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OBSERVATORY CHRONICLES AN EVER-CHANGING OCEAN

n 2005, scientists at Woods Hole Oceanographic Institution devised a The Pioneer Array, as WHOT’s coastal observatory is

revolutionary plan: They would deploy about 150 scientific instruments named, was conceived in response to a 2005 call for research

in coastal waters south of Martha’s Vineyard to try to understand what proposals from the National Science Foundation (NSF). The

makes that region of the ocean teem with life—from tiny marine plants array includes a network of ten moorings anchored to the

to fish, seabirds, and whales. seafloor, along with a fleet of underwater vehicles weaving

A team of WHOI scientists and engineers developed a multidisci- between and beyond them. Sensors on the moorings and

plinary ocean observing system that now spans about 160 square miles vehicles measure meteorology, water density, chemistry, light,
centered on the undersea edge of New England’s continental shelf, where nutrients, and currents, from above the water’s surface down to
it “breaks” and begins to slope downward toward the deep ocean. At the the ocean floor. And they operate around the clock, every day,
shelf break, ever-shifting currents create an underwater frontal system—the  all year long.
watery equivalent of the meteorological fronts that weather forecasters talk Pioneer is one part of an even more ambitious, multi-in-
about—and a zone of continually changing secawater temperature, salinity, stitutional Ocean Observatories Initiative (OOI). Funded by
nutrients, and other factors that influence marine life. the NSF with an initial investment of $386 million, the OOI

Remotely controlled underwater
vehicles and gliders swim between
and beyond the network of moorings
in the Pioneer Array, a long-term
ocean observatory that spans the
edge of the continental slope off
New England. Instruments on the
moorings and vehicles continuously
collect data on a variety of ocean
conditions, which are relayed back to
shore and available on the internet.
(lllustration by Jack Cook and Tim
Silva, WHOI Graphic Services)




aspires to transform ocean research. In a radical departure

from oceanography-as-usual, the initiative established an

enduring scientific presence in the ocean, envisioned to last a
quarter-century.

Like other OOI infrastructure, the Pioneer Array provides
a continuous, ever-growing trove of diverse ocean measure-
ments that are transmitted via satellite in near-real time and
made freely available—not just to the small group of American
scientists and engineers directly involved with the project, but
to anyone with an internet connection, anywhere.

In contrast with the other OOI arrays, which are in-
tended to remain in their original locations for 25 years,
Pioneer—as its name suggests—is designed to be relocated to
explore different ocean environments. The Pioneer Array en-
visioned by the 2005 WHOI team—physical oceanographers
Glen Gawarkiewicz, Breck Owens, and Al Plueddemann,
along with biologist Heidi Sosik—can shine a scientific spot-
light on any complex coastal region and reveal the hidden
phenomena within its waters. It was designed to be moved
every five years or so to a new coastal frontier, blazing a new
trail to scientific discovery.

But its first mission is on the New England shelf break,
about 90 miles offshore.

Science on the edge

So how do you study a complicated, ever-changing ocean
environment? In a situation like that, said Paul Matthias, the
traditional approach to oceanography may not be enough.

“The majority of past observations have been ship-based
expeditions of limited duration,” said Matthias, a WHOI
senior project engineer who manages the OOI components
deployed and maintained by WHOI, including the Pioneer
Array. A typical research cruise lasts only two or three weeks,
limiting the amount of data that can be collected. The obser-
vations are “not continuous, they’re not year-round, they’re not
under extreme weather conditions,” Matthias said. “Inevitably,
scientists miss important oceanic processes that happen when
they’re back on shore.”

Another option would be to rely on data from Earth-orbit-
ing satellites, which are on all the time, making close-to-contin-
uous observations of the ocean. But while satellite-based sensors
provide useful information about the sea surface and, to some
extent, the seafloor, “they can’t tell you anything about what’s
happening at depths in between,” Matthias said, “and they can't
provide the resolution afforded by the array.”

“If you really want to know what’s going on, you have to
have some way to get down there and make measurements under




water,” said John Trowbridge, who is a co-chief sci-
entist for the OOT’s Pioneer and Global Arrays. “You
can do that with either moorings or vehicles.”

At its most basic level, a mooring is an anchor
on the seafloor, attached to a line, chain, cable, or
some combination that is held taut by a flotation
buoy on or near the surface. Scientific instruments
attached to a mooring line and buoy can do what
expeditionary research and satellites can’t: take mea-
surements from above the ocean surface down to
the bottom, 24 hours a day, 365 days a year. But to
study rapidly changing conditions over a large area
such as the continental shelf break, a single mooring
is not enough.

The Pioneer Array has ten anchored moorings at
seven locations spanning the edge of the continental
shelf, where water depths range from about 300 to 1,500 feet.
Sensors on buoys floating on the sea surface gather meteorolog-
ical information about the atmosphere above the ocean. Under
water, instruments attached to mooring lines and anchor frames
measure current speed and direction, temperature, salinity, oxy-
gen, organic matter, and other seawater properties that scientists
can use to piece together a dynamic, multifaceted profile of
what’s happening in the ocean.

Many of the instruments on Pioneer Array moorings are
powered in a conventional manner, with single-use batteries like
those found in a flashlight. For moorings with surface buoys,
however, WHOI engineers developed an innovative power
scheme that uses wind turbines and solar panels to provide
power to rechargeable batteries inside the buoy. A distribution
system made up of custom mooring line components sends
power and communications from the buoy at the surface all the
way down to the anchor frame on the seafloor.

Pioneer’s moorings stay at sea for six months at a time. But
scientists on shore don’t have to wait half a year to see Pioneer’s
data: Many of the measurements are transferred back to shore
via satellite almost as soon as they’re collected.

“We're trying to provide more power than is typically avail-
able on moorings. We're also trying to provide higher-band-
width communications,” said Sheri White, the lead systems
engineer for WHOT’s OOI arrays. “We're trying to push the
envelope and do more than what people typically do.”

Véronique LaCapra, WHOI
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Pioneer Array moorings span a 5.5-by-29-mile area (yellow box) at the edge of
the continental shelf. Autonomous underwater vehicles and ocean gliders travel
between and beyond the moorings. AUVs gather data across a 50-by-70-mile area
(red box). Gliders cover a 80-by-115-mile area (white box).

Moving beyond the moorings

The moorings make frequent measurements and collect a lot
of data, but only in seven places spread over 160 square miles.
To cover more territory, as many as six remotely controlled
ocean gliders and two REMUS 600 autonomous underwater
vehicles, or AUVs, “fly” between—and well beyond—the
moorings, capturing measurements across about 9,300 square
miles of shelf edge in all.

The bright yellow, torpedo-shaped ocean gliders move slowly
through the water, traveling just over half a mile per hour.
“Glider speeds in the water are about the same as a fast tortoise
on land,” WHOI physical oceanographer Al Plueddemann said.
“Observing the full Pioneer region with six gliders is like using
six tortoises to patrol an area the size of New Hampshire.”

The gliders are slow because they have no propeller; they
glide through the water by changing their buoyancy. Strong
currents can push them off course—but being slow also has
its benefits. Gliders require little energy and can stay at sea for
months at a time, efficiently measuring temperature, salinity,
and other ocean properties across vast areas, collecting data
from near the surface down to nearly 3,300 feet. The vehicles
surface periodically and “phone home” via the Iridium satellite
network, allowing WHOI pilots back on shore to monitor
them remotely and reprogram them to keep them on course or
to investigate oceanographic features of interest. (See Page 50.)

The larger REMUS 600 AUVs are equipped with a pro-
peller-driven propulsion system, so they can zip through the
water at least five times as quickly as the gliders, capturing
high-resolution measurements of current velocity, dissolved
oxygen, nitrate concentration, and other water characteristics.
These more powerful vehicles can be programmed to closely
follow a specific course through the array, but their need for
battery power limits their time in the water to about two days.
During a mission, scientists onboard a ship can communi-
cate with a REMUS AUV—via acoustic modem when it is
submerged, or via satellite when it comes to the surface at
preprogrammed locations—to monitor a vehicle’s status and
make any needed adjustments.

At the Pioneer Array, sensors on buoys floating on the sea surface
gather meteorological data on the atmosphere above the ocean,
while underwater instruments attached to mooring lines and anchors
measure currents, temperature, and other seawater properties.
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160 square miles across the edge of New England's continental shelf. Three
Coastal Surface Moorings gather data on the marine atmosphere and record water /
properties at fixed depths from just below the surface down to the ocean floor. \‘;{/ « g
Seven Coastal Profiler Moorings each support a motorized platform that moves up %
and down through the water, continuously recording measurements. In addition 8 ,)\
to the fixed moorings, as many as eight autonomous underwater vehicles—six
Slocum gliders and two REMUS 600s—"fly” through and beyond the array, SG'?.E%T%L
capturing measurements across about 9,300 square miles of shelf edge. ‘ /
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Wrapped in a black rubber sheath, a five-meter-long electromechanical
chain connects the surface buoy to a frame (left) that supports numerous
scientific instruments.

“Together, the moorings, gliders, and AUVs form an unpar-
alleled array of complementary platforms that make continuous
ocean observations across a broad swath of coastal ocean,”
Plueddemann said. “There is no single alternative method I can
think of that would create the complete picture.” The dynam-
ics of the shelf break are just too complicated. “To get at the
combined physical, biological, and chemical properties, as well
as the spatial and temporal variability, you need a lot of tools in
the water at the same time.”

Non-routine maintenance at sea

Keeping so many scientific moorings, vehicles, and instru-
ments functioning in the ocean for months at a time isn’t easy.

“The ocean is an unfriendly place,” Matthias said. “And
one of the last things one would choose to put in the ocean is
something electrical.” In salty, constantly moving seawater, it’s
easy for equipment to corrode, wear out, or break. Anything
electrical or fragile has to be wrapped in protective materials,
covered in a resistant coating, or carefully sealed in watertight
enclosures. To help the moorings endure the extreme tension
created by powerful winds, waves, and currents, Pioneer’s
designers took advantage of an earlier technological innovation
developed at WHOI: strong but highly stretchable hoses that
contain electrical wires that are engineered to withstand the
punishing push and pull of turbulent coastal waters.

John Kemp has experienced the ocean’s unfriendliest forces
firsthand. Kemp has been deploying scientific moorings for
four decades, and he is one of the few people at WHOI to have
worked on the OOI since its inception, designing moorings
and leading operations at sea. He says the Pio-
neer Array was built to last.

“We do a lot of dynamic modeling with all
the components,” Kemp said—simulating harsh
environmental conditions to see whether the

Bosun Pete Liarikos raises a fist to stop the action
during deployment of a multifunction node (MFN)
from the deck of the research vessel Neil Armstrong.
The gray metal MFN forms the foundation of the
Coastal Surface Moorings and contains sensors to
measure a variety of ocean properties.

array components will survive. “The system is designed to with-
stand what we call a hundred-year storm, where you typically
have winds about sixty-five miles an hour and wave heights of
fourteen to eighteen meters.”

Even so, strong currents can set a mooring cable strumming
like a giant, out-of-control guitar string. “It can vibrate compo-
nents off the board,” Kemp said.

And then there’s marine life to contend with, he said.
“Sharks and other fish will be excited by the strum of the cable
and bite it.”

There are also more mundane kinds of biofouling—a term
used to describe what happens to scientific equipment when
algae, barnacles, and other marine life decide to call it home.
“All kinds of different creatures colonize the platforms we put
out in the water,” Plueddemann said. Too much biofouling can
make sensors malfunction, so instruments need to be removed
and cleaned on a regular basis.

Recreational and commercial activities at the crowded edge
of the continental shelf present their own share of challenges.
Despite notices to mariners and coordination with the U.S.
Coast Guard, there is the possibility that boats will run into the
Pioneer’s moorings—or choose to tie up to them. Commercial
shipping-lane traffic can pose a hazard to surfacing gliders. And
fishing gear can inadvertently become entangled in mooring
lines, damaging sensors and other equipment.

“To be able to deploy a mooring out there for a defined
interval is one thing,” Matthias said. “To be able to deploy ten
moorings out there, again and again, year after year, so that
there’s a continuous stream of data, is a significant leap forward
in robustness and resilience and engineering design.”

To keep the Pioneer Array going, WHOI maintains two
complete sets of each mooring, vehicle, and sensor. The array has
to be “turned” every six months: WHOI engineers, scientists, and
crews travel by ship, pull all the array’s components out of the
water, and deploy clean, repaired, and fully charged replacements.

The human element

Turning an array is tricky work.

Safely wrangling tons of equipment in and out of the ocean
from the deck of a ship takes skill, experience, and seamless co-
ordination between scientists and crew. “Things have to happen
really quickly,” Matthias said. “You're talking about a very high
level of safety awareness and capability of both groups.”

There’s a lot at stake. The equipment is expensive, loaded
with delicate sensors, and heavy: A single, fully equipped surface
mooring costs about $1.5 million; its surface buoy alone weighs
about 10,000 pounds; its loaded anchor frame, another 10,000.

Véronique LaCapra, WHOI




Two distinct types of autonomous underwater vehicles (AUVs) “fly” through the ocean at the Pioneer Array: REMUS
600s and Slocum gliders. They are customized with specific instruments and programmed to carry out different kinds of
scientific missions. They both gather a broad range of scientific data, but they differ in some important ways and have

complementary strengths and limitations.

Pioneer REMUS 600s
Length: 3.25 meters
Diameter: 32.4 centimeters
Weight: 240 kilograms
Typical speed: 3.0 knots
Maximum depth: 600 meters
Typical endurance: 2 days

Pioneer Slocum gliders
1.5 meters

22 centimeters

64 kilograms

0.6 knots

200 or 1,000 meters

90 days

At Pioneer, both the REMUS 600s (made by Kongsberg-Hydroid) and gliders (made by Teledyne-Webb) are prepro-
grammed with waypoints that lay out their intended course through the ocean. Once in the water, both vehicles make a
series of V-shaped dives. But how they fly differs in important ways that affect how they collect data.

With its powerful propulsion system, a REMUS 600
can travel about five times faster than a glider, reaching
maximum speeds of up to 4 knots. Typical ocean
currents are no match for these AUVs—they accurately
follow their programmed trajectory.

But life in the fast lane takes a lot of energy: At Pioneer,
REMUS 600s can fly only about 100 miles before their
batteries need recharging.

Gliders have wings, but no propeller. Instead, they
expand and contract an internal bladder to change their
buoyancy relative to seawater, literally gliding through
the water. Since they don't need much battery power,
they can cover almost 1,500 miles in a single mission.

But without a motorized propeller, gliders can go only
about a half-mile per hour, so currents at Pioneer can
push them off course.

REMUS 600s and gliders at the Pioneer Array are outfitted with sensors to collect data on salinity, temperature, depth,
dissolved oxygen, sunlight, current velocity, phytoplankton (microscopic plants), dissolved organic matter, and turbidity.
The REMUS 600s add one more—they also measure nitrate, an important nutrient for marine plants.

Pioneer’s speedy REMUS vehicles can take lots of
measurements in a short period of time, but their battery
life limits scientific missions to a day or two. That makes
them best-suited for measuring ocean processes that
change quickly over relatively short distances.

Pioneer's long-distance gliders can stay at sea for
months, but they can’t move quickly or accurately
enough to respond to sudden environmental changes.
That makes them best-suited for measuring large-scale
ocean processes that change very slowly.

Woods Hole Oceanographic Institution 39

': I,hh

\
(1

A\

\

Ol AR

\

|
\

i\ 1) m‘\\“\\k\

B

At ) ;\\:\ln

GALBRR AR AL B R\




Deploying and recovering moorings is by necessi-
ty a team effort. Plueddemann, who has been chief
scientist on eight cruises to the Pioneer Array, said it
can take more than half a dozen people to maneuver
a surface buoy into the water, each person con-
trolling a different line or rope.

“You've got seven people running seven different
lines—four tag lines, a pickup line, a quick-release
line, a stopper line—and that all has to be coordi-
nated. Everybody has to know what to do, and do
it at the same time,” Plueddemann said. “When it
works well, it looks really easy.”

But it doesn’t take much for things to go wrong.

“If somebody’s line is too tight, or somebody’s
line is too loose, or they don’t get it cleared away
from the buoy after it’s in the water, all of a sudden
you're in some sort of trouble,” Plueddemann said.

As the leader of deck operations, Kemp has the
job of making sure trouble doesn't happen. “I'm
ultimately responsible for everybody out there. I don’t want to
see anybody get hurt,” he said. “Most of it is experience, from
doing it so many times, thousands of times, that it kind of
becomes second nature to you.” And with 40 years of mooring
experience under his belt, he pretty much has it down.

Just to make sure, though, he still plans out every move he
and his team will need to make.

“In the morning, or the night before, I go through it in my
mind,” Kemp said. “I step it out, how things should be done,
make sure I know what 'm going to do next.”

At work on deck, Kemp seems to be everywhere at once,
switching from choreographer to quarterback to coach. “It’s no
secret: Kemp doesn’t sit still for more than a minute,” he joked
about himself on a recent cruise. Under his watchful eye, crew
members, engineers, and scientists quickly transition from sta-
tion to station, cranking winches, adjusting lines, and maneu-
vering the ship’s towering A-frame, which hoists and lowers the
mammoth buoys.

During a fast-moving deployment, communication can
seem nearly telepathic.

“People are in the right place before you realized you needed
them to be there,” Matthias said of Kemp and his colleagues.

Véronique LaCapra, WHOI

WHOI welder and fabricator Tony Delane assembles a frame of a Coastal Surface
Mooring. OOl arrays must withstand months of punishing ocean conditions.

“They’re working on a tag line, or are up in the crane cockpit.
Or the ship is coming around and pointing itself upwind. All
of these things happen almost without words being spoken,
exactly when they need to.”

To an inexperienced observer, the process looks a little magi-
cal—and more than a little dangerous.

“There are risks to everything,” Kemp admits. “But if you
are well-planned, follow established procedures, and have good
equipment, the risk is low.”

Sharing the data trove

The first test deployment of the Pioneer Array took place
in 2011. That was followed by mooring redesigns and more
deployments until, in 2016, the NSF declared the array fully
operational.

Trowbridge said the word he heard most often in the early
days of the project was “transformative.” Pioneer—and the rest of
OOI—represented a radical shift in how ocean science operates.

“Usually in oceanography, individual principal investigators
write proposals,” Trowbridge said. If things go well, a proposal
gets funded. “The PI goes out, does the measurements, does
whatever analysis, keeps the data sitting around on a hard drive
somewhere, and you have to ask permission to see it.” The lead
scientist might publish a paper, but not the raw measurements.

The OOI turns that paradigm on its head, putting all its
data online, free for anyone to use.

“I think it’s good for the community,” Trowbridge said,
calling the old model “limiting.” In other fields with more
access to data, he said, scientists can do their own analyses and
come up with their own results. “I think oceanography’s going
to advance when we’re able to do that too.”

Data from the Pioneer Array is already yielding new
discoveries. (See next page.) Current plans are for it to stay
on the shelf break until 2021, then move on—maybe to the
Gulf of Mexico, or off the southeastern coast of the United
States—to explore another oceanographic frontier. &

Maneuvering mooring components that weigh tens of thousands of
pounds is no easy feat. They are often hoisted and lowered into the
water using the research vessel Neil Armstrong’s towering A-frame.




ARRAY REVEALS UNEXPECTED GULF STREAM 'INTRUSIONS' by Véronigue LaCapra

t took only a month for the new Ocean Observatories

Initiative (OOI) to reveal insights about shifting ocean circu-

lation patterns that could have major impacts on marine life

and fisheries off New England.

Ocean gliders patrolling the OOI Pioneer Array (see Page

50) showed how large masses of warm, nutrient-poor Gulf
Stream waters periodically intrude into cooler, shallow waters
on the continental shelf. These intrusions disrupt conditions
that usually support abundant fish, whales, and other marine
life at the shelf break—the dynamic region where the shallow
seafloor of the continental shelf begins to slope steeply into the
deep ocean.

“The edge of the continental shelf is a key location where
nutrient-rich water upwells to the surface, stimulating the
growth of the tiny plants and animals that form the basis of the
food web,” said Glen Gawarkiewicz, a physical oceanographer
at Woods Hole Oceanographic Institution. “This upwelling is
normally sandwiched along the shelf break—between relatively
fresh, cold water flowing south from the Canadian Arctic along
the coast, and saltier, warmer waters from the Gulf Stream
farther offshore.”

But in 2006, scientists using satellite imagery observed an
elongated body of warm Gulf Stream water pushing onto the
edge of the continental shelf and intruding southwestward
along the shelf break. The intrusion grew out of a phenome-
non called a warm core ring: a rotating current that eventually
pinched off from the Gulf Stream and headed onto the shallow-
er continental slope.

“A lot of people were surprised by this elongated intrusion
of warm water,” said WHOI physical oceanographer Weifeng
‘Gordon’ Zhang.

Satellite imagery showed five similar-looking intrusions
between 2007 and 2014, each of which lasted weeks to months.
Zhang and Gawarkiewicz dubbed these
events “Pinocchio’s Nose Intrusions.”
Like that fictional character’s elongating
proboscis, the warm-water intrusions
continued to grow—in their case, for
hundreds of miles in a narrow strip from
Massachusetts toward Cape Hatteras in
North Carolina, moving in the opposite
direction of the northeastward-flowing
Gulf Stream.

Because satellites can image only
the ocean’s surface, scientists in 2006

couldn’t tell what subsurface processes
might be causing the warm-water intru-
sions, or how deep the warmer tempera-
tures extended.

Then, in 2014, Pioneer Array gliders
began missions across vast swaths of the
shelf break, equipped with sensors to
measure ocean currents, temperature,
and salinity from near the surface down

to the depths. The data showed Zhang and Gawarkiewicz that
the warm-water intrusion extended down to depths of about
260 feet—almost to the seafloor of the continental shelf.

During the 2014 intrusion, water temperatures at the shelf
break rapidly spiked from about 45° F to more than 70° E.

“I showed the glider data to a group of commercial fishermen,
and they were very surprised,” Gawarkiewicz said. “They couldn't
believe the temperature can change by that much, that quickly.”

Pinocchio’s Nose Intrusions could have important repercus-
sions for area fisheries. The spread of warm, nutrient-poor Gulf
Stream water onto the shelf prevents cold, nutrient-rich water
from upwelling to the surface. Fewer nutrients in surface waters
at the shelf break could decrease the growth of microscopic
plants and animals there, disrupting the food web in a region
normally known for its rich biological diversity and fertile
fishing grounds.

But Pinocchio’s Nose Intrusions also could benefit some
species, allowing warm-water fish to thrive in shelf waters north
of their normal range. The intrusions also might help transport
young American eels across the shelf break and onto the shelf,
helping them to reach their freshwater coastal habitats.

“There is a cascade of potential implications that need
further study,” Zhang said.

Future analyses of OOI data will no doubt lead to more
discoveries. “I just find it extraordinary that the Pioneer Array
gliders were out for a month, and we have already identified a
new shelf break exchange process,” Gawarkiewicz said. “It just
goes to show how much more we have to learn about the shelf-
wide ecosystem.”

This research was funded by the National Science Foundation. Research find-
ings were published in September 2015 in Geophysical Research Letters by
Weifeng G. Zhang and Glen G. Gawarkiewicz.
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