design (CND). While we have em-
phasized some expected scientific returns from the
OO0l, we also recognize that the novel technology
provided by the OOI will lead to scientific exploration
and new discoveries not yet imagined.

2. OO0l Science Themes

The OOI Science Plan, published in 2005, outlined
five major science themes that were representa-
tive of the breadth of ocean research that will be
enabled by the OOl infrastructure and supported
through the ORION Program.

Climate Variability, Ocean Food Webs,
and Biogeochemical Cycles

The impact of human activity on Earth’s climate and
its marine ecosystems is one of the overarching
scientific questions of our time. Human activity has
altered the Earth’s biogeochemical cycles through
massive releases of greenhouse gases (e.g., CO,),
the synthesis and mobilization of nutrients (N and P)
and associated biogenic elements (S), and by the
harvesting of many top predators within coastal and
open-ocean ecosystems. The ocean plays a criti-
cal role in the Earth’s response to climate change
by providing a sink for CO,, absorbing heat from
the atmosphere and redistributing it through ocean
currents, processing nutrients and contaminants,
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and changing sea level. Examples of key scientific
questions for which observatories are anticipated to
supply critical information include:

» What is the ocean’s role in storing
anthropogenic carbon?

» How will ocean acidification due to rising
atmospheric CO, levels affect marine
ecosystems and food webs?

* What is the magnitude and cause of recent sea
level rise and how rapidly will it rise in coming
decades?

* Can we detect and predict the influence of
longer-term climate change on ocean food webs
in the presence of low frequency climate cycles?

Our understanding of global climate dynamics is
limited by our knowledge of the interactions be-
tween the ocean, atmosphere, and land. These
interactions are affected by the numerous modes

of climate variability, such as the El Nifio-Southern
Oscillation (ENSO), North Atlantic Oscillation (NAO),
and Pacific Decadal Oscillation (PDO) that alter

the transport of heat, salt, carbon and nutrients.
Furthermore, many critical processes such as cross-
isopycnal mixing at ocean boundaries and at rough
topography, as well as exchanges across frontal in-
terfaces such as those found at many shelf-breaks,
may occur aperiodically on interannual or even
shorter time scales. Until our understanding of such
processes is improved, interpretation of trends in
ocean properties, potential ecosystem responses,
and feedbacks on the climate system will be limited.
Understanding the processes that underlie these
phenomena requires high frequency, sustained
measurements from coastal, regional, and global

observatories coupled to physical-chemical-biologi-
cal numerical models.

Coastal Ocean Dynamics and Ecosystems

Coastal systems have been highlighted as a re-
search theme by OOl because most human-ocean
interactions occur in the coastal zone and many
important processes are concentrated and intensi-
fied at ocean-continent boundaries. Greater than
90% of the world’s fish catch is harvested from
coastal waters that also support major recreation
and maritime industries. Chemical transport across
the coastal ocean exerts a dominant control on
major global geochemical cycles determining, for
example, material exchange between the terrestrial
and oceanic realms. Because >50% of the human
population resides near coasts, understanding ma-
rine-related hazards is of particular importance.

While continental shelves represent approximately
8% of the ocean’s surface area, they support ap-
proximately 30% of marine primary production.
Additional factors, such as enhanced water stratifi-
cation due to fresh water input, high rates of respira-
tion and diverse sedimentary environments, create
a patchwork of unique habitats that dominate criti-
cal biogeochemical processes such as removal of
biologically-available nitrogen via denitrification and
provide important nursery grounds for living marine
resources. As a result, coastal systems play dispro-
portionately important roles in the ecology and bio-
geochemistry of the oceans. To further understand
and manage these important systems, we are faced
with numerous specific research challenges. Ex-
amples include elucidating the external forcings and
internal marine processes that control water quality

Figure 1. A harmful algal bloom of the dinoflagellate
Noctiluca scintillans, known as a red tide. There is a
growing sense that blooms of toxic algae are occurring
more frequently, are lasting longer, and are spreading to
more places possibly due to human influence. However,
the conditions that trigger the occurrence and severity of
harmful algal blooms remain poorly understood. Ship-
based sampling strategies alone cannot capture the time
and spatial variability of the processes responsible for
these outbreaks. Sustained observations in the coastal
ocean are required to detect these episodic, short-term
events and resolve longer-term trends.
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(e.g., formation of hypoxia); recruitment of marine
organisms; benthic and water column habitats; inva-
sion of harmful algal species (Fig. 1); and the occur-
rence of hazards to life and property (e.g., coastal
inundation). Most of these phenomena reflect the
combination and interaction of multiple processes.

Making this task more difficult is the realization
that the relevant processes operate on a wide
spectrum of space and time scales. A significant
advancement in understanding coastal processes
will require a continuous, distributed observational
presence to detect episodic, short-term events and
to resolve longer-term trends. Establishing this ob-
servational presence in representative eastern and
western boundary current systems of North America
and other representative shelf environments will
maximize advances in our understanding. Exam-
ples of key scientific questions include:

» What processes determine the transport of
carbon, nutrients, planktonic organisms and other
materials within the coastal ocean ecosystem?

» What conditions trigger the occurrence of
harmful algal blooms and regime changes in the
species composition of coastal ecosystems?

» What mix of physical and biological processes
lead to hypoxic conditions in the coastal ocean?

Turbulent Mixing
and Biophysical Interactions

Turbulent mixing occurs over a broad spectrum of
time and space scales and plays a critical role in
the transfer of materials within the ocean and in the
exchange of energy and gases between the ocean
and atmosphere. Horizontal and vertical mixing
within the ocean have a profound effect on a wide
variety of biological processes, including phyto-
plankton community structure, cycles of primary
productivity in the upper ocean, predator-prey inter-
actions, larval dispersal, and the transfer of organic
material to the deep sea. Turbulence in the bottom
boundary layer plays an important role in determin-
ing benthic community structure, cross-shelf sedi-
ment transport, and the sequestration of organic
material in sediments. A better understanding of
turbulent flow, from the ocean surface to its bottom,

is essential for developing improved models of pro-
cesses ranging from large-scale ocean circulation to
local ecosystem dynamics.

While important advances have recently been made
in measuring small- and mesoscale-turbulence,
these processes remain extremely difficult to study.
First, turbulent flow in the oceans encompasses a
wide range of scales from essentially the molecu-
lar level to mesoscale eddies having dimensions

of tens to hundreds of kilometers. Second, the
dynamics of turbulent flow are inherently unstable
and non-linear, resulting in a strong intermittency
and complexity in the flow. Third, the response of
ecosystems to changes in their physical environ-
ment (nutrient levels, turbidity and light, biomechani-
cal stresses) are themselves non-linear and com-
plex. As a result, high-resolution, long time-series
observations are needed to characterize statistical
measures of these processes. However, obtaining
continuous, simultaneous information on mixing and
responses at the required spatial resolution (mm to
10s or 100s of km) and temporal range (seconds to
decades, to resolve the turbulence itself, and to deal
with changing seasonal and interannual contexts) is
simply not feasible using conventional ship-based
expeditionary studies.

Measurements from mobile platforms and ships will
be integrated with those from fixed observatories to
examine such questions as:

» What is the role of vertical mixing in the ocean
interior for determining the global distribution of
heat and nutrients in the ocean?

» What factors control the development of the
mixed surface layer, the entrainment of stratified
waters into the mixed layer and the exchange
of gases between the mixed layer and the
atmosphere?

* What is the role of vertical and horizontal mixing
in determining plankton community structure in
the upper ocean?

* How is benthic community structure affected by
near-bottom turbulent events?
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Figure 2. Mid-ocean ridge hydrothermal systems, and
their associated biological communities, are thermally
driven by episodic volcanic events, including dike
intrusions and submarine eruptions. The flow rates
and chemistry of these vents can remain stable over
many years or can change rapidly over days or weeks.
The only means of studying these systems is to install
infrastructure and sensors necessary to detect tran-
sient events, and to provide the capability to adaptively
measure and remotely sample the changes induced by
volcanic or tectonic events.

Fluid-Rock Interactions
and the Sub-Seafloor Biosphere

The upper oceanic crust comprises the largest
aquifer on Earth. Fluid circulation within this aquifer
influences the thermal state and composition of oce-
anic plates and interacts with hot, newly emplaced
volcanic crust at mid-ocean ridges and at back-arc
spreading centers to form spectacular “black smok-
er” hydrothermal vents with their unique biological
communities (Fig. 2). On ridge flanks, and along
continental margins, these fluids react with ocean
crust and sediments at lower temperatures, slowly
altering their composition and concentrating mas-
sive reservoirs of methane and methane hydrates
along continental margins. The chemical changes
associated with these fluid-rock interactions play
important roles in controlling ocean chemistry while
nutrients in these fluids sustain a vast, microbial
biosphere below the seafloor that is just beginning
to be explored.

Fluid flow through the thick sedimentary sequences
that accumulate at both active and passive conti-
nental margins is driven by a wide range of factors,
including sediment compaction and compression,
tides, and density contrasts related to fluid composi-

tion. This flow results in widespread deposits of gas
hydrates and low-temperature fluid seeps and gas
vents along the margin that support biological com-
munities that are distinct from those at hydrothermal
vents. The extent and temporal evolution of vents
and linkages between the ocean and the terrestrial
hydrosphere are poorly documented and under-
stood but are likely of critical importance to coastal
ecosystems. These low temperature systems are
now recognized to be widespread and of potential
critical importance to coastal ecosystems. Subse-
quent mechanical dewatering and metamorphic
dehydration of the oceanic crust and upper mantle
due to temperature and pressure increases as the
lithosphere is subducted has a major impact on gen-
eration of volcanoes and on earthquake processes
and hazards along convergent margins and in the
adjacent tectonic plates.

The overall geological, chemical and biological
significance of both high and low temperature hy-
drothermal systems is still largely unknown. Fun-
damental questions exist regarding how ridge-crest
hydrothermal systems, and the biological communi-
ties they support, are affected by episodic volcanic
and tectonic events, the processes controlling the
formation and dynamics of gas hydrates and their
climatological significance, the depth and extent to
which life may occur within the seafloor and overly-
ing sediments, and the linkages between submarine
plate-tectonic and sedimentary processes and this
sub-seafloor biosphere. Similarly, the dynamics of
flow and biological communities within shallower
permeable sediments is mostly unexplored. How-
ever, there is increasing evidence that transient
events — earthquakes, volcanic eruptions, massive
slope failures, and storms — play a critical role in
many different environments including mid-ocean
ridges, passive and active continental shelves and
slopes, and in the fore-arc and back-arc regions of
subduction zones. Advancing understanding of the
linkages and feedback mechanisms among geologi-
cal, chemical, and biological processes within these
highly dynamic environments will only be achieved
through the use of long-term, in situ observatories
on and beneath the seafloor with the capability to
detect, respond, sample, and measure the major
processes involved.
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Examples of questions that can be addressed in-
clude:

» What is the extent, abundance, distribution and
diversity of the sub seafloor biosphere?

* How do submarine hydrothermal systems, and
their associated biological communities, vary
over time?

» What are the limits of life in these extreme
environments?

* What processes control the formation and
destabilization of gas hydrates?

» What role do gas hydrates play in catastrophic
slope failure?

* How do seawater-groundwater interactions
control biogeochemical cycling on continental
shelves?

Global Earth Structure and
Plate-Scale Geodynamics

Plate tectonics has revolutionized our understand-
ing of the dynamics of the Earth’s surface, includ-
ing such aspects as the formation of ocean basins,
mountain building, rifting of continents, and the
global distribution of earthquakes and volcanoes.
This scientific revolution had a profound impact on
society, explaining why and where earthquakes
occur, providing a conceptual framework for deter-
mining where new oil and gas reservoirs are likely
to be found, and helping us understand the pattern
of volcanic activity observed at Earth’s surface.
While plate tectonics has been enormously suc-
cessful at providing a quantitative description of the
past motions of continents and a kinematic model
of present-day tectonics, there are many funda-
mental questions regarding global and plate-scale
geodynamics that remain unanswered, including
the composition and dynamics of the Earth’s deep
interior, the origin of Earth’s magnetic field, how
plate boundaries interact and deform, stress redis-
tribution following large earthquakes, and the links
and feedbacks that exist among tectonic, magmatic,
hydrothermal and biological processes along active
plate boundaries.

Progress in addressing these important questions
has been limited by two major factors: (1) the diffi-
culty of making sustained geophysical observations

over the 70% of Earth’s surface beneath the ocean;
and (2) the inability to instrumentally “capture”
episodic, short-lived events such as earthquakes or
volcanic eruptions along plate boundaries, most of
which lie beneath the ocean. Although many of the
instruments needed to make these measurements
exist (e.g. hydrophones, seismometers, pressure
sensors, and geodetic instrumentation), the deploy-
ment of these sensors in the ocean has typically
lasted only a few weeks or months, instead of years,
because of the limited power of autonomous, bat-
tery-operated instruments. Without a means of
telemetering data from these instruments to shore
in real time or near-real time, episodic events could
only be detected long after they occurred, preclud-
ing any effort to study their immediate aftermath by
deploying additional sensors or to take appropri-
ate action if these events posed a threat to coastal
populations.

OOl infrastructure will support long-term observa-
tions that will be able to address questions such as:

» What is the physics of earthquake nucleation
and rupture propagation for different types of
plate boundaries (subduction zones, transformes,
spreading centers)?

* How does the oceanic crust form?

» What is the interaction between volcanic,
tectonic and hydrothermal processes in
geologically active regions?

» What is the pattern of convection in the Earth’s
mantle and the origin and scales of mantle
heterogeneity?

» What are the properties of Earth’s core, core-
mantle boundary and lowermost mantle?

3. Summary of the OOl Conceptual
Network Design

The OOI has three major components:

(1) an open-ocean distribution of deep-water
moored buoys to address planetary-scale
processes, especially in the more remote and
inaccessible parts of the global ocean;

(2) a regional cabled observatory (RCO) that
will provide unprecedented levels of power and
bandwidth to sensors in the water column, and
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on and below the seafloor spanning an entire
tectonic plate; and

(3) a suite of permanent and relocatable assets
to study the dynamics of the coastal ocean of
North America.

These three elements will be integrated into a single
“system-of-systems” by a network-wide cyberinfra-
structure that will deliver data in near-real time to

a scientist’s desktop from almost anywhere in the
world’s oceans, as well as allow users to remotely
control their instruments, perform in situ experi-
ments at observatory sites, and construct virtual ob-
servatories of suites of sensors specifically tailored
to their scientific needs.

The ORION Science and Technical Advisory Com-
mittee (STAC), working with the ORION Engineering
and Sensor Committees and the ORION Program
Office, has developed a Conceptual Network Design
(CND) for the OOI. The CND is based on dozens
of workshops and planning documents dating back
to the late 1980s. A major input to the CND was
proposals submitted to a Request for Assistance
(RFA) issued by the ORION Program Office in
January 2005 in cooperation with NSF’s Division

of Ocean Sciences. The submission of 48 RFA
proposals, representing the thoughts and ideas of
more than 550 investigators, and the involvement of
over 130 separate research and educational institu-
tions, attests to the exceptional level of interest and
enthusiasm on the part of the U.S. oceanographic
community for observatory-based ocean science. A
review panel comprised of scientists with no con-
nection to any RFA proposal was convened by NSF
in September 2005 to evaluate the RFA proposals
and provide a binning based on the importance and
uniqueness of the proposed research, the adequacy
of the experimental plans, the readiness of the ex-
perimental designs and proposed technologies, and
the innovative use of the OOI infrastructure.

A preliminary version of the CND was posted on
the ORION web site in March 2006 and presented
at the ORION Design and Implementation (D&l)
Workshop on 27-30 March 2006 for discussion and
evaluation by the more than 280 ocean scientists
who attended the meeting. Utilizing the recommen-

dations developed at the D&l Workshop (http.//www.
orionprogram.org/di_workshop.html), and revised
cost estimates developed by the ORION Engineer-
ing Committee, the STAC revised and finalized the
CND in May and June 2006. This was an extraor-
dinarily difficult task given the excellence of the
proposed science across all disciplines and their
associated infrastructure requirements which would
have claimed several times the resources currently
available through the OOI. This section presents a
brief summary of the revised plans. The complete
CND is available on the ORION website at http.//
www.orionprogram.org/capabilities/cnd.html

OOl Coastal Observatory

The OOI Coastal Observatory experimental design
has three major elements:

(1) a permanent West Coast Endurance Array
concentrated in the Pacific Northwest (PNW) with
complementary assets off California,

(2) a permanent East Coast Endurance Array
located in the South Atlantic Bight (SAB) off the
southeast U.S., and

(3) a moveable Pioneer Array that will be initially
located in the Mid-Atlantic Bight (MAB) region off
southern New England to study processes at the
shelf-break front.

The West Coast and East Coast Endurance Arrays
capitalize on the contrast between: (i) a narrow shelf
(off the West Coast) forced by seasonal, upwell-
ing-favorable winds, a large buoyancy source and
an eastern boundary current and (ii) a broad shelf
(off the East Coast) forced by a western boundary
current, distributed buoyancy sources and extreme
wind events.

The two endurance arrays, therefore, provide the
opportunity to address complementary interdisci-
plinary scientific questions in contrasting systems
representing two canonical classes of coastal
margins with numerous analogs worldwide. Fur-
thermore, both systems are affected by the ocean
climate system with El Nifio-Southern Oscillation
(ENSO) and Pacific Decadal Oscillation (PDO) more
important on the West Coast, and the North Atlantic
Oscillation (NAO) on the East Coast. The interan-
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Figure 3. Map of the West Coast Endurance Array (inset) with schematic diagram of the Central Oregon line. The West Coast
coastal observatory consists of a Central Washington Line, a Central Oregon line, a Central California mooring, a Southern
California line, and a glider array (not shown). The Central Washington and Central Oregon lines will each consist of five
moorings, positioned to determine cross-margin variability, the variability of cross-margin transports, and the characteristics

of the buoyant discharge from the Columbia River. At the Central Oregon Line, the RCO cable will be extended onshore from
Node N1 (Fig. 6) to the 25-m isobath. Benthic nodes will be connected to the cable at the 25-m, 80-m and 500-m isobaths, and
these sites will be equipped with cabled surface profilers and independent surface moorings to support meteorological sensors.
Surface moorings with profilers will occupy the 50-m and 150-m sites. The Central California line will include a mooring on the
Monterey Accelerated Research System (MARS) cable, an NSF-sponsored test-bed for ORION'’s cabled observatories and
instrumentation. The Southern California line will consist of shelf and slope moorings. Instrumentation and glider transects are
not shown.

nual and longer-period variability associated with
the ocean climate system link the coastal margins
with processes that originate in, and also affect, the
open ocean. The Pioneer Array proposed as part of
the coastal OOl coastal design will employ adaptive
sampling strategies to resolve multiple temporal and
spatial scales in a variety of coastal settings.

The OOI coastal observatories will provide an un-
precedented opportunity to address broad classes
of critically important coastal oceanographic prob-
lems. These include, in particular, shelf-ocean
exchange, air-sea transport, benthic processes and
benthic-pelagic coupling, transport and transforma-
tions of terrestrial discharges, response to extreme

events, biogeochemical cycling, harmful algal
blooms, hypoxia, and ecosystem dynamics.

West Coast Endurance Array - The proposed West

Coast Endurance Array (Fig. 3) consists of the fol-
lowing:
(1) an uncabled line of four shelf moorings and
one slope mooring off Grays Harbor in Central
Washington;

(2) four shelf moorings and one slope mooring on
an existing long-term sampling line off Newport,
Oregon, three of which will be cabled by means
of an onshore extension of the OO! Regional
Cabled Observatory (RCO; see node N1 in Fig. 6);



OOl Scientific Objectives and Network Design

A Tower based
HF radar

MOOS power
generation/coms

[®] Benthicnode
= EOM cable

& Existing shore based
HF radar

B1°00° BO"30
(3) a mooring at the cabled Monterey
Accelerated Research System (MARS) node in
Central California;

(4) an uncabled line with one slope and one shelf
mooring in the Southern California Bight; and

(5) an array of gliders.

The basic components of the infrastructure in this
West Coast Endurance Array (as well as in the other
two coastal elements of the CND) are surface buoys
with capabilities for power generation and satellite
communications, electro-optical-mechanical (EOM)
moorings to provide power and communications

to the seafloor, mechanical moorings with acoustic
communication delivery, profiling moorings with
real-time communications and battery re-genera-
tion capabilities, low-voltage (LV) and medium-volt-
age (MV) benthic nodes, seafloor cables, gliders,
autonomous underwater vehicles (AUVs), and core
instrumentation.

The assets in the West Coast Endurance Array are
concentrated along the Central Oregon and Central
Washington lines. The purposes of these lines are
to contrast shelf and slope processes in regions
influenced differently by the outflow from the Co-
lumbia River (e.g., the coastally attached northward
plume off Washington during downwelling events

Figure 4. Map showing the elements of the South
Atlantic Bight (SAB) Endurance Array. R2, R3, R4, R5,
R7, R8, M1R1 and M2R6 are existing Navy towers,
some of which are components of the ongoing SEA-
COOS and SABSOON programs. The seafloor cable
will extend from a shore landing near Skidaway Institute
of Oceanography to a seafloor node near 31.5°N, 81°W
and then to towers R2 and R3, which will be equipped
with air-side (dry) nodes, benthic nodes, and water-col-
umn profilers (not shown). High-frequency (HF) radars
will be placed on towers R4 and R8, which will comple-
ment existing shore-based HF radars, and Monterey
Ocean Observing System (MOQOS) units will be placed
on towers R4 and R8 for power and two-way communi-
cations. Glider transects (not shown) will complement
the fixed assets.

and the detached south-southwest plume off Ore-
gon during upwelling events) and to contrast pro-
cesses in a region of smooth topography (i.e., the
Washington shelf) and a region with a topographic
bank (i.e., Heceta Bank on the Oregon shelf). The
moorings on the Washington and Oregon lines will
include highly capable installations with full-depth
water column profiling, surface expressions for
atmospheric measurements, and benthic nodes for
intensive near-bottom measurements at the 25, 80
and 500-m isobaths, in addition to less capable in-
stallations without benthic nodes at the 50 and 150-
m isobaths. The shelf and slope moorings on the
Washington and Oregon lines will be complemented
by offshore infrastructure associated with the RCO.

The objectives of the moorings off Central California
and in the Southern California Bight are to sample
different biogeographical regimes and to provide
spatial measurements of northward-propagating dis-
turbances (ENSO-forced) originating in the tropical
Pacific, which will aid in the interpretation and analy-
sis of the more densely sampled measurements in
the Pacific Northwest. The OOl assets off Central
California will capitalize on the cabled MARS node
and will add a full-depth profiling capability to this
facility. An array of gliders will be initially deployed
to characterize shelf-wide features. Over time, a
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subset of the gliders will be allocated to character-
ize smaller-scale features, in a process informed by
measurements and modeling.

East Coast Endurance Array - The main element of
the South Atlantic Bight (SAB) East Coast Endur-
ance Array (Fig. 4) is a cable extending from shore
to a medium-voltage inner shelf benthic node and
then to dry and wet nodes on a mid-shelf tower (R2)
and finally to dry and wet nodes at a shelf-break
tower (R3). The inner shelf node will be equipped
with a full-water-depth profiling capability. Each of
the cabled towers will have a cabled profiling ca-
pability remote from the tower (by approximately 1
km) to minimize flow disturbances and reef effects
associated with the towers. Two additional un-
cabled towers (R4 and R8) will be instrumented with
high-frequency (HF) radars, provided with power
and two-way communications by Monterey Ocean
Observing System (MOOS) packages to measure
surface currents over the outer shelf and slope.
Observations from an array of gliders will be used to
quantify spatial variability.

Bil
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Pioneer Array - The coastal Pioneer Array employs
fixed moorings, profiling moorings, and adaptive
sampling by means of gliders and autonomous
underwater vehicles (AUVs) to produce synop-

tic samples of multi-scale coastal oceanographic
phenomena. The array consists of four electro-
optical-mechanical (EOM) moorings with surface
expressions and capabilities for local power genera-
tion and satellite data transmission, five subsurface
profiling moorings with internal power and acoustic
telemetry capabilities, four acoustic repeater moor-
ings with internal power, three long-range (~400 km)
AUVs, two AUV docking stations, twelve gliders (~
one month duration), and core instrumentation. In
the configuration contemplated at present (Fig. 5),
two EOM moorings are dedicated to bottom-mount-
ed AUV docking stations, and two are dedicated to
fixed sensors. The subsurface profiling moorings
transmit data by means of the acoustic repeaters
(where necessary) to the EOM moorings for satel-
lite transmission. The AUVs sample spatially in
response to two-way communications and obtain
power and transmit data by means of the docking
stations. Glider operations are handled by ship.

The initial location of the Pioneer Array is planned
for the shelf-break front of the Mid-Atlantic Bight
(MAB), off southern New England. This site was
chosen because of the compelling, high priority
science that can be done here and because of the
complexity of the array, which dictates that its first
application should be in the environment for which
it was originally designed. Because of the devel-
opmental nature of AUV docking operations, espe-

Figure 5. Schematic diagram of elements of the Pioneer
Array. EOM moorings (with surface expressions equipped
with capabilities for power generation and satellite trans-
missions) provide power and two-way communications

to an AUV fleet by means of a bottom mounted docking
station, while also providing two-way communications to

a sensor suite on a nearby internally powered profiling
mooring, by means of acoustic telemetry. Elements of the
array not shown here include EOM moorings (with surface
expressions equipped with capabilities for power genera-
tion and satellite generation) that are devoted to instru-
mentation on the mooring itself, repeater moorings for lon-
ger-range acoustic transmissions, and gliders for spatial
sampling that complement the AUV measurements.
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cially at moorings, plans call for the AUV dock to be
deployed initially at the nearby Martha’s Vineyard
Coastal Observatory. The array will span approxi-
mately 50 km and 40 km in the along- and cross-
front directions, respectively. AUVs will sample
within the front and over the shelf, and gliders will
sample the slope water.

OOl Regional Cabled Observatory (RCO)

The OOI Regional Cabled Observatory (RCO) is a
plate scale experiment of unparalleled scope that
is focused on integrated investigations extending
from the sub-seafloor biosphere across the ben-
thic boundary layer through the entire ocean water
column to the sea surface-atmosphere interface.
Spatially associated with the Juan de Fuca tectonic
plate (Fig. 6), the RCO will enable in-depth study

Figure 6. Regional cabled observa-
tory (RCO) integrated experimental
design. This plate scale experiment
will be installed in two stages. The
northern loop (Stage 1) of the RCO is
being constructed by the University
of Victoria with funding from the Ca-
nadian Foundation for Innovation and
the British Columbia Development
Fund and is slated for installation in
2007. Stage Il of the RCO (southern
loop), which will be funded through
NSF’s OOI, will include 5 primary
nodes, 6 branching units for future
expansion and 9 full water column
moorings connected by 1490 km of
fiber optic cable.

and decadal time—series observations of globally
significant oceanographic and Earth processes
expressed regionally — including biogeochemical cy-
cles, climate forcing of ocean dynamics, the carbon
cycle, fisheries, earthquake and tsunami hazards,
life in extreme environments, and plate tectonic
processes. Dense spatial and temporal sampling,
coupled with interactive capabilities will allow the
ocean science community, for the first time, to make
fundamental measurements and exciting discov-
eries about processes that occur over centimeter

to 100’s of kilometer distances, and at seconds to
decade time scales.

The RCO experimental design is shown in Figure 6.
The northern loop (Stage |) of the RCO is being con-
structed by the University of Victoria with CAN $62.4M

#
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funding from the Canadian Foundation for Innova-
tion and the British Columbia Development Fund.
The Stage | northern loop will have up to six instru-
mented nodes (the current baseline design is for
two instrumented nodes and two expansion nodes).
Stage | is slated to begin installation in 2007. The
current design of Stage Il of the RCO (southern
loop), which will be funded through the OO, in-
cludes 1490 km of electro-optical backbone cable
on the seafloor with five primary nodes and three
branching units for future expansion. The design in-
cludes six vertical profilers and two buoyed vertical
profilers for water column studies. This infrastruc-
ture will provide unprecedented levels of power (kW/
node) and real-time, high bandwidth (Gigabit/sec)
two-way communication to sensors on the network
to enable in-depth study and decadal time-series
observations of globally significant ocean and Earth
processes that are expressed regionally.

The following is a brief description of the five pri-
mary nodes being proposed through the OOl as part
of Stage Il of the RCO:

Node 1 (N1) Hydrate Ridge — Node 1 is located on
the abyssal plain seaward of the central Cascadia
deformation front along the Newport transect (Figs.
6 and 7). This transect serves a variety of interdisci-

plinary objectives, including studies of dynamic pro-
cesses that control methane transport and hydrate
formation, biogeochemical processes, geophysical
studies of megathrust earthquake events and tsuna-
mis, and regional and coastal water column studies.
An extension cable with three sub-nodes is planned
for the summit of Hydrate Ridge and the adjacent
subduction zone forearc. The primary node will sup-
port a seismic/geodetic station and a water column
mooring, as well as a 90-km-long extension cable
that extends across the accretionary complex and
up on to the shelf. This cable provides power and
communications to several moorings of the West
Coast Endurance Array at this site (see Fig. 3).

Figure 7 shows the location of the primary and
secondary nodes along the eastern portion of the
Newport Line. Gas hydrate related studies are
primarily focused at secondary node NP1 on the
southern summit of Hydrate Ridge (light purple
shading). Subduction zone related objectives are
addressed by instrumentation placed at each of the
three proposed secondary nodes (NP1-NP3). Ben-
thic studies, physical oceanographic, biogeochemi-
cal, and carbon flux studies will be addressed at a
series of six moorings (five of which are part of the
coastal PNW coastal observatory (blue stars)). The
sixth mooring is a full water column vertical profiling

Figure 7. Map showing loca-

45°N -

tion of the primary and second-
ary nodes along the Newport
Line. Gas hydrate related
studies are primarily focused at
secondary NP1 on the south-
ern summit of Hydrate Ridge
(light purple shading). Subduc-
tion zone related objectives are
addressed by instrumentation
placed at each of the three
proposed secondary (NP1-
NP3). Benthic studies, physical
oceanographic, biogeochemi-
cal, and carbon flux studies

will be addressed at a series of
6 moorings. Five of these are
outlined in the coastal compo-
nent of the CND (blue stars).
The sixth mooring is a full
water column vertical profiling
mooring that will be placed on
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the backbone of the RCO (yel-
low star).
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mooring that will be placed on the backbone of the
RCO (yellow star). This node is also a key site for
examining the coupling of pelagic particulate matter
fluxes and benthic community processes across the
shelf.

Node 2 (N2) Newport Line West — Node 2 is lo-
cated in the interior of the Juan de Fuca plate at the
western end of the Newport Line (Fig. 6). This node
is critical for three types of regional scale studies: 1)
it provides one of the few mid-plate sites for plate-
scale seismology and geodynamics; 2) coupled with
cabled profiling moorings at Node N1 and on the
shelf along the Newport Line (through the coastal
component of the OOI), the water column moor-

ing proposed for Node N2 will enable studies of
biophysical processes from the exceptionally pro-
ductive upwelling zone over the shelf to the nutri-
ent-poor, subtropical waters west of the shelf break;
and 3) this node is key to studying the relationships
between temporally-varying particulate fluxes and
benthic community processes from slope to abys-

N4 Axial Volcano

sal depths in real time. This transect of stations is
important because it crosses the continental margin
from the base of the slope (out of range of commer-
cial fishing activity) and reaches the mid-plate.

Node 3 (N3) Blanco Fracture Zone — Node 3 is
located along the active Blanco transform fault (Fig.
6). The Blanco node will be used for a seismic-geo-
detic experiment to understanding the basic physics
of earthquake rupture by utilizing the short recur-
rence interval of magnitude 6-6.5 earthquakes on
the Blanco transform fault to distinguish between
the effects of geological heterogeneity and stress-
state. This is also one of the sites identified for
interdisciplinary water column studies that will link
ocean dynamics, climate and ecosystem response.
A network of secondary benthic nodes will cover a
~60 by 20 km wide area straddling the fault with a
network of relatively low power instruments such as
seismometers, strong motion sensors, fluid temper-
ature probes, and geodetic transponders.

Figure 8. Axial Volcano is the largest
volcano on the Juan de Fuca Ridge and
hosts three robustly venting hydrother-
mal sites (Ashes, Castle, and Chasm
(not shown)) within its summit caldera.
NOAA has maintained a moored buoy
observatory at this site for several years
(NeMO). It has the longest co-registered
time-series analyses of fluid and microbial
community evolution following a volcanic
eruption in the oceans. This area was

the focus of five RFA’s, and because of
its importance in addressing the linkages
among volcanism, crustal accretion, hy-
N4 drothermal flow, and biological processes,
extensive secondary infrastructure is
planned for this site. Because this could
be a hazardous environment, a 20 km ex-
tension cable is planned from the primary
backbone cable. Multiple shorter cables
will be laid with an ROV to provide power
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Node 4 (N4) Axial Seamount — Node 4 is located at
the summit of Axial Seamount along the intermedi-
ate spreading Juan de Fuca Ridge (Figs. 6 and 8).
Axial Seamount, which last erupted in 1998, has the
most robust magma supply on the Juan de Fuca
Ridge and is the site of the NOAA's New Millenium
Observatory (NeMO; see http./www.pmel.noaa.gov/
vents/nemo/). Given the work that has already been
accomplished at this site, it presents an unparal-
leled opportunity for integrated long-term studies of
active seafloor volcanism. It is also one of the sites
identified for the deployment of a mooring that will
be used for interdisciplinary water column studies
that link ocean dynamics, climate and ecosystem
response in the Northeast Pacific. The deployment
of a vertical hydrophone mooring and a broadband
seismometer at Cleft will maximize the area that will
be covered by the hydroacoustic monitoring and
plate scale seismology experiments. Two second-
ary nodes will be deployed on the western and
eastern sides of the caldera at the summit of Axial
Seamount (Fig. 8). A cable will extend from the east-
ern secondary node to a benthic node at the Castle
vent site.

Node 6 (N6) Cascadia Subduction Zone — Node 6 is

located seaward of the Cascadia deformation front
and includes a cable with two sub-nodes to address
subduction zone and water column objectives (Fig.
6). This transect is also co-located with a transect
being planned as part of the PNW coastal observa-
tory (see Fig. 3). The Cascadia Subduction zone is
known to have generated historically enormous (Mw
9+) earthquakes and tsunamis. Recently reported
correlations between forearc basin structure and the
slip history of large earthquakes in other subduction
zones provide a framework for designing a seis-
mic and geodetic network that will lead to a better
understanding of the subduction zone dynamics and
earthquake/tsunami hazards in the Pacific North-
west.

OOI Global Observatory

Long-term continuous open-ocean observations are
required for quantifying and understanding interan-
nual-to-decadal changes in ocean circulation, water
properties, water mass formation, and ecosystems,
for observing episodic events and their impact, for
providing reference sites for atmospheric time series
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Figure 9. Distribution of OOl global observatory sites (large labeled filled circles and rectangle) relative to the OceanSITES
near-term network and future DART buoy locations (red dots). The OOl sites labeled “A” have the highest but equal priority; the
priorities of the remaining OOl sites indicated by numbers 6-10. Mooring types are indicated by color: yellow disks for acoustically-
linked discus buoy, purple disks for SPAR buoy; and white disks for discus buoys with electrical-optical-mechanical (EOM) cables.
The yellow rectangle shows one possible location for the relocatable Global Pioneer Array, which will consist of a backbone of four
sub-surface moorings and four gliders. The existing long-term oceanographic time series sites at Hawaii and Bermuda, which are
recommended for continued support through the ORION program (but no new OOl infrastructure), are shown by the blue rect-
angles. An acoustic source/receiver mooring tied to a separately-NSF-funded cabled junction box at HOT site ALOHA is also part

of the CND.
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and quantifying air-sea fluxes, for determining the
role of the oceans in the global carbon cycle, for
improving our understanding of the Earth’s interior
and geodynamics, and for measuring global plate
motions and studying plate boundary processes.
Moored buoy, open-ocean observatories are well
suited to address these requirements, especially in
remote ocean areas where cabled observatories
are unavailable or prohibitively expensive to in-
stall. Moored buoy observatories are an important
complement to other components of a global ocean
observing system, like satellite remote sensing,
profiling floats, surface drifters, gliders and research
vessels.

Figure 9 shows the eight open-ocean, moored buoy
observatories (labelled A1 through A5, and 6, 7, & 8)
proposed for the global component of the OOI. The
approach taken by ORION is to build a system that
can address global science questions in truly novel
ways and to contribute to a global network that by
necessity will be international in scope. In Fig. 9 the
OOl global sites are superimposed on a map from
the international OceanSITES project which coor-
dinates the international global ocean time series
network, and is part of the Global Ocean Observ-
ing System (GOOS). This map also shows the
locations of NOAA's Deep-ocean Assessment and
Reporting of Tsunami (DART) buoys (red dots) in
the Pacific and Atlantic. The OOI Global Observa-
tory will be embedded in a larger network operated
by NOAA and international partners, to which it will
contribute new technology and occupy sites, espe-
cially in the Southern Ocean, from which observa-
tions are not currently available.

Three types of surface moorings will be used in the
global observatory program: (1) an acoustically-
linked discus buoy; (2) a discus buoy with a electro-
optical-mechanical (EOM) cable linked to a seafloor
junction box, and (3) a tri-moored spar buoy with

an electro-optical (EQ) cable to a seafloor junction
box. The acoustically-linked system will be used

in those cases where power does not need to be
provided to sensors in the water column or on the
seafloor. A key feature of this system is the ability to
add or remove sensors from the observatory without

recovery of the buoy or mooring, providing consider-
able flexibility in the operation and maintenance of
sensor network. The EOM cable-linked buoys pro-
vide modest amounts of power (a few 10s of W) and
two-way communication to a seafloor junction box
and will be used, for example, with instrumented
boreholes or where power needs to be provided to
profiling moorings. The most advanced and techni-
cally challenging buoyed observatory envisioned for
the OOl is the large tri-moored spar buoy. This sys-
tem has been designed to deliver ~500W of power
to a seafloor junction box and utilizes a C-Band
satellite telemetry system to send ~500 Mbytes of
data (or more) to shore each day. In comparison

to the wave-following discus buoy, the spar design
reduces the platform’s motion in waves, especially
heave and pitch motions, which are important for
utilization of a high-bandwidth satellite telemetry
system. The tri-moored design may also increase
the survivability of the buoy, and the electro-optical
cable connecting it to the seafloor, in very rough
seas, as expected in the Southern Ocean.

In addition to fixed moorings at the eight sites
shown in Fig. 9, the OOl CND includes plans for a
relocatable array of moorings and gliders (a so-
called global “Pioneer Array”) that would temporar-
ily enhance the single point, time series observa-
tions at one global site by providing greater spatial
coverage and adaptive sampling capabilities. The
relocatable array would consist of 4 subsurface
moorings and several dockable AUV’s. The initial
deployment would be off southern Chile at global
site A4 for a 2-3 year period (see yellow box in Fig.
9), but the location of subsequent deployments
would be determined through peer-reviewed pro-
posals. The CND also includes installation of a
subsurface mooring with an acoustic source/receiv-
er at the Hawaii Ocean Time-series (HOT) ALOHA
site 100 km north of Oahu, Hawaii, to enable basin-
scale acoustic thermometry using the other OOI
global moorings in the North and South Pacific and
to provide an acoustic network to track autonomous
vehicles in the region. The CND does not recom-
mend additional OOl infrastructure investments at
the HOT/ALOHA or BATS sites. However, the im-
portance of sustaining the long time series at these
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sites for biogeochemical and oceanographic studies
is widely recognized and the CND endorses contin-
ued support of time series studies at these sites.

The following is a brief summary of each global
observatory site:

Site A1 - Gulf of Alaska, Station Papa

Nominal Site Location 50°N, 145°W.

Water Depth: 4,250 m

This northern site is characterized as a region of net
CO, uptake with a productive ecosystem. It will pro-
vide an upstream physical and biological reference
for the RCO and the West Coast coastal observa-
tories (see Fig. 10), will extend long-term historical
time-series obtained by ship occupation of the site
and by occasional process mooring deployments,
closes a gap in the global seismic network, will pro-
vide air-sea flux forcing information, and will exploit
future synergy with a DART buoy in the vicinity.

Site A2 - Southeast Greenland

Nominal Site Location: 60°N, 39°W.

Water Depth: 2,800 m

This site is a high-latitude location in the North
Atlantic, in a strong total and anthropogenic CO,
uptake region coupled with water mass formation,
which is a productive ecosystem and fisheries re-
gime responding strongly to climate variations, and

Regional Cabled
- "I'l Observalory

: A Coastal Obseratories
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Figure 10. The Northeast Pacific
is an example where opportuni-
ties exist to integrate results
from of all three components of
the OOI - global, regional, and
coastal observatories. Station
Papa (global site A1) is designed
to study global circulation, bio-
geochemistry, and air-sea fluxes
in the Northeast Pacific. It will
thus provide a far-field reference
point for the OOI-supported RCO
(red box) and coastal Endurance
arrays (two small blues) being
installed off the coasts of Wash-
ington, Oregon and California.
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it provides a site to study air-sea flux forcing in an
extreme and until now unobservable environment.
Real-time access and control of the simultaneous
multidisciplinary observations will permit investiga-
tions of the forcing of processes leading to climate-
related changes in the ecosystem, CO, dynamics,
and water mass formation.

Site A3 - RIDGE, East Pacific Rise

Nominal Site Location: 9° 50’ N, 104°17° W:

Water Depth: 2,600 m

Transient geological processes such as hydro-
thermal cracking, tectonic earthquakes, and sea-
floor eruptions will be detected by a local array of
seafloor seismographs and geodetic sensors at
this RIDGE 2000 Integrated Studies Site. Optical,
chemical, and biological sensors and analyzers

will be used to examine the temporal and spatial
responses of the hydrothermal system to these
transient perturbations. The hydrothermal system
will be monitored using a diverse suite of instrumen-
tation receiving power from a source on a buoy and
having a wired telemetry link to the buoy. Cabled
instrumentation will be distributed over an area 11
km x 9 km. Real-time monitoring and instrument
command will allow the sampling strategy of in-situ
and AUV-mounted instrumentation to be adapted
appropriately.
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Site A4 - Southern Ocean, Southwest of Chile
Nominal Site Location: 55°S, 90°W.

Water Depth: ~4,800 m

This Southern Ocean site received the highest
overall interest as a truly transformative observa-
tory location. It is an important water mass forma-
tion site (AAIW), a strong localized southern CO,
uptake region (Fig. 11), is a productive ecosystem
regime, has virtually unobserved processes, closes
a gap in the global seismic network, and will provide
critical Southern Ocean air-sea flux forcing informa-
tion. Real-time access and control of the simultane-
ous multidisciplinary observations will permit the
investigation of the forcing of processes leading to
climate-related changes in the Southern Ocean.

Site A5 - Southern Ocean, Pacific-Antarctic Ridge
Nominal Site Location: 55°S 150°W.

Water Depth: ~3,500 m (nominal)

This site is a Southern Ocean equivalent in some
aspects to station PAPA in the north Pacific. It is a
high-latitude location, in a southern CO, uptake re-
gion (Fig. 11), a productive ecosystem regime, has
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virtually unobserved processes, closes a gap in the
global seismic network, provides critical southern
ocean air-sea flux forcing information.

Site 6 - DSDP Hole 396B, Mid-Atlantic Ridge
Nominal Site Location: 22°59.142°N, 43°30.900° W.
Water Depth: 4,459 m

This site is located at Deep Sea Dirilling Project
(DSDP) Hole 396 B on 13 Ma crust immediately
west of the Mid-Atlantic Ridge. Hole 396 B is
equipped with a re-entry cone, and has a total pen-
etration of 406 m, of which 255 m is in basement.
The equatorial Atlantic, located 145°-170° from the
Western Pacific subduction zones, is the optimum
region to observe seismic waves that sample the
outer core and core-mantle boundary. A broad-
band borehole seismic station at this site will record
these phases; allow measurement of the anisotropy
structure and spectrum of lateral heterogeneity of
the oceanic upper mantle; and provide long-term
observations of earthquake rupture along a large
oceanic transform fault. Seismic measurements
will be augmented by seafloor electromagnetic and
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magnetic field measurements. This site will also al-
low study of the effects of Saharan dust input to this
region of low primary productivity.

Site 7 - Argentine Basin, South Atlantic

Nominal Site Location: 42°S, 42°W.

Water Depth: 5,200 m

This high-latitude site in the South Atlantic is in a
region of large CO, uptake (Fig. 11), high primary
productivity, and strong vertical variation of ocean
dynamics. The site closes a gap in the global
seismic network, and will provide critical Southern
Ocean air-sea flux forcing information.

Site 8 - South Pacific Subtropical Gyre

Nominal Site Location: 28°S, 120°W.

Water Depth: 3,400 m

This site, like Site 6, is located in a region of low
primary productivity, and hence contrasts with sites
A1,A2, and 7. The site is an important node for the
acoustic tomography network.

4. Representative Science Questions and
their Links to the OOl CND

This section describes how the infrastructure de-
scribed in the OOI CND, and summarized in Sec-
tion 3, will be used to address four specific science
questions. These questions, which fall within the
broad scientific themes outlined in the OOI Sci-
ence Plan, are presented only as examples to
illustrate the diversity of important scientific inves-
tigations the OOl infrastructure will facilitate. We
do not mean to imply that these are the only scien-
tific questions the ORION Program will address or

Figure 12. Schematic drawing of the “biological pump”
— a set of biological processes that convert dissolved
CO, in surface waters into particulate and dissolved
organic C; some of which sinks or is otherwise moved
to deep ocean waters. Some of the C removed from
surface waters can be replaced by CO, that exchanges
between the atmosphere and the ocean. Thus, the net
effect of these processes is to ‘pump” CO, from the
atmosphere to the deep ocean.

that that these are even the highest priority ques-
tions. The observations and experiments conducted
by the ORION Program at these sites will be chosen
based on an NSF-run, peer-review process and will
encompass the broad range of ocean and Earth
science.

What is the ocean’s role in storing
anthropogenic carbon and controlling future
atmospheric CO, levels?

A fundamental and urgent scientific question that
requires sustained ocean observations is determin-
ing the ocean’s role in storing anthropogenic carbon
and thus its effect in mitigating future increases in
atmospheric CO, levels. Ocean waters contain
greater than 50-fold more CO, than the atmosphere,
and hydrate deposits in continental margin sedi-
ments contain more than twice the hydrocarbon
carbon of all known fossil fuel reserves. Thus,
small perturbations in ocean and sediment carbon
cycling potentially can result in substantial changes
to atmospheric concentrations. Since the Indus-
trial Revolution, atmospheric CO, levels have risen
from pre-industrial, interglacial values of 280 ppm
to approximately 385 ppm today. This increase
represents approximately half of the total estimated
anthropogenically released CO,, with the oceans
adsorbing most of the other half.
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Figure 13. All components of the OOI (global, regional, coastal) will be required to understand the complex
interactions of changes in ocean circulation, ecosystems and climate on the North American coastal ocean. The
RCO (yellow box) and West Coast coastal observatory (green boxes) will be installed on a narrow continental
shelf, bounded by an southward flowing eastern boundary current (California Current, labeled “A”). Wind-driven
coastal upwelling in this region supports high rates of primary production. In contrast, the East Coast, where the
SAB Endurance Array and Pioneer Array off southern New England will be located (green boxes), is associated
with a broad, shallow continental shelf and a western boundary current (Gulf Stream, labeled “C”). Winter storm
and wind patterns in the North Pacific change on a 30-50 year cycle (Pacific Decadal Oscillation). These effects
are measurable at Station Papa (global site A1; red star) and also in the nutrient content and other properties of
the water masses that will move south through the RCO and along the West Coast. The ENSO cycle has effects
that propagate from south to north (“B”) along the west coast. During large El Nino events (e.g.1997-98) adverse
effects of warm, nutrient-poor waters that move north along the coast adversely impact ecosystems and fisheries
as far north as the RCO. The ENSO cycle also affects rainfall patterns and river runoff on the U.S. East Coast
affecting coastal waters, for example, in the SAB. Off the East Coast, the Gulf Stream is the primary source of
nutrients for the SAB and for the slope waters north of Cape Hatteras. The strength of the Labrador Current
(“D”) differs from year-to-year, apparently associated with the state of the NAO. It is a source of cold, low salinity
waters that move south along the northeast coast, into the Gulf of Maine and the slope waters. During years of
strong flow, it pushes the north wall of the Gulf Stream more than 100-km south. Ecosystem productivity is lower
during years of strong flow apparently owing to the lower nutrient content of waters that originate from the north.
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The exchange of CO, between the atmosphere
and the oceans and its fate are mediated by two
phenomena. The “solubility pump” is controlled by
CO, solubility in seawater and gas exchange rate
between the atmosphere and the ocean, which
principally depend upon water temperature and
wind speed, respectively. Net storage of anthropo-
genic CQ, is, in turn, controlled by ocean transport
away from the sea surface. The second mechanism
important to the fate of CO, in the ocean is the
“biological pump” (Fig. 12). Biological productivity
produces particulate and dissolved organic carbon
in the surface photic zone. Those materials not
recycled within the food web are ultimately trans-
ported to deep waters and ocean sediments where
they are not exchanged with the atmosphere for
centuries to millennia due to the long residence
time (thousands of years) of deep ocean waters.
Higher CO, concentrations in deep ocean waters,
compared to surface waters concentrations, is the
long-term result of the biological pump.

The OOI CND targets a variety of the critical re-
search needs to understand the ocean carbon
cycle. The planned distribution of the global obser-
vatory buoys emphasizes high latitude regions that
are critical areas for anthropogenic CO, uptake and
deep water transfer (Fig. 9). Owing to the harsh
conditions, especially during winter seasons, there
are few existing and no sustained ship-based gas
exchange observations at these locations. Thus,
gas exchange measurements are planned for site
A4 and A5 in the Southern Ocean and at sites A1
and A2 in the North Pacific and Atlantic, respec-
tively, to provide year-round observations at high
latitudes not currently available by any other means.

The OOI coastal observatory will enable several
critical aspects of carbon cycle dynamics and
terrestrial-coastal-open ocean C exchange to be
studied. The relocatable coastal Pioneer observa-
tory array, for example, is designed specifically to
integrate fixed and mobile platforms to ensure that
the measurement resolution needed to define spe-
cific mixing and exchange processes is obtained.
Although this array is intended to be relocatable with
deployment locations and scientific focus competed
within the research community, the initial, 5-year
deployment is envisioned to be on the Mid-Atlantic

Bight shelfbreak off southern New England. The
goal of this experiment is to examine cross-margin
exchange processes at the shelfbreak, which is at
the interface between the broad continental shelf
and adjacent slope that is influenced by the Gulf
Stream further offshore. Quantifying mass and
chemical exchanges at the shelf break is fundamen-
tal to advancing understanding coastal-open ocean
C exchanges.

The long-term coastal Endurance arrays OOl

will establish in the South Atlantic Bight (SAB) off
Georgia and off the coasts of Washington, Oregon
and California (Figs. 3 and 4) are well situated for
studies related to the role of the ocean margins in
the ocean carbon cycle. These locations represent
major, and contrasting, types of coastal systems,
both in the U.S. and globally (Fig. 13). The West
Coast Endurance Array will be installed on a narrow
continental shelf, bounded by an equatorward flow-
ing eastern boundary current system. Wind-driven
coastal upwelling in this region support high rates of
primary production, and the coupled biological and
physical dynamics are representative of the east-
ern coastal systems of the Pacific from Vancouver
Island to central Chile, and the eastern coast of the
Atlantic from the Iberian Coast to Cape Town (Chen
et al., 2003). Compilations suggest that these types
of systems provide ~40% of the particulate organic
carbon transported to below the main thermocline.
The other general category of continental margin
environment is the “recycling” system (Chen et al.
2003) of which the SAB is representative. These
systems are those with wide, generally shallow, san-
dy continental shelves and a relatively long water
residence time. On the U.S. East Coast this system
is bounded by the Gulf Stream, a major poleward
flowing western boundary current. This type of shelf
environment is thought to recycle rather than export
most organic matter produced.

Recent studies of the upwelling system off the West
Coast of North America indicate an important set of
processes of potential significance to the net flux of
CO, from the atmosphere to the ocean, but which
are not yet well understood (Hales et al., 2005). In
particular, under circumstances in which plankton
production in upwelling waters consumes all of the
nutrients in the upwelling water, including the pre-
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formed nutrients (thus depleting CO, content to the
concentrations at or below levels at the time the
water mass was formed), there is a potential for a
net flux of CO, from the atmosphere to the ocean.
For this to be a significant process, however, the
net flux of CO, has to occur before the upwelled
waters sink beneath the thermocline or are warmed
to the extent that CO, begins to flux back to the
atmosphere. Measurements along the West Coast
Endurance Array of PCO,, heat flux, phytoplankton
biomass, phytoplankton productivity, and nutrient
concentrations at fixed depths or measured continu-
ously from vertically profiling platforms could resolve
the question of whether plankton production in
upwelling waters occurs at sufficiently fast rates to
consume preformed nutrients. Ocean current and
water density measurements at the fixed sites on
the West Coast, supported by measurements from
satellites and from mobile assets such as gliders,
can be used to determine the residence time and
fate of upwelled water masses. Integration of these
measurements will resolve questions related to the
net flux of CO, between the atmosphere and upwell-
ing waters and how the rates of these processes
change under different ocean climate conditions
(e.g. different stages of ENSO) or with latitude along
the west coast of North America. All the sensors
needed to make these measurements are available
and results can be expected early in the ORION
program.

While the U.S. East Coast, represented by a broad
shelf and western boundary current, is thought to
recycle rather than export most organic matter pro-
duced, these types of shelf systems may impact the
ocean carbon cycle in other ways. Extensive salt
marshes and other terrestrial vegetation that line
the coast contribute significant organic and inor-
ganic carbon to nearshore waters that are efficiently
transported to the shelf via tidal exchange (Ducklow
and McCallister. 2004). With this added C source,
the shelf can export C to both the atmosphere and
adjacent ocean waters. In the SAB and in other
similar regions, the traditional strategy of estimating
net ocean CO, uptake solely by air-sea exchange

is invalid. Detailed studies of the relative dynamics
of the rates and controls on lateral transport versus
air-sea exchange are needed. Additionally, during
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the winter, the shallow shelf waters are cooled to
temperatures well below the adjacent Gulf Stream.
At present, it is unknown to what extent shelf waters
containing comparatively high concentrations of C
cascade over the shelf break and sink below the
less dense Gulf Stream, although recent estimates
indicate that this is potentially an important process
(lvanov et al. 2004).

The combination of seafloor measurements of
current and pressure under the Gulf Stream using
inverted echosounders, HF radar measurements of
surface currents across the shelf and Gulf Stream,
and detailed measurements planned at the cross-
shelf observatory nodes will greatly advance under-
standing of the interplay between the Gulf Stream
dynamics and shelf exchange which is critical to
assessing these potential C transfers (Fig. 4). The
SAB tower station couplets R7/R8, R2/R3 and R4/
R5 could be instrumented with sensors to measure
gradients of important C system constituents across
the mid to outer shelf. Sensors to measure PCO,,
organic particles and dissolved organic matter (or
at least that portion of dissolved organic matter
that strongly absorbs at near-UV wavelengths) are
currently available. Any or all of the towers could
be instrumented for air-sea exchange experiments
including direct measurements of the CO, flux, as
well as the flux of sensible and latent heat. Tow-
ers near the shelfbreak at locations R8, R3 and R4
could provide direct measurements of the C system
parameters mentioned above, as well as measure-
ments of T and S to calculate water density. These
direct measurements, coupled with heat flux calcu-
lations, could then be used to calculate the potential
for shelf waters to sink during the colder months

of the year and to what depth. Thus, an accurate
calculation of the seasonal C flux from shelf to sub-
thermocline ocean waters based on direct measure-
ments will be possible.

What is the impact of storms and other extreme
events on exchanges of heat, gases and
nutrients within the ocean-atmosphere-Earth
system?

The large surface area and volume of the world’s
oceans, the high heat capacity of sea water, its
chemistry and marine life, and the ocean’s ability to
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Severe storms

Crion’ Coron
o\ —

transport properties across a wide range of latitudes
make the oceans a key component of the coupled
ocean-atmosphere-land system. For example, the
interaction between the sea and the atmosphere
strongly influences the development and intensifica-
tion of storms, including tropical storms and hur-
ricanes, and controls our changing weather on time
scales of days to centuries. Wind-induced turbulent
mixing in the uppermost ocean affects planktonic
community structure, the exchange of nutrients
between the mixed layer and deeper ocean, and
cycles of primary productivity in the upper ocean.
The exchange of heat and gases between the
ocean and atmosphere also play a critical role in
longer-term changes in the global climate. An accu-
rate quantification of the exchanges of mass, heat,
momentum, and chemical constituents between

the ocean and atmosphere is essential for a better
understanding of these processes.

In the last few decades, substantial progress has
been made in making direct measurements of
air-sea momentum, mass and heat exchange from
buoy, research vessels and other moving platforms
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______ / -

3 T T T ol 1
. o Dela |
= &I ==+ TOGA-COARE 26 [|
E 2 =— Edson 02
Uu 1 5! Figure 14. Relationship
re = T between the ratio of
% 11 | 5 heat to momentum ex-
= a5l e . change coefficients (y-
() ' T axis) versus wind speed
0 (x-axis). Points show
05 : : i . . : . : where measurements
o 2 & 8 10 12 14 16 18 20 22 have beetn n‘;ade;llines
represent extrapola-
lJ1 O {mfs} tions made for models
by Emanuel (1995) and
2 5| : > DCun Edson (2002). Note
| === Extrapolation how few data exist for
2t :
—— Ermanuel 25 extreme storm events
~ I (>20 m/s or ~45 mph).
13 Hurricanes

50 70 30

(Anctil et al, 1994; Edson et al., 1998; Frederick-
son and Davidson, 2003). These measurements
have been used to develop the latest generation

of flux parameterizations, which agree well with
established drag and transfer coefficients for wind
speeds between 5 and 18 m s (Fig. 14; top panel).
However, decades of measurements from research
vessels have done little to advance our understand-
ing of air-sea exchanges in severe storms at wind
speeds above 20 m s (~45 mph) or in tropical
storms or hurricanes (Fig. 14; bottom panel). This
lack of data at higher wind speeds is a major imped-
iment to forecasting storm intensity accurately. For
example, numerical modelers have shown that ex-
trapolation of current parameterizations (broken red
line in Fig. 14) does not explain hurricane formation
due to too much drag and/or too little heat exchange
between the ocean and atmosphere (Emanuel,
1995; Edson, 2002). Hurricane modelers have pro-
posed a different parameterization (blue line in Fig.
14), but it is untested by direct observations.

Our inability to make measurements at high wind
speeds is due to the harsh conditions encountered
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Figure 15. One of eight towers that are
part of the South Atlantic Bight Offshore
Observation Network (SABSOON) that are
being instrumented to provide measure-
ments of shelf meteorology, circulation,
hydrography and bio-optical variability

with continuous real-time data telemetry to
shore. OOl plans to link its South Atlantic
Bight Endurance Array to the SABSOON
observational network (Fig. 4) providing
unprecedented, simultaneous measure-
ments of the importance of episodic
events, such as severe storms and hurri-
canes, on vertical fluxes across the air-sea
boundary, through the water column, and
at and across the benthic boundary.

€D

at sea during storms and concerns for the safety of
the vessels and those aboard. High sea states and
surface winds, low visibility and corrosive sea spray
often make aircraft operations near the sea surface
too dangerous to conduct during intense storms.
For example, a recently completed component of
the Office of Naval Research’s Couple Boundary
Layers and Air-Sea Transfer (CBLAST) used air-
craft and air-deployed sensors to investigate air-
sea exchange in hurricane conditions. The aircraft
component of this program successfully measured
fluxes near the ocean surface in wind conditions
that exceeded 30 m s (Black et al., 2006). How-
ever, damage to one of the engines due to ingestion
of sea-spray forced operations to higher altitudes
during the latter phases of the experiment.

Aircraft and ship-based operation will continue to
play an important role in air-sea interaction investi-
gations. This is particularly true for the latest gen-
eration of oceanic profiler that can be air-dropped
into the ocean in advance of severe storms. How-
ever, a number of the meteorological and upper
ocean components of the OOI will take a signifi-
cantly different observational approach to overcome
current operational limitations in studying severe
storms. Specifically, some OOl infrastructure will be
placed in regions of the world’s oceans that rou-
tinely experience severe weather such as “hurricane
alley” southeast of Cape Hatteras in the SAB, in
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the Southern Ocean, and high latitudes in the North
Pacific and Atlantic. The high bandwidth, two-way
communication and power afforded by these plat-
forms (compared to traditional moorings) will allow
the deployment of sophisticated instrumentation that
can be run continuously or be activated whenever
necessary by command from shore. In particular,
the OOI will make a unique contribution to inves-
tigations of severe storms by establishing sites in
both the coastal and open ocean where long-term,
continuous, direct measurements of momentum,
heat and mass (e.g., water vapor and CO,) fluxes
can be made and by promoting the development of
new generations of sonic anemometers, hygrome-
ters and thermometers that can operate in high wind
speed and spray conditions. These measurements
will be combined with the oceanographic measure-
ments at all sites to improve our understanding of
air-sea exchange and oceanographic forcing/re-
sponse at all wind conditions.

All surface expression moorings deployed by OOl
will be equipped with a standard suite of sensors for
air-sea interaction measurements, providing data
from both the coastal and open ocean. Of particular
interest, however, will be the surface moorings and
instrumented SABSOON towers along the South
Atlantic Bight (SAB) coastal Endurance Line (Figs. 4
and 15). A variety of atmospheric processes affect
the SAB shelf. Winter cyclones that impact the U.S.
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East Coast can develop in or cross this region, and
tropical storms and hurricanes can pass through the
SAB in summer and early fall. Interestingly, maxi-
mum wind speeds observed at the SABSOON tow-
ers to date have been associated with the passages
of squall lines and thunderstorms. These extreme
wind events were associated with rapid decreases
in air temperature, downpours, and 6-minute-aver-
aged wind speeds of >40 m s (89 mph). The fully
instrumented SABSOON tower network combined
with information from the SAB Endurance Line

will provide a unique observational opportunity for
spatial coverage below and above the water surface
over the duration of extreme storm events. For ex-
ample, the towers are capable of supporting upward
looking remote sensing devices and automated raw
insonde systems to provide continuous measure-
ments of boundary layer winds, temperature, humid-
ity, and cloud base height for extensive periods. As
such, the ability to conduct in-depth investigations
of coupled ocean-atmosphere processes in the SAB
region provides an ideal location to develop and im-
prove coupled air-sea models for marine forecasts
of wind, waves and currents.

Our poor understanding of air-sea fluxes during
winter at high latitudes, especially in the remote
Southern Ocean, also limits our ability to quantify
these fluxes on a global scale. The OOI will make
a unique contribution to improving global estimates
of air-sea fluxes by establishing the first perma-
nent instrumented mooring in the remote Southern
Ocean (e.g., sites A4 and A5, Fig. 9). Additionally,
the West Coast Endurance Array (Fig. 3) will pro-
vide ample opportunities to investigate the impact
of mid-latitude cyclones upon the Northeast Pa-
cific. These are areas of persistent high winds and
storms, which will be ideal for studies of air-sea
fluxes under these conditions. This is particularly
true of the exchange of CO, between the ocean
and atmosphere at mid to high latitudes where
CO, exchange may be significantly enhanced by
whitecapping (e.g., Wanninkhof and McGillis, 1999;
McGillis et al., 2001). The mid to high latitudes
represents the primary oceanic sink of atmospheric
CO, over the global ocean. Therefore, an accurate
parameterization of the CO, flux in these regions is
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of critical importance for accurate estimates of the
global carbon budget, climate model forecasts, and
ultimately predictions of climate change.

What is the planetary significance and
evolutionary importance of microbial activity
in the ocean and in the newly discovered sub-
seafloor biosphere?

The oceans cover ~70% of the planet and the most
abundant forms of life in the oceans are the marine
microbes - the bacteria, archeae and protozoa.
These microscopic organisms are the principal
engines that drive biogeochemical cycling of major
elements such as carbon, nitrogen, phosphate, and
sulfur. For example, about 50% of organic carbon
production on Earth occurs within the ocean and
the vast majority of this organic carbon is generated
and remineralized by marine microbes. Microbial
processes also control all sulfur reduction/oxidation,
nitrogen fixation, ammonia oxidation and denitri-
fication that occurs within the oceans. Microbes
additionally serve as important “reporters” for physi-
cal-chemical changes in the marine environment

as their growth is closely coupled to environmental
conditions. Identifying the community of micro-
organisms present in an ecosystem and how the
composition of this community changes over time

is a critical first step for understanding ecosystem
function and for predicting how ecosystems will re-
spond to changes in environmental conditions from
either shorter-term (e.g., eutrophication of coastal
waters, over-fishing) or longer-term perturbations
(e.g., global climate change).

Current notions of the oceanic food web and the
carbon and energy cycles of marine ecosystems are
rapidly evolving due to ongoing discoveries of new
and diverse groups of marine microbes and microbi-
al capabilities. These new discoveries are occurring
despite the fact that relatively few marine microbes
can be isolated and cultivated in the laboratory.

The marine cyanobacterium Prochlorococcus is
now known to be the most abundant photosynthetic
organism in the open ocean (Fig. 16). Archaea with
unknown community functions were recently discov-
ered to numerically dominate deep-sea planktonic
communities. Newly discovered marine microbial
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capabilities include novel light-dependent pathways
in pelagic marine bacteria (Béja et al, 2000; Kolber
et al., 2001) and nitrate-reducing methanotrophy in
marine sediments. Many of the most recent dis-
coveries about microbes have been derived from
new DNA-based approaches, the most spectacular
example of which is the environmental DNA se-
quencing of the Sargasso Sea where millions of
genes were identified in a single experiment (Venter
et al., 2004). These discoveries are exciting, but
incomplete; the diversity, functional complexity, verti-
cal distributions and temporal variability of marine
microbial communities remain largely unknown.

Even less is known about microbial processes in
sub-seafloor environments. Microbial cells in sub-
seafloor sediments constitute a large fraction of
Earth’s total biomass. Tantalizing features, in the
form of mineral-weathering textures, provide evi-
dence of microbes in the basaltic crust below the
sediment. The greatest depth of life beneath the
seafloor, the impact of sub-seafloor microbes on
global biogeochemical cycles, the linkages between
geological, biological and chemical processes, and
the extent to which sub-seafloor life is fueled by
geologic processes (mineral weathering, mineral-
catalyzed hydrocarbon formation, radiolysis), are
unknown. Community connections between oce-
anic microbes and sub-seafloor microbes are also
unknown. The roles of oceanographic processes
(e.g., tides, ocean circulation), geologic processes
(e.g., crustal deformation, sediment compaction),
and combined processes (e.g., heat transport) in

driving sub-seafloor fluid movement are little ex-
plored. All of these processes must be monitored at
relatively fine timescales (hours to weeks) for long
intervals of time (years to decades); this need is
particularly acute for the geologic processes, which
are often expressed episodically and unpredictably
(e.g., as earthquakes and volcanic eruptions). The
roles played by those processes in formation of sub-
seafloor communities and in microbial exchange
between oceanic and sub-seafloor communities are
completely unexplored.

Water column: The marine realm has been and
continues to be dramatically impacted by human
activities. It remains exceedingly complicated,
however, to assess the current impacts (let alone
predict future impacts) of these physical and chemi-
cal changes on marine food webs. For example,
there is a growing sense that outbreaks of harmful
blooms of toxic algae are occurring more frequently,
are lasting longer, and are spreading to more places
(Fig. 1). In addition, the average pH of the surface
ocean has decreased significantly due to the burn-
ing of fossil fuels. All organisms that precipitate cal-
cium carbonate to form their shells will ultimately be
affected by lower pH ocean waters (Orr et al., 2005).
These organisms include corals (with their incredibly
diverse microbial communities), coccolithophorids
(phytoplankton), and many planktonic snail-like
organisms that serve as important food sources for
fish. Are the increase in harmful blooms a reflection
of disrupted ecosystems as many suggest? How
will removal of a major group of microbes such as
the coccolithophorids ripple through the food web?

Figure 16. The marine cyanobacterium
Prochlorococcus, discovered only in the last 2
decades, is now known to be the most abun-
dant photosynthetic cell in the oceans, often
reaching 105 cells mi-1 and accounting for

a significant fraction of the chlorophyll in the
oceans. The cells are less than 1 micron in
diameter, and are quite unusual for prokaryotes
in that they contain divinyl chlorophyll a and b
as their primary light-harvesting pigments.
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Figure 17. RCO Nodes N4 (Axial Seamount) and N7 (Endeavour Segment) and global site A3 (East Pacific Rise) will
provide the power and bandwidth to study microbial activity in the presence of active submarine volcanic systems. One of
the most exciting prospects in this field of research is that sophisticated seafloor observatories incorporating in situ seafloor
laboratories, like that shown here, or instrumented drill holes, will provide microscopic and molecular analyses of microbial
communities, quantitative analyses of fluid chemistry and continuous measurements of temperature, pressure, and fluid flow
that will place new constraints on the nature and extent of life in extreme environments on Earth.

Microbes impact ocean processes on timescales

ranging from seconds/hours/days to decades/millen-

nia and on spatial scales that range from microns to
kilometers. Ship-based sampling strategies sim-
ply cannot capture these different time and spatial
scales nor the complexity of the microbial communi-
ties. Long-term, continuous observations associ-
ated with ocean observatories will provide informa-
tion within the hourly to yearly window of time and
on spatial scales that will average over hundreds of
kilometers, depending on the complexity of the ar-
ray. The ability to collect biological/chemical/physi-
cal data over long time series will ultimately provide

insights into the resiliency/stability of marine ecosys-

tems.

Sub-seafloor: Study of sub-seafloor life requires
ocean observatories for at least three reasons.
First, microbial activities and rates must be stud-
ied in situ. Second, many of the processes likely
to affect sub-seafloor communities and activities
are episodic [e.g., changes in fluxes of nutrients
and electron donors (food)] due to volcanic events,

earthquakes, or episodic release of hydrocarbons
from deep reservoirs. Third, the process of entry
into the sub-seafloor (e.g., by drilling) alters the
environment and days to years are required for the
environmental properties of fractured subsurface
systems to return to stable background values.

Several different fracture-permeable environments
are of interest for study of sub-seafloor life. These
include:

(1) carbonate vent systems where H, and CH,
are generated by interaction between seawater
and mantle peridotite,

(2) sediment-rich continental margins where
methane is produced and intermittently vented,
and

(3) mid-ocean-ridge hydrothermal systems,
where a variety of magmatic gases (CO,, H,,
H,S, SO, CH,) are present.

Each of these types of venting systems operates
in an episodic manner driven by unpredictable
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Figure 18. Cooperation between OO/
and the Integrated Ocean Drilling
Program (IODP) will provide exciting
new opportunities to understand sub-
seafloor microbial communities and pro-
cesses in a variety of geologic settings.
The OOl network can provide power
and two-way, real-time data telemetry to
these borehole observatories. Shown
on the right are two views of the head of
the IODP ACORK (Advanced Circula-
tion Obviation Retrofit Kit) that has been
designed to isolate multiple zones in a
borehole for independent investigation.
ACORKs allow sub-seafloor biosphere
studies in the context of their hydro-
logical, chemical, microbiological, and
thermal regimes, as well as hydrologic
responses to seismic ground motion,
tides, and barometric loading. The
RCO will link several existing borehole
observatories on Juan de Fuca plate to
the OOl network (Fig. 4).

geophysical or thermal events. The only means of
studying these systems is to install the infrastructure
and sensors necessary to detect these events, and
to provide the capability to adaptively measure and
sample remotely the microbial and biogeochemical
changes induced by these events.

All components of the OOI (global, regional, and
coastal) will contribute to better understanding of
microbial communities, activities and significance

in the ocean. The RCO, for example, will be par-
ticularly useful for studying sub-seafloor microbial
processes. Node N1 is located on Hydrate Ridge
and thus ideally located for studies of sub-seafloor
microbes on a continental margin where methane
is produced and intermittently vented. N4 on Axial
seamount and N7 on Endeavour, as well as global
site A3 on the East Pacific Rise will study microbial
activity in the presence of active submarine volca-
nic systems (Fig. 17). RCO node N2 is located in

a unique mid-plate setting far from any active plate
boundary, and will help elucidate microbial process-
es on the vast abyssal seafloor. RCO nodes are
excellent candidate sites for instrumented drill holes
for studies of microbial communities, quantitative
analyses of fluid chemistry and continuous mea-

T-handle
vahes and ports

surements of temperature, pressure, and fluid flow
(Fig. 18). The RCO is also a logical site to test new
in situ instrumentation that will likely require, at least
initially, more power than can be easily provided by
moorings. The proposed global CND sites (Fig. 9)
will also sample a wide range of ecosystems includ-
ing regions of both high and low surface productivity
at both mid and high latitudes. The high latitude
sites, especially those in the Southern Ocean, are
of particular interest since almost nothing is known
about the microbial communities in these remote
areas.

The use of ocean observatories for effective study
of oceanic and sub-seafloor microbial systems will
require integrated analyses of biological, chemical
and physical properties. To maximize progress over
the next ten years, complete characterization of
these properties will require a long-term program of
in situ analyses, paired with sampling for significant
properties that are not currently measurable in situ.
Sensors that detect biological properties are cur-
rently the least well developed instrumentation, but
are critically important from both scientific as well as
societal perspectives.
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Existing in situ biological sensors consist largely

of bio-optical devices that measure light scattering
as a proxy for biological particles, or chlorophyll a
(and other pigments) fluorescence as a proxy for
phytoplankton. Biological sensors under develop-
ment include in situ flow cytometers that measure
light scatter and fluorescent properties of individual
particles (Sosik et al., 2003) and genome-based
sensors that detect DNA or RNA of different organ-
isms. Genomic-based technologies continue to
expand rapidly and many of the newest genomic
and proteomic techniques have been successfully
applied to laboratory studies of marine microbes.
However, none of these technologies are currently
used to study microorganisms in situ. The sensitiv-
ity, specificity and reliability of ocean-going biologi-
cal sensors will require intense and accelerated
development so ocean observatories can provide a
maximum amount of information.

Molecular detection methods (gene chips and
protein chips) can be used in situ to characterize as-
pects of genetic potential, community composition,
and genetic expression. A variety of physical and
chemical probes can be used in situ to measure key
environmental properties, including temperature,
chlorinity, chlorophyll content, and concentrations

of key microbial products and reactants. For the
foreseeable future, some key properties, such as
microbial diversity and occurrences of unanticipated
microbes, may require biological samples to be
taken at appropriate intervals, fixed, and eventually
retrieved. Osmotic samplers sample continuously
and, after retrieval, allow a very broad range of
chemical concentrations to be determined, including
many chemicals not measurable by in situ analyz-
ers. At sub-seafloor observatories, incubation arrays
(e.g., polished rock chips, mineral-packed columns)
will provide a direct measure of mineral weather-
ing rates, biofilm development rates, and biofilm
composition. Both biological samplers and chemical
samplers can be retrieved and replaced during a
standard maintenance trip to an observatory (e.g.,
once per year). These systems of combined in situ
analyzers and samplers will document community
composition and environmental context at individual
points in time.
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An exciting aspect of ocean observatories is that
real time detection of particular events will allow
sampling protocols to be modified “on the fly.” For
example, a sampling protocol could be modified in
response to detection of a species of toxic algae

(a relatively ephemeral event) to focus the sensor
system on monitoring whether a full scale bloom is
in progress or is simply a low level event. Likewise,
episodic oceanographic or geological events could
trigger a new set of observations related to the
change in microbial populations and their physiolog-
ical activity. The power of such event-driven strate-
gies is extraordinary and opens broad new areas
of investigation and knowledge generation about
marine ecosystems, their functions and the factors
that influence their ability to provide the ecosystem
services that influence the global climate.

What controls the initiation and propagation of
rupture along a fault, and thus the frequency
and size of earthquakes?

The great Andaman-Sumatra earthquake in Decem-
ber 2004 illustrated how vulnerable coastal com-
munities are to major earthquakes and associated
tsunamis. While considerable progress has been
made in forecasting and providing early warning for
many types of natural disasters (e.g., volcanic erup-
tions, hurricanes, tornados), earthquake prediction
remains beyond our reach. At present, plate tecton-
ics provides a framework for understanding where
earthquakes are most likely, but the processes that
control the initiation and propagation of a rupture
along a fault remain elusive. In spite of a number
of false alarms, no consistent and reliable indicators
of imminent rupture have been identified. The OOI
will lead to better understanding of the fundamen-
tal physics of earthquake rupture, which should in
turn lead to better estimates of seismic and tsunami
hazards.

Although many earthquakes occur in the oceans,
including the largest historical events, which have
occurred on offshore subduction zones (e.g., Chile,
1960; Alaska 1964; Sumatra, 2004), studies of
earthquake physics to date have focused on con-
tinental faults. This has been in large part due to
the difficulty of making long-term observations in
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Figure 19. (a) Predicted maximum shear strength on the Blanco Transform Fault. Magnitude 6 and greater earth-
quakes (white circles) are plotted at their epicentroids and are sized assuming a stress drop of 1 MPa and that slip
scales with rupture area. Black curves show the 250 °C and 600 °C isotherms and delimit the seismogenic zone.

(b) Strength envelope (red) for the calculated geotherm at the center of the Blanco Ridge fault segment assuming a
model with 3 km of ocean, hydrostatic pore pressure in serpentinized oceanic lithosphere from the seafloor to the 350
°C isotherm, and a dry peridotite mantle below this depth.

the ocean. The RCO will enable such observa-
tions. Examples of three complementary observa-
tions made by the RCO that will lead to a better
understanding of earthquake physics and related
processes are:

1) observations of earthquakes and related
geodetic strain and fluid flow through an entire

seismic cycle on a typical oceanic transform fault;

2) monitoring of seismicity associated with the
‘locked zone” of a major oceanic subduction
zone; and

3) identification of fluid flow and/or seismicity
triggered by distant tectonic activity.

The global component of OOl will contribute to this
effort by expanding seismic and geodetic coverage
to remote parts of the ocean basins, contributing to
higher resolution models of mantle dynamics and
lithospheric tectonics.

The seismic cycle on a transform fault: Node N3
of the RCO, which will support an array of seis-
mometers and strainmeters on the eastern Blanco
transform (Fig. 6), will provide a unique data set for
understanding seismic activity and strain through-
out the seismic cycle in an oceanic transform fault,
and the knowledge thus gained should lead to new

constraints for interpreting the behavior of conti-
nental transforms like the San Andreas fault. Since
1967, the eastern Blanco transform fault, which
forms the southern edge of the Juan de Fuca plate,
has experienced five magnitude 6-6.5 earthquakes,
implying a recurrence interval of ~10 years. We can
therefore expect to record at least one full seismic
cycle during the lifetime of the RCO. The predicted
temperature structure and rheology of the Blanco
transform fault are shown in Figure 19. At present
the initiation depth and fault propagation history of
earthquakes is poorly constrained. Accurate earth-
quake hypocentral locations, seismicity patterns,
waveform records and geodetic strain measure-
ments will be used to constrain models of detailed
faulting histories for the larger events. This will lead
to improved understanding of the effects of temper-
ature, rock rheology, and pre-existing fault geometry
on earthquake initiation and propagation. Particu-
larly interesting for potential earthquake prediction is
the suggestion that ocean transforms show distinct
precursory seismic activity (McGuire et al., 2005).

The Cascadia megathrust: Paleoseismic data
acquired over the past decade indicate that the Cas-
cadia subduction zone has repeatedly experienced
“great” earthquakes and tsunamis in the past (i.e.
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earthquakes of magnitude comparable to the re-
cent Sumatra event of 2004). The interval between
events varies from 200-1200 years, with the most
common interval being 300-400 years (Goldfinger
et al., 2003; Kelsey et al., 2005). The most recent
large event occurred in January, 1700 (Satake et al.,
1996). While we cannot be assured that the next
“great” Cascadia earthquake will occur during the
lifetime of the RCO, seismic and geodetic observa-
tions from the nominal “locked” zone (Fig. 20 a, b)
are needed to determine whether the fault is truly
locked or whether motion between the onshore
Cascadia block and the subducting Juan de Fuca
plate is accommodated by creep and aseismic slip.
These data, from RCO Nodes N1 and N6 (Fig. 6)
will also provide constraints on expected deforma-
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Figure 20. (a) The Cascadia subduction
zone deformation front is located at the
base of the continental slope, and the
plate boundary dips east beneath the
continental margin. The extent of the
locked zone, as determined from thermal
and geodetic modeling, is shown by grey
shading. Based on comparisons to oth-
er subduction zones, seismogenic fault-
ing is thought to be limited to the locked
zone, although rupture in large earth-
quakes may propagate into the “transi-
tional” zone. Red dots are earthquakes
with magnitude >3.5 that have occurred
since 1999. Deep basins, shown as
gravity lows, are outlined in yellow (from
Wells et al. 2003). In other subduction
zones, large earthquakes often seem to
nucleate at gravity highs and propagate
across the gravity lows. The two seismic
and geodetic transects across the sub-
duction zone that are included as part of
the RCO CND are shown (N1, N6) BTF
— Blanco transform fault; HR — Hydrate
Ridge. (b) Schematic cross-section
showing topographic changes resulting
from strain accumulation and release
during an earthquake cycle. Topographic
changes, which can generate tsunamis,
are primarily offshore. (c) EarthScope
geodetic and seismic stations active in
the Pacific Northwest on July 7, 2006.
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tion of the seaward edge of the accretionary com-
plex. Deformation of the outer accretionary wedge
is likely more complex than illustrated in the simple
cartoon of Figure 20b because of poroelastic and
anelastic effects, but understanding of the response
of this region is critical for estimating tsunami poten-
tial.

It is important to note that the nominal locked zone,
which has been predicted based on geodetic data,
thermal modeling, and knowledge of crustal struc-
ture obtained from active source seismic experi-
ments, lies entirely offshore. Onshore, one of the
more exciting developments of the past decade

is recognition of episodic tremor and slip (ETS),
which represents periodic slip on the plate bound-
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ary downdip of the locked zone accompanied by
seismic activity within the Cascadia plate. Offshore
instrumentation is needed to determine the re-
sponse of the locked zone to loading by ETS. The
seismic and geodetic instrumentation of the offshore
plate boundary enabled by the RCO (Nodes N1 and
N6 and extension cables from those nodes across
the continental slope) therefore represent a critical
complement to the extensive seismic and geodetic
instrumentation on shore represented by Plate
Boundary Observatory (PBO) component of Earth-
Scope (Fig. 20c).

Tectonic teleconnections: In recent years, there
has been growing evidence, both on land and at
sea, that distant earthquakes can affect pore fluid
pressures and, in some cases, trigger earthquakes.
The mechanisms responsible for such “tectonic
teleconnections” are poorly understood but are likely
related to non-linear poro-elastic effects and may
have fundamental implications for fluid transfer and
between the subsurface biosphere and the ocean.
Understanding of fluid flow and seismicity induced
by distant events is presently limited by the scarcity
of observations. For example, it was only through
serendipity that an earthquake occurred in Middle
Valley on the Juan de Fuca Ridge at the same time
as a CORK was recording fluid pressures in a near-
by borehole (Davis et al., 2004) or that temperatures
were being recorded at a vent on the Gorda Ridge
during a large earthquake on the Blanco transform
(Dziak et al., 2003). Establishment of long-term
seafloor and subseafloor hydrologic observatories
along the plate boundaries (e.g. RCO nodes N1 at
Hydrate Ridge; N3 on the Blanco transform; N4 at
Axial Seamount) and in the interior of the Juan de
Fuca plate (RCO node N2) will, for the first time,
provide a comprehensive view of these processes.
All of the RCO nodes, which should be instrumented
with broadband seismometers, are important for
recording waveforms from earthquakes. Instrumen-
tation designed to monitor seafloor and subseafloor
fluid pressure and venting, which is planned for
several nodes (e.g. N1 extension at Hydrate Ridge in
the accretionary complex, N4 at Axial Seamount), will
provide multidisciplinary data to document and under-
stand these phenomena.
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5. Impact of OOl on Technology for Access
to the Sea

The engineering challenges that must be addressed
in the design, construction and operation of ocean
observatories will stimulate the development and
application of cutting-edge technology that will
transform how ocean research is conducted in the
coming decades. There are four principal areas in
which this is already occurring:

1) improving the design and implementation of
highly reliable, remote instrumentation that can
operate unattended for long periods in the hostile
ocean environment;

2) developing the cyberinfrastructure necessary
to remotely control in situ sensors and deliver
real-time or near-real-time data from anywhere in
the world’s ocean directly to a scientist’s desktop;

3) stimulating the development of mobile,
autonomous vehicles, both powered and
unpowered, to extend data coverage around
a fixed observatory and respond to episodic
events; and

4) driving the design of new sensors (especially
chemical and biological sensors) required for
making for in situ measurements in the oceans.

Many of the technologies required for ocean ob-
servatories have obvious applications for environ-
mental monitoring, homeland security and military
surveillance, and many commercial spin-offs are ex-
pected from the engineering development required
for ocean observatories.

Ocean observatory physical infrastructure:

The engineering challenges for the design and
construction of a sophisticated undersea infrastruc-
ture that serves power, data communications, and
accurate time to a constantly changing suite of
remote sensors are unprecedented in scope and
complexity. While various commercial and govern-
ment systems have been built that achieve some
of the required engineering goals of OOI, none
approaches the level of complexity of an ocean
observatory system. For example, the submarine
telecommunications industry builds extremely reli-
able undersea hardware to facilitate high bandwidth
data transport between a small number of fixed
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terrestrial terminals, but has not grappled with the
issues of delivering power or communications at
distributed points on the seafloor. NOAA has long
operated autonomous surface weather buoys, but
with the exception of a small number of tsunami
warning buoys, their mission does not require high-
bandwidth, two-way communication to sensors on
the seafloor. The engineering challenges presented
by the OOI will be addressed through new partner-
ships between industry and ocean scientists and
engineers. By providing substantial power and two-
way communication to sensors in the water column
and on the seafloor, OOl will enable innovative new
approaches to study ocean processes as described
in Section 4.

Ocean observatory cyberinfrastructure: \While
the hardware engineering challenges of ocean ob-
servatories are substantial, implementing a software
framework within which ocean observatories can
operate also poses a significant challenge. The
OOl cyberinfrastructure will connect the sensors
and associated infrastructure in the ocean with data
servers and archives on land, and human (or ma-
chine) end users (Fig. 21). This cyberinfrastructure
represents both an essential integrating element of
the ORION observatory system and a cutting edge
information technology research topic.
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The cyberinfrastructure the OOl is developing will
serve as a model for a wide range of environmental
observing systems. It will be designed to:

* handle streams of real-time data 24/7/365 with
data volumes ranging from kilobytes to terabytes

* deal with multidisciplinary data streams from
large numbers of diverse sensors

* provide interactive control instruments for in situ
experiments and event response

« facilitate assimilation of real-time data into
models

* establish virtual observatories to facilitate
interdisciplinary research across a range of
spatial and temporal scales

* facilitate collaborative discovery by groups of
researchers by providing advanced tools for data
discovery and visualization

No prior project has addressed autonomous man-
agement of sensor networks in the ocean, nor has
any group attempted to bind all of these elements
together into a working system. The development
of ocean observatory cyberinfrastructure will not

be a single step engineering effort, but rather will
continue throughout the life of ocean observatories
driven by a combination of continuing progress in in-



formation technology and changing requirements in
response to an evolving experience base and newly
emerging science questions.

Mobile platform development: Ocean observa-
tories (whether a buoy or a cabled node) will pro-
vide only a single site (or small number of sites) for
scientific measurements on the seafloor or within
the water column. In situ remote sensing methods
(e.g., acoustic tomography) can provide some data
between fixed sites over large ocean areas and
volumes. However, direct and more detailed spatial
sampling in the volume of ocean around a node to
constrain scales of spatial variability poses a sig-
nificant technological challenge. The development
of sensor platforms capable of moving through the
ocean volume, but which are connected to elements
of the ocean observatory infrastructure (e.g., the
power or communications system) either continu-
ously or intermittently, will be a key to “expanding
the footprint” of ocean observatories (Fig. 22). For
example, gliders and AUVs are essential elements
of the Pioneer Array that will be deployed as part of
the coastal component of OOl to study shelf-break
processes off the U.S. East Coast (Fig. 5). Repeat
glider profiles will provide regional in situ measure-
ments of ocean properties along the entire West
Coast of the U.S. Platforms that can be remotely
commanded to investigate episodic events will be
an essential element of an event detection and re-
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Figure 22. An example
of a “next generation”
autonomous vehicle that
will be a key element

of ocean observatory
systems for both event
response and for charac-
terization of the volume
of ocean around an
observatory node.

sponse system, enhancing opportunities to capture
key events that do not occur in the immediate vicin-
ity of an ocean observatory. Docked AUV that are
designed to respond to volcanic and tectonic events
at spreading centers are planned the global mooring
site at EPR 9°N (global site A3) and RCO nodes N4
(Axial Seamount) and N7 (Endeavour segment) on
the Juan de Fuca Ridge.

Ocean observatories will stimulate engineering in-
novation in autonomous vehicles. For example, the
current generation of deep ocean AUVs are capable
of autonomous deployment for a couple of days
covering distances of order 100 km, but extending
either parameter will require an improved in situ
power source, improvements in vehicle reliability
(which poses a wide range of control, mechanical
component, and corrosion issues), vehicle naviga-
tion, and the ability to upload data from and down-
load instructions to the vehicle. Docking stations
could provide the capability to recharge vehicle
batteries and provide data connectivity, but are
still in the early stages of development. A wireless
communications system that can maintain contact
with a moving platform would be even more en-
abling. Acoustic communication at low bandwidth
over ranges of a few km is currently feasible, but
the low bandwidth precludes transmission of im-
agery and the high latency limits real-time control.
Future development of optical modem technology
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could extend this to many Mbit s over ranges of
order 100 m, and networks of optical modems wired
together and into the ocean observatory backbone
could provide areal or volume coverage over areas
of interest.

Sensor development: Expeditionary research

has traditionally relied heavily on the recovery of
samples for subsequent shipboard or shore-based
analysis, often many months after the samples are
collected. Ocean observatories will promote the in
situ measurement of physical, chemical and biologi-
cal properties. In situ measurements are the only
effective way to measure changes in ocean proper-
ties in real-time or near real-time. In some disci-
plines, sensor technology is relatively advanced; for
example, seismic sensors with noise levels below
ambient and with very wideband response are
commercially available. In general, sensors for the
measurement of physical quantities (e.g., position,
velocity, acceleration, temperature, pressure, salin-
ity) are relatively mature and robust in comparison
to those that measure chemical or biological proper-
ties.

Because a key goal of ocean observatory research
is the resolution of change on interannual or longer
timescales, a significant effort to improve long term
sensor stability and provide an in situ calibration
capability will be needed. Many chemical sensor
technologies used on land (e.g., laser-based atomic
and molecular or magnetic resonance spectros-
copy) require a significant amount of power that
presently precludes their use in most autonomous
applications. Ocean observatories offer a large in-
crease in user power, and hence will provide a base
for the application of these techniques in the ocean.
This inevitably will drive the sensor technologies in
a smaller, lower power, cheaper direction and in turn
increase their utility for ocean sciences research.

In a similar vein, the existence of ocean observato-
ries will accelerate the transition of many genomic
technologies from shore-based laboratories to in
situ operation in the ocean, enabling exciting new
directions in in situ marine biology.
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6. Impact of OOl on Advancing Education
and Public Awareness of the Oceans

A report issued this year by the National Academy
of Sciences (NAS, 2006) highlights the impor-
tance of science, engineering and math for future
economic competitiveness and also points to the
declining interest in science, engineering and math
training among U.S. students at all levels of edu-
cation. A key finding of the report is that the U.S.
must compete in the future by “optimizing its knowl-
edge-based resources, particularly in science and
technology...” The conclusions of this new report
are not dissimilar to those reached in 1983 in A
Nation at Risk (National Center for Excellence in
Education, 1983). Since the 1983 report, there has
been an outpouring of books and reports promoting
new visions for science, technology, engineering
and math (STEM) education. As summarized in the
report of a recent NAS-sponsored workshop report,
many of the new visions for science education con-
tained key common elements that need to be better
implemented:

* conceptual understanding is more important
than memorizing terms and facts;

* students need to learn how to apply knowledge
to new situations;

* students need to learn how to design and
conduct experiments;

* students need to learn the process of analyzing
and interpreting data, including concepts of
variability and uncertainty;

* students need to learn the process of
investigation and discovery, including the
scientific method - what it means and how it
differs from advocacy; and

* synergies among scientific disciplines need to
be understood and appreciated.

The ORION Program is committed to providing
“easy access to observations by the science and
education communities” and the ORION strategic
plan for education and outreach incorporates the
six elements listed above. The plan will ensure

that the research discoveries, technology innova-
tions, unique near real-time information streams and
interactivity of the ORION infrastructure are used
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to engage young and old in ocean exploration and
discovery; address key needs of the U.S. public
education system; and identify and address critical
graduate and continuing education issues affecting
the ocean science and technology workforce.

A key component is the Data Translation and Visu-
alization (DTAV) Facility. DTAV will generate and
distribute real-time, near real-time, and event-driven
information featuring user-friendly visualizations
accompanied by engaging content. These products
will be designed for use in a broad range of ven-
ues, including classrooms, science centers, Internet
sites, television and radio, and community programs
for children and adults. ORION data will flow to the
DTAV facility via the ORION cyberinfrastructure. In
particular, DTAV will be designed to develop the
kinds of data-visualization products that pedagogi-
cal research has shown to be most effective. Many
people are visual learners, and it is extremely
important to create graphic manipulations of data,
analysis, and modeling in order to develop deeper
conceptual understandings in mathematics and
science. Thus, ready access to ORION data and
visualizations in useful forms is of special interest to
educators.

7. Relevance of OOl to I00S, GOOS, and
GEOSS

ORION is part of a broader national and interna-
tional effort to establish long-term observatories in
the oceans and on land. The OOl and the ORION
Program are the National Science Foundation’s
contribution to the Integrated Ocean Observing
System (I00S). The OOl facility is being designed
to facilitate new approaches for studying the oceans
that will lead to major advances in understanding

of ocean system processes. 100S will enhance
existing coastal and deep ocean infrastructure and
fuse data from existing observational systems from
13 Federal Agencies, with the goals of preserving
healthy ecosystems, managing resources, mitigat-
ing natural resources, forecasting climate variations,
and ensuring public health.

ORION and IOOS are essential components of a
unified effort to further our understanding of ocean
processes and applying that knowledge to the
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benefit of humankind. The OOI’s novel technologi-
cal developments in hardware and software will be
critical to the success of IOOS. Advancements in
cyber-infrastructure and modeling and technologies
that develop and mature through ORION will en-
able IOOS to meet its long-term operational goals.
Research addressed through the OOI facilities will
be enhanced by the broader coverage of measure-
ments provided by the I0OOS network. Coordination
and interoperability of the ORION and 100S data
management will allow users of both systems to ac-
cess all data seamlessly. In turn, IOOS will provide
a larger framework of observations through routine
and operationally robust instruments and infrastruc-
ture, in which the results of process-oriented ORION
experiments may be interpreted. These fundamen-
tal differences require the OOI operate within the
flexible and rapidly changing research environment
while the I0OOS will operate in the less flexible, op-
erationally oriented mission environment.

Both I00S and OOl are essential components of a
broader national and international effort to establish
a global Earth observing system: Global Earth Ob-
servation System of Systems (GEOSS). On Febru-
ary 16, 2005, 61 countries agreed to a plan that,
over the next 10 years, will revolutionize the under-
standing of Earth and how it works. Agreement for
a 10-year implementation plan for a Global Earth
Observation System of Systems, known as GEOSS,
was reached by member countries of the Group on
Earth Observations at the Third Observation Sum-
mit held in Brussels. Nearly 40 international organi-
zations also support the emerging global network.

The GEOSS project will help all nations involved
produce and manage their information in a way that
benefits the environment as well as humanity by
taking a pulse of the planet. ORION and other NSF-
led observatory programs such as Earthscope and
NEON will contribute new ideas, instruments and
technology to the GEOSS effort eventually leading
to enhancements and improvements of the initial
system.
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