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Transient Ocean Event Monitoring
๏

Rapid deployment

๏

Large and changing areal extent

๏

Surface to sea floor

๏

Long-term observation

๏

Full complement of sensors and samplers

๏

Real time data reporting

๏

Low cost

Distributed Sensors

๏

$30,000 each!

๏

STD (Salinity, Temperature & Depth) only

Ocean Observatories
Global Biogeochemical Flux
Observatory Initiative

Station PAPA - Global Node

AUV Range & Endurance

Rutgers “Scarlet Knight” crosses Atlantic 2009

MBARI Tethys

Pacific crossing 2012

A Changing Research Fleet

AGOR 27 R/V Neil Armstrong and AGOR 28 R/V Sally
Ride (left) under construction at Dakota Creek Industries
(DCI) in Anacortes, Wash.

$75 million each

$50,000 per diem

Man vs Machine

Atoem
Atoem (Atum, Atem, Tem) was a
self-created deity, the first being to
emerge from the darkness and
endless watery abyss that girdled
the world before creation.

ATOEM
๏

“Conventional” diesel-electric submarine “mothership”

๏

Fully autonomous operation

๏

Stripped of all requirements for human occupation

๏

“Torpedo tubes” for docking of AUVs

๏

Modular, reconfigurable design

๏

Standardized, low cost to manufacture

๏

Configurations for airborne deployment

Oceans 2012, Virginia Beach, VA
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Abstract—Light weight Autonomous Underwater Vehicles
(AUVs) typically face a tradeoff between mission capability and
endurance when planning ocean sensing and surveillance
missions. Using currently available energy sources, light weight
AUVs are relatively efficient at performing missions once they
arrive at their destination, but the energy challenges associated
with reaching and returning from remote destinations and
transferring data post-mission often prevent extended use or
severely limit mission duration. This paper describes the
potential use of a larger underwater vehicle as a “mothership” to
offset these propulsion challenges and significantly improve light
weight AUV mission duration and operational utility.
Index Terms—AUV, mission duration, docking, recharging

I. INTRODUCTION
Operators of Light Weight Vehicle (LWV) class
Autonomous Underwater Vehicles (AUVs) typically face a
tradeoff between mission capability and endurance when
planning ocean sensing and surveillance missions. Using

in that it can operate with a crew or autonomously. This paper
describes leveraging the Proteus vehicle and the Unmanned
Underwater Vehicle (UUV) Docking and Recharging Station
(UDRS) recently demonstrated by Battelle and Bluefin to
create a test platform of a forward operating, mobile docking
station for LWV AUVs to enable them to perform extended
duration sensing and surveillance missions.
II. PROTEUS AND UDRS BACKGROUND
Proteus (Fig. 1) is being developed to support a wide array
of development efforts. Due to its similar size and
propulsion/energy requirements and its open architecture
electronics keel, Proteus could be used to support testing of
technologies and systems being developed for the Navy’s
Large Displacement Unmanned Underwater Vehicle (LDUUV)
program. As a manned submersible that derives from an SDV
design, Proteus is also a candidate platform for tests and trials
of systems to go aboard the current Mk8 Mod1 SDV, the

Large Displacement Unmanned
Underwater Vehicles (LDUUV)
Proteus

LSV-2 Cutthroat

Weight: 205 tons (185,000 kg) Length: 111 feet (33.83 meters) Beam: 10 feet (3.05 meters)

B-1 Rotary Bomb Bay

Differing Requirements
ATOEM

Military

Theater of
Operation

Deep, open ocean

Littoral

Critical Features

Range & duration

Stealth

Cost

Primary

Secondary

Measurements

Ocean observation

Intel

Amateur Subs

UC3 Nautilus - Denmark
Euronaut - Germany

Design for Large-Scale Production

Mass Production
๏

Composite materials instead of steels & titanium

๏

Molding and casting instead of welding

๏

Modular and reconfigurable

๏

๏

Propulsion & power generation

๏

Buoyancy & trim control

๏

Fuel storage

๏

Batteries

๏

Control, navigation & communication

Vendor-specific AUV modules

Onboard Robotic Laboratory
• Transfer samples from
AUV
• Raw sample-to-result
• Sample archiving
• Multiple analytical
techniques
• Replenish reagents &
consumables in AUVs
MBARI “Gulper”

Environmental Sample Processor (ESP)

Modular “Russian Doll” Design &
Scaling - “Fractal Sampling”

MBARI Dorado class AUV

Airborne Deployment
•GigaFly™ GPS-guided

precision ram-air parachute
delivery
•40,000 lb payload capacity
•14 ft/sec rate of descent
•25,000 ft x 22 km release point
•Delivery accuracy ≤ 100 m
•10,400 square ft canopy
•Chute recovery?
!
!
!

C-130J-30 Super Hercules
•
•

44,000 lb payload (20,000 kg)
55 feet (16.9 meters) long x 119 inches (3.12 meters) wide
x 9 feet (2.74 meters) high

C-17 Globemaster III
•
•

160,000 lb payload (72,500 kg)
68.2 feet (20.78 m) long x 18 feet (5.49 m) wide x 12.3
feet (3.76m)/14.8 feet (4.50m) high

DSRV - Mystic
•
•

76,000 lbs (34,473 kg)
49 ft (15 m) long x 8 ft (2.4 m) beam

DSRV Avalon

C-5M Galaxy
•
•

285,000 lb (129,274 kg) payload
121 ft (37 m) long x 13.5 ft (4.1 m) high x 19 ft (5.8 m)
wide

LSV-2 Cutthroat

Weight: 205 tons (185,000 kg) Length: 111 feet (33.83 meters) Beam: 10 feet (3.05 meters)

Minuteman I ICBM - C-5 Galaxy
86,000 lbs (39,000 kg)

Safety, Security & Legal
๏

Largely submerged operation in open ocean minimizes
surface collision potential

๏

Subject to piracy or vandalism on surface

๏

Threat recognition & avoidance

๏

๏

Authorized approach identification

๏

Submerge & hide or flee

Legal status in international waters?

Carbon “Seaquestration”

Argentina

Natural
Phytoplankton
Bloom

“Give me half a tanker of iron,
and I’ll give you an ice age”
John H. Martin

A New

Iron Agel Or A Ferric Fantasy
by John H. Marlin

I first became Interested in Iron In
the ocean at a U.S. JGOFS steering
committee
In San Francisco
during December 1986 at which
Bruce Frost of the University of
Washington gave an excellent
briefing on the abundance of unused
major nutrIents in the offshore waters
surroundIng Antarctica.
Bruce outlined various hypotheses
concerned with cold temperatures,
low light levels, high grazing rates
and the Ilke. After his presentation I
told hIm that I enjoyed his talk, but
that the real reason for the nonutilization of malor nutrIents was Fe
deficll:ncy, after all.
Bruce smiled, covered his ears and
said that It was too sImple and he
didn't want to hear about it. Jim
McCarthy of Harvard UniversIty's
Museum of Comparative Zoology
joIned us and soon said that he dIdn't
want to hear about iron either.
Naturally, this good·natured challenge made me all the more anxJous
to tell them about it. In order to do
so, I had to quIt bluffing and see if
there really was any serious evidence
for oceanic Fe deficiency.
After I returned to my office at Moss
Landing Marine LaboratOries, I
started to go through the clutter on
my desk. After some frantic dIgging, 1
found a top-quality Fe data set
produced by my MlML associate
MIke Gordon pius a reprint from Bob
Duce, the famed atmospheric chemist
from the University of Rhode Island.
Bob estimated that fallout of ironrich atmospheric dust provided about
50% of the Fe needed by open-ocean
phytoplankton. 1plugged Mike
Gordon's latest Fe numbers into Bob's
formula, and the new estimate
suggested that 95%, not 50%, of the
phytoplankton's Fe requirement had
to come from fallout from the
atmosphere. It also suggested that the
deep ocean water in rhe PacIfic, once
raIsed to the surface, was basically
infertile because it dIdn't contain
enough iron to allow the phytoplankton to make use of the avaIlable NO,.
From myoid days with Bob Duce in
the lOOE (International Decade of
Ocean Exploration) Pollutant Transfer
Program, 1 recalled that the dust
input into the Antarctic was very low.
Looking for a more recent Antarctic
estimate, 1came across the French/
Soviet Vostok lee core work of De
Angelis and his colleagues, which

Recognizing their common interest
in understanding the biogecchemical
exchanges between the atmosphere
and the ocean, a working group of
representatives of the Joint Global
Ocean Flux Study OGOFS), the
International Global Atmospheric
Chemistry (IGAC) program and the
International Geosphere.Biosphere
Programme (IGBp) got together in
San Francisco iast December to define
overlapping areas of interest and look
for ways to work together.
Peter Liss from IGBP served as
chairman. Also attending were IGBP
representatives PatrIck Holligan and
James McCarthy. JGOFS participants
lUuslraUon by E. Paul Oberlander were Richard Gammon, Margaret
Leinen and John Martin. Robert
Charlson, Robert Duce and Joseph
showed that the present-day dust
level was indeed very low. During the Prospero represented IGAC, and
David Hurd attended from the
icc ages, however, it had been much
National ScIence Foundation.
higher.
The meeting was held under the
My investigation led me onward to
aegis of IGBP's Coordinating Panel 2.
the scenario created by taiented
Both
JGOFS and IGAC have been
Princeton modelers Jorge Sarmiento
designated as IGBP core programs.
and Robbie Toggweiler concerning
Participants agreed that certain
atmospheric carbon dioxJde, the
important biogeochemicallnteracblologicai pump and the use or
tions require interdisciplinary
nonuse of major nutrients in the
investigation. JGOFS and IGAC are
Southern Ocean.
Then another French/Soviet team of linked, the meeting report noted, by
glaciologists (Barnola et a1.) published "the recognition that the living ocean
strongly modifies the trace gas
their CO, data from the Vostok icc
composition of the atmosphere and
core. When the Vostok F'e data were
that, for climate prediction, experisuperimposed on the CO, data, the
mental and modeling studies of this
result was a striking inverse relation·
interaction
are required, and further
ship. Mutterlngs Increased from the
that atmospheric deposition can
growing numbers of Fe skeptics.
affect ocean productivity."
A desire to learn more about the
Among the scientific topiCS dIsAntarctic led me ro a review of the
cussed was the issue of atmospheric
expedition of the British research
Inputs to the oceans. Discussion
vessel Discovery. Those were the days
(1925-27) when persons were persons focused on three aspects of the
and the scientists were gone for three problem: the effect of clouds and
ozone on the quantity and quality of
years!
Sir Alister Hardy F.R.S. describes this light at the ocean surface; the
deposition of continental dust as a
monumental effort in writing, water
source of iron for open ocean phytocolor and fascinating detail in his
plankton, and the supply of nutrients
book Great Walers. The British
such as nitrogen and ammonium to
scientists went to the Antarctic to
the surface waters in the form of
study the relationship between
aerosols.
phytoplankton, ktill and the whale
Ocean inputs to the atmosphere
fishery.
While reading the book through my formed the next topic. Workshop
participants discussed the role of
iron-glazed eyes, I looked for evidence in support of the Fe hypothesis emissions of dImethylsulfide, a
byproduct of algal metabolism, In the
and noted the mention of great
atmospheric sulfur budget, the
abundance of phytoplankton and
formation of cloud condensation
krill, not to mention whales, on the
nudei and the acid-base chemistry of
shallow, iron-rich South Georgia
Whaling grounds. To my surprise and rainwater. Also dIscussed were a
(ConL on page 11)

U.S. JGOFS Newsleuer - April 1990

“Give me half a tanker of
iron, and I’ll give you an
ice age”

JGOFS-IGAC Cooperation
Planned On Ocean/
Atmosphere Interactions

July 1988

(ConL on page 6)
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John H. Martin

The Iron Hypothesis

http://www.whoi.edu/science/MCG/dept/facilities/sea_aer/maintextpg.html
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ENVIRONMENT

Ocean Iron Fertilization—Moving
Forward in a Sea of Uncertainty

It is premature to sell carbon offsets from
ocean iron fertilization unless research
provides the scientific foundation to
evaluate risks and benefits.

T

he consequences of global climate
change are profound, and the scientific community has an obligation to
assess the ramifications of policy options for
reducing greenhouse gas emissions and
enhancing CO2 sinks in reservoirs other than
the atmosphere (1, 2).
Ocean iron fertilization (OIF), one of several ocean methods proposed for mitigating
rising atmospheric CO2, involves stimulating
net phytoplankton growth by releasing iron
to certain parts of the surface ocean. The
international oceanographic community has
studied OIF, including 12 major field programs with small-scale, purposeful releases
of iron since 1993 (3, 4). Although these
experiments greatly improved our understanding of the role of iron in regulating
ocean ecosystems and carbon dynamics,
they were not designed to characterize OIF
as a carbon mitigation strategy. The efficacy
by which OIF sequesters atmospheric CO2 to
the deep sea remains poorly constrained, and
we do not understand the intended and unintended biogeochemical and ecological
impacts. Environmental perturbations from
OIF are nonlocal and are spread over a large
area by ocean circulation, which makes longterm verification and assessment very diffi1Department of Marine Chemistry and Geochemistry, Woods
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cult. Modeling studies have addressed
sequestration more directly and have suggested that OIF in areas of persistent high
nutrients (so-called high-nutrient, lowchlorophyll areas) would be unlikely to
sequester more than several hundred million
tons of carbon per year. Thus, OIF could
make only a partial contribution to mitigation of global CO2 increases.
Despite these uncertainties in the science,
private organizations are making plans to
conduct larger-scale iron releases to generate
carbon offsets. We are convinced that, as yet,
there is no scientific basis for issuing such
carbon credits for OIF. Adequate scientific
information to enable a decision regarding
whether credits should be issued could
emerge from reducing uncertainties; this will
only come through targeted research programs with the following specific attributes:
• Field studies on larger spatial and longer
time scales, because ecological impacts and
CO2 mitigation are scale-dependent.
• Consideration of OIF in high- and lownutrient regions to understand a wider range of
processes that are affected by iron, such as
nitrogen fixation and elemental stoichiometry.
• Detailed measurements in the subsurface
ocean to verify the fate of fixed carbon,
including remineralization length scales of
carbon, iron, and associated elements.
• Broad assessment of ecological impacts
from bacteria and biogeochemistry to fish,
seabirds, and marine mammals.
• Characterization of changes to oxygen
distributions, biophysical climate feedbacks, and cycling of non-CO2 greenhouse
gases, such as methane, nitrous oxide, and
dimethylsulfide.
• Long-term monitoring and use of models
to assess downstream effects beyond the
study area and observation period.
• Improved modeling studies of the results
and consequences of OIF, including higher
spatial resolution, better ecosystem parameterization, inclusion of other greenhouse
gases, and improved iron biogeochemistry.
• Analysis of the costs, benefits, and
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impacts of OIF relative to other climate
and carbon mitigation schemes and to
the impacts of global change if we take
no action.
The organization of such experiments is
as critical as the scientific design. The
scope of the problem will require individual sponsors and partnerships of national
science agencies, philanthropies, and commercial entities. Academic scientists need
to be involved but must maintain independence. This can be accomplished by
regulating experiments in a uniform manner under such international agreements as
the London Convention, widely distributing science plans and results via open
meetings and peer-reviewed journals, and
requiring clear and explicit statements of
conflicts of interest.
This group feels it is premature to sell
carbon offsets from the first generation of
commercial-scale OIF experiments unless
there is better demonstration that OIF effectively removes CO2, retains that carbon in
the ocean for a quantifiable amount of time,
and has acceptable and predictable environmental impacts. As with any human manipulation of the environment, OIF carries
potential risks, as well as potential benefits;
moving forward on OIF should only be done
if society is willing to acknowledge explicitly that it will result in alteration of ocean
ecosystems and that some of the consequences may be unforeseen. We are currently facing decisions on climate regulations, such as the post-Kyoto framework
discussed in Bali, carbon cap-and-trade bills
in the U.S. Congress, and consideration
of OIF by the parties to the London
Convention, and we feel that ocean biogeochemical research will help inform these
important policy decisions.
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Figure 4. Locations of major artificial iron enrichment experiments, including the
pilot demonstrations of GreenSea Venture and Planktos. Color heat map
represents surface nitrate concentrations with warmer colors indicating higher
concentrations, showing three major HNLC regions in the Southern Ocean, the
eastern equatorial Pacific, and the subarctic Pacific. Data from National Virtual
Ocean Data System, http://ferret.pmel.noaa.gov/NVODS/; analyzed nitrate data
from the World Ocean Atlas 2005
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Deep carbon export from a Southern
Ocean iron-fertilized diatom bloom
Victor Smetacek1,2*, Christine Klaas1*, Volker H. Strass1, Philipp Assmy1,3, Marina Montresor4, Boris Cisewski1,5, Nicolas Savoye6,7,
Adrian Webb8, Francesco d’Ovidio9, Jesús M. Arrieta10,11, Ulrich Bathmann1,12, Richard Bellerby13,14, Gry Mine Berg15,
Peter Croot16,17, Santiago Gonzalez10, Joachim Henjes1,18, Gerhard J. Herndl10,19, Linn J. Hoffmann16, Harry Leach20, Martin Losch1,
Matthew M. Mills15, Craig Neill13,21, Ilka Peeken1,22, Rüdiger Röttgers23, Oliver Sachs1,24, Eberhard Sauter1, Maike M. Schmidt25,
Jill Schwarz1,26, Anja Terbrüggen1 & Dieter Wolf-Gladrow1

Fertilization of the ocean by adding iron compounds has induced diatom-dominated phytoplankton blooms
accompanied by considerable carbon dioxide drawdown in the ocean surface layer. However, because the fate of
bloom biomass could not be adequately resolved in these experiments, the timescales of carbon sequestration from
the atmosphere are uncertain. Here we report the results of a five-week experiment carried out in the closed core of a
vertically coherent, mesoscale eddy of the Antarctic Circumpolar Current, during which we tracked sinking particles
from the surface to the deep-sea floor. A large diatom bloom peaked in the fourth week after fertilization. This was
followed by mass mortality of several diatom species that formed rapidly sinking, mucilaginous aggregates of entangled
cells and chains. Taken together, multiple lines of evidence—although each with important uncertainties—lead us to
conclude that at least half the bloom biomass sank far below a depth of 1,000 metres and that a substantial portion is
likely to have reached the sea floor. Thus, iron-fertilized diatom blooms may sequester carbon for timescales of centuries
in ocean bottom water and for longer in the sediments.
The Southern Ocean is regarded as a likely source and sink of atmospheric CO over glacial–interglacial climate cycles, but the relative

Southern Ocean, the portion of CO2 retained within the 200-m-deep
winter mixed layer would be in contact with the atmosphere within

Next Steps
๏

Detailed design requirements

๏

Materials & manufacturing methods evaluation

๏

≤ $1 million exclusive of AUVs

๏

Fleet of > 1,000 ATOEM platforms

๏

Discussions with AUV manufacturers

๏

Open Source?

๏

Crowd Funding?
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