he Woods Hole Oceanographic

Institution (WHOI) is a private,
nonprofit research facility dedicated
to the study of all aspects of marine
science and engineering and to the
education of marine scientists and
engineers. With staff and students
numbering about 1,000, it is the larg-
est independent oceanographic re-
search institution in the nation.

Most WHOI investigators are

based in five scientific departments:
Applied Ocean Physics & Engineer-
ing, Biology, Geology & Geophysics,
Marine Chemistry & Geochemistry,
and Physical Oceanography. Others
work at the Marine Policy Center,
where social scientists consider eco-
nomic, legal, and policy problems
associated with human use of the
oceans. The Coastal Research Center

provides an umbrella for investiga-
tors from various disciplines to coop-
eratively study processes in
nearshore waters.

More than 350 WHOI research
projects are under way at any given
time. About 80 percent of the operat-
ing budget comes from federal con-
tracts and grants, and the remaining
20 percent is provided by private
sources. The Institution operates
three research vessels, the submers-
ible Alvin, and a variety of autono-
mous and remotely controlled ve-
hicles as well as a fleet of small boats.
About 140 students are enrolled in the
Institution’s joint graduate program
with the Massashusetts Institute of
Technology, and other education
offerings include Postdoctoral and
Summer Student Fellow programs.
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Front Cover: BRIV Knore undertook an
extensive survey of the Indian Ocean for
the World Ovean Circulation Experi-
ment Hydrographic Programme from
December 1994 to January 1996. The
cruise track covered more than 50,000
miles from antarctic ice to the southwest
monsoon area off Oman. Investigators
from 7 nations and 26 institutions col-
lected more than 400,000 water samples
from 1,244 stations.

Back Cover: Submersible Alvin is lifted
aboard support ship Alantis 11 following
a dive. photo by Craig Dickson




he year 1995 was witness to
many successes, opportuni-

- ties, and challenges. In the last
Annual Report, I commented that our
biggest challenge for 1995 was devel-
oping a trusting and respectful rela-
tionship with the new national leaders
in a time of change for the National
Science Foundation, the Navy, and the
US Congress. By working with various
groups within the oceanographic
community and with the commitment
to keep science and engineering re-
search highly placed in the national
agenda, we made significant strides in
1995 toward articulating to the coun-
try and the Congress the importance
of ocean science and engineering
research and education. We have
worked hard to establish with our
Washington pariners a collaborative
foundation composed of shared goals
for the nation and a respect for the
importance of investing in the future
through commitment to research and
higher education.

During 1995 we initiated a strate-
gic planning exercise to identify the
key elements of a future vision for
WHOI. Through this process we ar-
ticulated as our vision an institution
that will achieve world-class science
and engineering research, technol-
ogy, seagoing capability, and gradu-
ate and postdoctoral education in an
environment where independence,
creativity, and innovation flourish. We
also identified key strategic issues
inherent to achieving this vision:

» maintaining an environment that
attracts and keeps the best people by
nurturing their creativity and com-
petitiveness,

e communicating the importance of
the oceans to the public and to Con-
gress and federal agencies, and

TOM KLEINDINST

Director Robert B. Gagosian

e doing both of these well in a world
with reduced funds from traditional
sogurces.

Successfully working through
these issues will remain a key objec-
tive for at least the next few years. We
have, however, achieved significant
strides in 1995, not only in our exter-
nal articulation of the case for re-
search and education, but also inter-
nally as we continue to reshape and
refine the way we do business so that
we can continue to operate at maxi-

e =

mum efficiency in our changing
environment.

Our superb ability to access the
sea made 1995 one of our most pro-
ductive seagoing years. A significant
accomplishment was the 3,000th dive
of our famous submersible Alvin. We
are very proud of the skills and dedi-
cation of the Alvin group, which over
the sub’s 32-year career has com-
pleted more than 90 percent of
scheduled dives, a record unsur-
passed by any other submersible.
R/V Knorrlogged more than 50,000
miles crisscrossing the Indian Ocean
between December 1994 and January
1996 for the World Ocean Circulation
Experiment, and, after its midlife
refit, R/V Oceanus returned to serving
science in first-rate form. The ship’s
increased laboratory space and scien-
tific berthing have really made a
difference.

In the meantime, construction of

Barrie Walden, back to camera, introduces California Congressman Jerry Lewis, sec-
ond from left, to the autonomous vehicle ABE during the Congressman’s September
1995 briefing visit to WHOI. Lewis is chair of the House Appropriations Commilttee for
Veterans Affairs, Housing and Urban Development and Independent Agencies, includ-
ing the National Science Foundation. Lewis’s chief of staff Arlene Willis and Dick

Pittenger are at right.
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Director’s Comments

our new research vessel, Atlantis,
continues on time and with skill. We
look forward to its spring 1997 arrival
and are very pleased that it will be the
support ship not only for Alvin but
for the world’s most advanced remote
and autonomous deep submergence
technology. It will, indeed, be a vessel
with a unique capability that clearly
supports our vision of the WHOI of
the future. Overall, our fleet has not
been in better shape.

The year 1995 also heralded the
end of a decade of dedicated and
unwavering leadership from our
Chairman of the Board, Guy W.
Nichols. From 1985 to 1995, Guy en-
thusiastically supported the Institu-
tion in its most important challenges.
We heartily thank Guy for his wisdom
and foresight, and look forward to
continuing a rewarding association
with him. Frank V. Snyder succeeded
Guy as Chairman in May 1995. No
stranger to either leadership or the
taking of helms, the former Com-
mandant of the New York Yacht Club
has already earned trust and respect
within the Institution, and he contin-
ues to inspire us with his earnest and
straightforward “can do” approach.
We are, as an Institution, in good
hands.

The Capital Campaign is progress-
ing very successfully toward its $50

TOM KLEINDINST

Bob Gagosian presented the tenth B.H.
Ketchum Award to Christopher Martens
of the University of North Carolina at
Chapel Hill in April 1995. The award
cites ‘Martens’s innovative work on the
biogeochemical recycling of carbon in
coastal systems as well as his leadership
in the scientific community, inspriation
to younger colleagues, and translation of
research results into the policy arena.

A display prepared for a May 1995 Congressional reception at the Smithsonian
Institution’s Museum of Natural History Ocean Planet exhibit featured several as-
pects of WHOI research. Here Susan Humphris describes hydrothermal vent work to
Massachusetts Senator John Kerry at the reception.

million goal. Over $8 million was
raised in 1995, bringing the current
total of secured or committed funds
to nearly $42 million. We are espe-
cially grateful that the dedication of
our Trustees and Corporation Mem-
bers continues to have a significant
Campaign impact.

We are proud to announce the
commitment of matching funds to
meet the spring 1995 challenge of
Charles E Adams, who served as
Chairman of the Board from 1973 to
1985. He offered the Campaign’s first
Senior Scientist Chair and challenged
fellow Trustees and Board members
to match it with two additional
chairs. We were delighted that Walter
A. and Hope Noyes Smith were the
first to accept this challenge, and are
pleased that details for the third chair
are being worked out. This match
increases the total number of WHO1
research chairs from six to nine, a
very exciting advance for WHOI sci-
ence. In addition, the generosity of
the Richard K. Mellon Foundation
gave us the opportunity to announce
that, for the first time in WHOI his-
tory, our long-term commitment to
engineering and instrumentation
development will be supported

through nine three-year awards to
members of the senior Technical
Staff. This dovetailing of our Cam-
paign with strategic planning is most
rewarding.

As Director of this great Institu-
tion, I firmly believe that the key to
our continuing success is the integra-
tion of mission and vision in the
planning process. It is essential that
we focus on what we want this Insti-
tution to be in the future and not that
we merely react to the uncertain
budgetary situation in Washington.
We must concern ourselves with the
highest standards of excellence in all
that we do, and we must continue to
work hard to convince the public and
the Congress that it is important to
place science and engineering re-
search and education high on the
national agenda. If we keep focused
and stay deliberate, the future will be
ours to shape. I look forward to con-
tinuing to work on this challenge.

2

—Robert B. Gagosian
Director
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Comments from the Associate Director for Research

was a remarkable year

for ocean sciences and
research at the Woods Hole Oceano-
graphic Institution. Federal support of
fundamental global change research
reached a new level as many pro-
grams developed during the 1980s
were engaged in active fieldwork at
sea, representing perhaps the largest

~concentration of seagoing observa-
tions in decades. Innovative technol-
ogy, such as the Autonomous Benthic
Explorer (ABE) saw its first use in the
field, while many other programs
continued their evolution.

In most cases, an observational
program in the field or the first de-
ployment of a new instrument culmi-
nates five or more years of design and
analysis effort involving many col-
leagues and co-workers. The scien-
tists are testing their model or under-
standing of ocean/earth processes
against the real ocean, and this is
often a difficult and unpredictable
process. The ocean offers an uncom-
promising and unforgiving environ-
ment for observing Earth's intimate
processes. Once an observational
program is complete, an entirely
different phase begins, that of analyz-
ing and synthesizing the research.
Most scientists and engineers have
several projects and programs in
various stages along this continuum,
with a mixture of tasks all under way
at the same time: design of future
research, current fieldwork, analysis,
and synthesis.

The Global Change Initiative began
in the early 1980s with the fundamen-
tal concept that Earth’s climate as well
as its physical, chemical, and biologi-
cal processes could only be under-
stood by taking a global perspective.
Ocean, atmosphere, and land systems
were known to be strongly coupled
and interacting, but new observa-
tional tools that would allow such a
global perspective were just begin-
ning to be available. The World Ocean
Circulation Experiment (WOCE), the
Joint Global Ocean Flux Experiment
(JGOES), the Ridge Interdisciplinary
Global Experiments (RIDGE) and the
Global Ocean Ecosystems Dynamics
Program (GLOBEC) were all spawned

from these ideas, and all are now in
various stages of intensive fieldwork.

WOCE and JGOFS completed ma-
jor field programs in the Indian Ocean
during 1995, observing an oceanwide
view together with an intensive study
of the response of the Arabian Sea to
strong atmospheric forcing by the
monsoons. The cover features R/V
Knorr's extensive Indian Ocean WOCE
Cruise. Many of our scientists and
research groups also participated in
JGOFS and RIDGE cruises during 1995
in the Indian and Pacific Oceans. The
initial phase of GLOBEC, which in-
volves a detailed study of the physical,
chemical, and biological environment
that comprises the fisheries ecosystem
on Georges Bank, was under way in
the Atlantic aboard Oceanus and other
ships. This will likely be a model for
subsequent studies, since it represents
the first time that a broad suite of
environmental observations has been
made simultaneously - s
on the same spatial
and temporal scales.

The mix of re-
search programs
funded at the Institu-
tion isrich and var-
ied. During 1995, our
staff produced 399
publications in 123
different journals.
There were 375 active
research grants, while
695 proposals were
submitted to various
Federal and other
agencies. As the com-
petition for Federal research support
becomes more intense, more time is
spent writing proposals. Taken to
extremes, this process erodes a prin-
cipal investigator’s most precious
time—that for reflection and synthe-
sis, which is the breeding ground for
new ideas and fresh perspectives.
Funding for this “thinking time”
through Institution endowment of
scientific chairs and direct Assistant
Scientist support is critical to the
health and well-being of the
Institution’s mission of excellence in
research and education in ocean
sciences and engineering.

Associate Director for Research
James Luyten

The quality of our Scientific and
Technical Staff is extraordinary. The
essential criterion for promotion is
excellence in the quality and impact
of the individual’s scientific research
and/or engineering. Numerous
awards received in 1995 by members
of the Scientific Staff are detailed in
the departmental reports that follow.
Perhaps the most prestigious of these
are award of the American Meteoro-
logical Society’s Sverdrup Gold Medal
to physical oceanographer Jim Price
and election of microbiologist Holger
Jannasch as a Foreign Associate of the
National Academy of Sciences.

The newfound zeal in Congress to
balance the Federal budget has put
enormous stress on funding for sci-
entific research. This comes at a time
when the public’s interest in and
appreciation of the value and impor-
tance of fundamental science to the
nation is low. The priority of funda-
mental research, and
of ocean sciences in
particular, as vital to
national security was
»»»»»» | taken for granted for
several decades, and
now is a matter of
intense debate. Insti-
tution staff and man-
agement are both
actively involved in
- this debate, partici-

- pating with national
organizations, such
as the Consortium on
Ocean Research and
Education, in stress-
ing the role of ocean sciences in the
national research agenda. Much of
this activity involves articulation of
the excitement and importance of
ocean sciences as key to understand-
ing Earth's climate and general habit-
ability. Oceanography is a science of
discovery, and one in 'which the role
of direct observation at sea is critical
to uncovering the principles and
underlying processes that control the
evolution of the atmosphere and
ocean and land ecosystems.
—James Luyten
Associate Director for Research
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The Applied Ocean Physics and Engineering
ACE&E) Department, with 146 staff members and 54
graduate students, had a very productive year in 1995,
Forty-three principal investisitors led 128 basic and
applied research projects in ocean acoustics, voastal
and ocean fluid dynamics, air-sea interaction, ocean

1o Associate Scientist, and electrical engineer Ned

1 urrester to Senior Engineer. There were two notable
reticements on the senior engineering staff. Principal
Engineers Neil Brown and Don Koelsch were honored at
a joint tetirement event that recognized their pioneering
contributions to the design and development of oceano-

systems and moorings, deep submergence, and
- uceanugraphic instrumentation.

Personel actions included the promotions of ocean
physicists Rocky Geyer and John Trowbridge and engi-
neering scientist Mark Grosenbaugh (o Associate Scien-
tist with Tenure. In addition, meteorologist lim Edson
and acaustical oceanographer Tim Duda were promoted

graphic and geaphysical instrumentation, ;

Robert Ballard was the recipient of the Explorer’s |
Club medal in 1995,

AOPRE research and development activities en-
compass laboratory experiments, field programs, and
theoretical work. Three projects representative of %
these efforts are described here, §

Autenemous Benthie
Explorer Makes First

Science Dives

The Autonomous Benthic Explorer
(ABE) can survey the seafloor to
depths of over 5,000 meters. De-
signed to complement WHOI’s exist-
ing vehicles such as Alvin and Jason,
ABE operates without a tether or
human supervision. As its capability
evolves, ABEwill be available to ob-
serve time-varying phenomena last-
ing from days to months, particularly
in active hydrothermal vent areas.

During the summer of 1995, ABE
successfully completed its first set of
science dives on the Juan de Fuca
Ridge at depths to 2,400 meters. Many
of ABE's features were proven from an
engineering perspective, and ABE
made maps of seafloor magnetic
anomalies (see article on page 13),
took video snapshot images of the new
lava terrain, and mapped the conduc-
tivity and temperature of an active
hydrothermal vent. ABE operated from
Atlantis II, utilizing the nighttime peri-
ods between Alvin dives.

Each dive began with a controlled
descent to a specified spot on the
seafloor. Navigating by the same
acoustic transponders Alvin uses,
ABE took about two hours to reach
the seafloor. While the vehicle could
not be controlled from the surface, its
movements could be observed from
the ship through the transponder
navigation system. ABE sent outa

DAWNWRIGHT

Scientists and crew launch ABE from Atlantis 1I during the vehicle’s first science dives
in the summer of 1995.
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coded acoustic signal to indicate
when it had successfully reached the
bottom and again when it had re-
leased its descent weight and started
its mapping run.

To map the lava terrain, ABE ex-
ecuted a sequence of tracks, each at
constant heading and constant for-
ward speed. The vehicle could run at
constant depth, or it could follow the
bottom using a single beam
fathometer and a control algorithm
to ascend, descend, or slow down to
maintain a preset height off the rug-
ged seafloor. At the end of the pre-
scribed set of tracklines (lasting up
to three hours), ABE dropped its
ascent weights and headed for the
surface. The scientists recovered ABE
at first light, read the data files,
charged the batteries, and prepared
for the next mission.

ABE’s final dive of the series, to the
edge of a hydrothermal plume previ-
ously discovered using Alvin, was
perhaps the most exciting. The ve-
hicle executed an expanded survey
pattern while negotiating the most
rugged terrain it had experienced.
After the dive, ABE’s temperature and
bathymetry data revealed a large
diffuse plume centered over a graben,
or shallow valley. The vehicle’s video
showed the lava terrain as well as the
hydrothermal plume.

ABE’s first science mission pro-
duced detailed maps of 35 kilometers
of bottom tracks during seven dives,
and provided detailed records of ve-
hicle performance. Based on this
success, ABE’s designers and develop-
ers, which include Dana Yoerger, Al
Bradley, and Barrie Walden, plan to
extend ABE’s endurance in order to
capture long-term, dynamic events.

Iimproving Weather
Forecasts with
Better Marine

Measurements

Numerical weather forecasts have
markedly improved over the past
several decades. Unfortunately, there
are still times when the model predic-
tions lead to inaccurate forecasts.

Ongoing improvements to these
models and their forecasts involve
three major areas of research:
¢ development of faster computers
that would allow modelers to include
more physics and higher resolution,
» planning for a better and denser net-
work of surface and upper air observa-
tions to initialize these models, and
s improvements to the way we include
processes that even high-resolution
models cannot resolve.

With or without better computers,

accurate prediction of weather over
the sea would greatly benefit from any
improvements in the last two catego-
ries. Weather observations over the
world’s oceans are sparse, and model-
ers must work with little or no infor-
mation from vast regions of the ocean
as they initialize forecast models. In
addition, the fluid ocean surface pre-
sents unique challenges to marine
researchers attempting to describe
ocean/atmosphere coupling.

With support from the Office of

Jim Edson examines a 50-foot mast deployed off FLIP's port boom for his spring 1995
work in the Pacific with Carl Friehe and Scott Miller (University of California, Irvine).
Along with colleagues from Scripps and New Zealand they are using their measure-
ments to investigate ocean/atmosphere coupling. k

WOl Scientists Workued Aboard FMP inieg9s

Lirik Bock and Jim Edson worked aboand FLID (F!ba{ihg Instrument Plat-
mrm‘z o1 two duf"fercut mssz ch projects in 1995, lhe %‘%5 f(}ut (108 et er;

0 tons of seawater Lo flip
w literally “walk up the walia to slay up-
et (17 eters) of the vessel above the surface and the

pnsitibﬁ (while scier
right). With only 5!
Temaining 300 feet (91 meters) extending into the stable water column,
scientists can pursue their measurements almost unaffected by surface
mation Lhis allows many scientific measurements that would be ditficult ar
impossible to make from a conwventional research vessel Atthe end of the
experiment, which may last up to the 35 days, compressced air is blown into

the ballast tanks, and the vessel retumis o i

, dvto a rmmmiz site wherr:
ip it1othe vertical

s horizontal position.
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Naval Research (ONR), marine me-
teorologist Jim Edson is actively in-
volved on both of these research
fronts. As part of ONR’s High Resolu-
tion program, he and his colleagues
have been working to improve the
way scientists estimate surface winds
over the open ocean from satellites.
For example, radars can be used to
infer wind speed and direction by
bouncing (scattering) microwaves off
the ocean surface. Basically, the
method relies on the observation that,
in general, the higher the wind speed
the rougher the ocean surface, and
the rougher the ocean surface the
larger the returned (backscattered)
signal. Edson and his colleagues are
refining this simple concept to im-
prove the accuracy of these observa-
tions and widen their application.

Over the past three years he has
also been working with a team of US
and European researchers to investi-
gate how ocean waves influence the
behavior of near-surface atmospheric
turbulence. In the spring of 1995 he
spent a month off the Monterey coast
aboard the research platform FLIP
with Carl Friehe and Scott Miller
(University of California, Irvine) as
part of ONR’s Marine Boundary Lay-
ers program.

Once “flipped,” Edson and Friehe
assembled a heavily instrumented
50-foot mast that they deployed off
FLIP’s port boom. Their instrumenta-
tion allowed them to measure the
wind profile and the transport of
energy and momentum to and from
the ocean surface. Additional mea-
surements made aboard FLIPin-
cluded radar images of the sea sur-
face by researchers from the Univer-
sity of Massachusetts and New
Zealand’s National Institute of Water
and Atmospheric Research, 1.td., and
upper ocean measurements by the
Scripps scientists. The researchers are
currently combining all the FLIP
measurements in order to describe
the coupling of the atmospheric and
oceanic boundary layers.

Experiment
Compares Direet and
Radar Measurements

of Iinternal Waves

Erik Bock also worked aboard
FLIP, participating in the Coastal
Ocean Process Experiment (COPE)
off the Oregon coast, near the towns
of Garibaldi and Tillamook. This
experiment, sponsored by the De-
partment of Defense and conducted
by the Environmental Technology
Laboratory located in Boulder, Colo-
rado, was designed to learn how
radars image internal waves. Internal
waves propagate beneath the sea
surface at the depth where there is a
difference in density between lighter
surface water and the heavier deep
waters. The density difference is
caused by temperature or salt con-
centration differences, or a combina-
tion of these. Resulting internal
waves can produce current surges
that cause the short surface waves to
“bunch up” and become unusually
rough. This roughness can be mea-
sured both directly and by radars.

nal (subsurface) wave.

Two photos taken a few minutes apart from FLIP show the surface effect of an inter-

For the direct measurements
from FLIP, Bock used a specially
designed 18-foot research catama-
ran, equipped with an instrument
that directly measures the short
waves that are affected by internal
waves. The catamaran was moored
between FLIP and a separate, an-
chored buoy. A multi-week experi-
ment allowed a comparison be-
tween direct measurements of
waves at the FLIP site and remote
measurements by radars mounted
on top of Onion Hill 14 miles away
on the Oregon coast. The two photos
below show the passage of an inter-
nal wave as photographed from
FLIP. The two images, taken a few
minutes apart, show that the inter-
nal wave (evidenced by the brighter
band of short, breaking waves ex-
tending off in the distance) traveled
an appreciable distance between the
two photographs. Radar measure-
ments, because they have greater
spatial coverage, can be useful in
relating observations that span kilo-
meter scales to ocean properties like
bathymetry: Results from the radar
experiment are not yet available.

CHRIS ZAPPA, APL/UW
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Scientists in the Biology Departiment continue o
carry oul a rich and diverse rescarch program on marine
organisms from virtally all the world’s beeans, oriented
both to organismal and provess studies, ln the cunent
difficult funding climate, statf scientists have been suc-
cessiul in diversifving their research interests and ob -
Laining funding from numerous sources. In particulay,
the stalt is well represented in the major global oceano-
graphic research initiatives including the US Global
Otean Leosystems Dyvnamios Program, the Joint Global
Ocean Flus Study, and the Ridee Inter Disciplinary Glo
bal Experiments [niliative,

Michael Moore, 4 1991 MITWHOT foind Program
graduate and recent Visiting [nvestigator, was appointed
to the Technical Stalf as Research Specialist to continue
his work on fish and mammal toxicology. Overall, the

statf members, 8 postdoctoral scholars and investiga-
tors, 34 students, and 30 support personnel resulied in
8 publications and 116 proposals submitred in 1995,
Notable achievements for the vear included election
of Holger Jannasch to the National Academy of Sciences
s a boreign Associate, Judy McDowell's tellowship
award in the Pew Scholar Program in Conservation and
the Environment, and Mark Hahn's becoming a full
member in the Society of Toxicology. In addition, Freddy
alois received WHOIs Linda Morse-Porteous Award,
Sadly, we report the passing of Scientist Emeritus
Stanley Watson, who first joined the Biology Depart-
ment in 1956 He was institimental in belping develop
1he microbivlogy and mwlecular programs in the de-
pantment, and he established the Stanlev W. Watson
Chair for Excellence in Oceanography, whose current

activities ol 25 scientific statf members, 13 technical

Exploring the Role of
Life €ycles in Popula-

tion Pynamics

Populations change because of the
birth and death of individual organ-
isms, and the probabilities of birth
and death change as an individual
develops through its life cycle. This
means that mathematical models of
population dynamics must iniclude
some description of the life cycle in
order to capturethe .
mechanisms responsible
for population growth or
decline. Situations where
the environment impinges
directly on the life cycle
are especially interesting.

POPULATICH: Sizaiismmaly

either a decrease or, in the case of
some pollution-tolerant species, an
increase.

Working with Lisa Levin (a former
WHOI Postdoctoral Fellow now at
Scripps Institution of Oceanography),
Caswell analyzed an experiment on
two estuarine polychaetes
(Streblospio benedicti and Capitella
sp.1) exposed to fuel oil, sewage
sludge, and blue-green algae (all
common hazards for species living in
polluted or eutrophied estuaries).

wen  EXposure to these
Nu;}%:fu pollutants had dra-
matic effects on popu-
lation growth rate, but
the effects and mecha-
nisms producing them
differed between spe-

Low

- With funding from the ‘ DL narients cies. For example,
Office of Naval Research, o ' exposure to blue-green
Environmental Protection g)?ztzz; Z(Zzzoan{)g% Z}’ Zf‘mk' algae reduced the
Agency, and National Sci- model that includes the cell population growth rate

ence Foundation, Hal
Caswell studies such prob-
lems in a variety of spe-
cific applications. For
example, suppose that a
population is exposed to a
pollutant. The exposure will produce
a complex set of cellular and bio-
chemical responses that affect indi-
vidual survival, growth, maturation,
and reproduction—and, eventually,
the growth of the population, causing

division cycle. High nutri-
ent levels produce “genera-
tion cycles,” oscillations
that do not occur in tradi-
tional models, which ne-
glect the cell cycle.

of S. benedicti (from
1.43 to 1.10), but in-
creased the growth
rate of Capitella (from
1.79 to 2.55). The big-
gest contributor to the
decline in S. benedicti growth rate
was a reduction in fecundity, while
the increased growth rate in Capitella
was mostly due to more rapid devel-
opment. Pinpointing the physiologi-
cal mechanisms responsible for

recipient I8 department member Don Anderson,

population-level responses to pollut-
ants is one of the major benefits of
this kind of mathematical modeling.
Although polychaetes and other
multicellular animals are known to
have interesting life cycles, what
about the single-celled organisms of
the phytoplankton? Their life cycles

Streblospio benedicti
TR

Contribution to Population Growth Rate

Feeundin,

Pollution by blue-green algae had differ-
ent effects on the population growth of
two species of polychaetes in the labora-
tory. Streblospio populations grew more
slowly, mainly because of reductions in
Secundity (left graph). Capitella popula-
tions grew more rapidly, mainly because
of increased development rate.
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Biology

are defined by the cell division cycle:
growth, replication of genetic mate-
rial, and division. There is evidence
that the environment, in the form of
nutrients and light, affects the rate of
development throughout this cycle.
Caswell and Joint Program student
Mercedes Pascual-Dunlap analyzed
the effects of such environmental
factors on models of phytoplankton
population dynamics. What they
found were populations with an in-
creased tendency to oscillate. Nutri-
ent limitation sets up cohorts of hun-
gry cells that develop slowly, thus
reducing population growth and
allowing nutrient levels to rise. The
next cohort of cells benefits from
these nutrients and moves rapidly
through the cycle, the population
increases, and nutrient levels decline,
setting the stage for a repeat of the

cycle. When these “generation cycles”
interact with environmental varia-
tion, the result can be complicated,
aperiodic fluctuations in phytoplank-
ton populations, fluctuations that
occur only because of the interaction
of the environment and the life cycle.

Modeling of population dynamics
in terms of individual movement
through the life cycle has broad ap-
plication, including analysis of field
and laboratory data and studies of a
wide range of organisms both small
and large. Caswell has examined
larger animal population dynamics in
considering the effect of the sink
gillnet fishery on the Gulf of Maine
harbor porpoise population and is
currently seeking funding to analyze
the populations of the North Atlantic
right whale, the most endangered of
the large whales.

Dicl Vertical Migration in Zooplank¢on:
Trade-offs Between Predators and Food

Why do so many aquatic organ-
isms, including zooplankton, under-
take vertical migrations of tens to
hundreds of meters between deep,
darker waters during the day and
surface waters at night? The answer
to this question has long eluded sci-
entists, despite the fact that this be-
havior, known as diel vertical migra-
tion, has been recognized for over a
century as one of the most conspicu-
ous and important types of animal
migrations on earth. Recent experi-
ments by Steve Bollens and collabo-
rators at the University of Washington
and the Max Planck Institute of Lim-
nology shed new light on this enig-
matic phenomenon.

Bollens and his colleagues bor-
rowed from a theory developed pri-
marily by terrestrial ecologists that
predicts individual animals should
select a habitat or set of habitats (or
depths, in the case of zooplankton)
that allows them to maximize energy
gain via feeding (such as on algae)
while minimizing the probability of
death via predators (such as fish). To
test this intuitively appealing theory,
the researchers designed two experi-
ments. The first test was based in a

marine lagoon in 1994 on San Juan
Island, Washington, where large (3-
cubic-meter) plastic enclosures con-
tained the marine copepod Acartia
hudsonica. More recently the scien-
tists worked with the freshwater cla-
doceran Daphnia hyalinain the 11-
meter-tall “Plankton Towers” at the
Max Planck Institute in Germany. US
funding for this work was provided by
the National Science Foundation and
the Office of Naval Research. In both
systems the abundances of algae and
predatory fish—which could be
quantitatively related to feeding gains
and the probability of predation mor-
tality, respectively—were manipu-
lated in the experimental containers.
Both types of zooplankton be-
haved largely as the theory predicted.
Manipulations of either fish or algae
alone triggered migratory and
nonmigratory behavior, respectively.
That is, in the presence of fish, zoo-
plankton entered food-rich surface
waters only under cover of darkness,
when risk from visual predators such
as fish was low. However, in the pres-
ence of abundant food but no fish,
zooplankton remained in the surface
layer day and night. A more interest-

o
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JACK COOK

exhibit diel vertical migration in the
presence of visual predators such as fish
to avoid being eaten during the day (A),
but remain in the surface day and night
1o feed on algae (green dots) when fish
are absent (B). Moreover, zooplankton
can make subtle trade-offs between the
risk of predation and the benefit of feed-
ing when both food and predators are
present, such as occurs in nature~—zoo-
plankton migrate under conditions of
low food and high fish abundance (C),
but are nonmigratory under conditions
of high food and low fish abundance (D).
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ing result emerged in the subtle inter-
actions between fish and algae when
both were manipulated simulta-
neously: Diel vertical migration was
triggered only under precise condi-
tions of high fish and low food abun-
dance, whereas slightly lower fish
abundance and slightly higher food
abundance resulted in nonmigratory
behavior. In short, individual zoop-
lankters seemed to choose to reside
in particular depths at particular
times of day and night based on
subtle trade-offs between gains from
feeding on algae and the risk of being
eaten by fish.

There is much more to be learned
about different behaviors of aquatic
animals, including diel vertical migra-
tion, and collaborations between ex-
perimentalists and theoreticians that
cut across marine, freshwater, and
even terrestrial systems may prove to
be a particularly effective approach.

New Data Logger
Tells How Seals Hear
The Weorild

For tens of millions of years, ma-
rine mammals have been evolving
ways to take advantage of ocean
acoustics. Whale sounds below the
human range of hearing are used for
long range communication, and dol-
phin clicks octaves above it are used
to find sonar targets a football field
away. In the past 50 or so years, hu-
mans have also begun to use under-
water sound for communication, to
navigate, and to find out about the
oceans. This can lead to problems if
both humans and marine mammals
are trying to use the same channel,
for an oceanographer’s signal may be
a whale’s noise. Very loud sounds
from underwater explosions, ship-
ping, and industrial activity could
harm these animals or disrupt bio-
logically important activities.

The Office of Naval Research
(ONR) has initiated research pro-
grams both to find out about the
influence of low frequency sound on
marine mamimals and to build re-
search tools for questions that can-
not yet be addressed. Peter Tyack is

An elephant seal is equipped with a unique data logger for studies of sounds ma-
rine mammals make and hear in their native environments. The logger is removed
after the seal returns to the beach, and tagged seals show no ill effects from carrying
this package.

participating in a study of elephant
seals, which produce low frequency
sounds in air and whose ears appear
to be specialized for low frequency
hearing. In collaboration with
Burney LeBoeuf and Daniel Costa
(University of California, Santa Cruz)
and 1993-1994 AOP&E Postdoctoral
Scholar Bill Burgess (Monterey Bay
Aquarium Research Institute), he has
led a development many thought
impossible— a hydrophone tag for
recording in the ambient environ-
ment sounds heard and made by a
free-ranging marine mammal.

The May 1995 photo above shows
the first acoustic data logger de-
ployed on an elephant seal
(Mirounga angustirostiris) on the
beach. The seal was transported to
the southern end of Monterey Bay,
where the logger was started and the
seal was released. The device logged
swimming speed, depth, tempera-
ture, and acoustic data below 1 kilo-
hertz from every fourth dive as the
seal swam back to its rookery north of
Monterey Bay. The figure at right
shows a sound spectrogram, a plot of
sound frequency against time, during
one dive to 60 meters. The seal’s
breathing on the surface is indicated
in red at left and right. Flow noise
increases as the seal dives; augment-
ing the time resolution of this seg-
ment reveals each flipper’s swimming
strokes. At the bottom of the dive, the
logger registers noise as faint as 60
decibels. The one elephant seal

whose hearing has been measured at
100 hertz could not hear sounds this
faint, indicating that the scientists
can hear everything the diving seal
hears at this frequency. The pattern of
blue and green lines in the middle of
the spectrogram indicates a boat
passing above the seal, and the data
include many different ambient
noises. When the seal was quiet at the
surface or bottom of a dive, thereis a
signal that sounds like heart beats,
and the data points at the bottom of
the figure show the heart rate of the
seal estimated from these sounds as
the boat passed overhead. The next
step will be to deploy acoustic data
loggers on many seals to evaluate
both what the animals hear and how
they respond to natural and artificial
noises in their world.

8 May 1985

M. angustirostins Dive #13
0

Information recorded by the instrument
shown above includes dive depth, acous-
tic data, and heart rate of the animal.
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The diverse interests of Geology and Geophysics
Depariment scientists span many fields of manine
geasciences, In 1995 these included the structure and
evolution of oceanic crust, chemical evolution of the
mantle, the oceanss role in the history of Earth's cli-
mate, and the processes affecting nearshore and
coastal environments. At year end, the deparument
consisted of 20 scientific staff, 21 rechnical staff, 26
support staft, 32 graduate students, and 9 posidoctoral
sehalars and investigators,

Department Chair Mike Purdy became Director of
the National Science Foundation Division of Ocean
Sciences, and was succeeded as chair in November by
Senior Scientist Bill Curry,

Lieophysisist Debbie Smith was promoted to Asso-
ciate Scientist with Tenure, and two outstanding new
Assistant Scientists joined the departiment: Neal
Driscoll, from the Lamont-Doherty Earth Observatory,
- and Peter Clift, from the Ocean Drilling Program at

i Texas A&M University. Neals expertise focuses on

i
|

seismic stratigraphy and the structure and evolution of
continental margins and nearshore environmients, and
Peter's major interest lies in basin analysis.

Senior Scientist Bl Berggien received the 1995 1o,
seph A Cushiman Award for excellence in foraminifera)
research lrom the Cushman Poundation for Foramin-
iferal Research. A two-day symposium in honor of Stan
Hart's 60th Birthday brought friends and colleagues
from around the world to discuss Earth Science topics
ol special interest ta Stan.

Dick von Herzen retired in 1995, though he contin-
ues his active research on ocean heat flow. Assaciate
Scientist Scatt Lehmann touk a leave of absence to
pursue his research at the University of Colorado.

Department members produced 75 scientific publi-
cations in 1995, submitted 138 research proposals to
various funding agencies, initiated 50 new projects, and
participated in a total of 22 research cruises. Large, in-
terdisciplinary research program participation included
the Ridge Inter-Disciplinary Global Experiments, pro-
ceas studies in the Arabian Sea as part of the loint Global
Ocean Flux Study (JGOFES), and the Marine Aspects of
Farth System History research program. Research Spe-
cialist Susan Humphris and Associate Scientist Pat
Lohmann both served as Co-Chiel Scientists on Ocean
Drilling Program JOIDES Resolution cruises.

Scientists Study
Large Storm and
Human Effeets in
Blieck Island Sound

When Nor'easters, hurricanes, and
other large storms pummel the US
East Coast, resulting property dam-
age ashore is highly visible. However,

knowledge of how large storms affect
the shallow water regions of the con-
tinental shelf remains limited, at best.
Increased societal pressure on these
environments indicates a need for
better understanding of fundamental
physical processes that shape them.
By determining the natural variability
of shallow water regions, society can
assess the interplay of anthropogenic

and natural effects on these regions
and develop strategies for responsible
management of their resources.
Toward this goal, Neal Driscoll and
David Twichell (US Geological Sur-
vey) led an Office of Naval Research-
sponsored expedition to survey por-
tions of Block Island Sound before
and after large storms. Recent im-
provements in navigation, afforded

i

White rectangle shows Block Island Sound area surveyed in 1991 and 1994. Lighter shades of green denote regions with higher

elevations above sea level and darker shades of blue indicate regions with greater water depth.
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by the differential Glebal Positioning
Satellite System (GPS), allowed the
researchers aboard R/V Cape
Henlopen (University of Delaware) to
reoccupy in 1994 an area in Block

Island Sound where similar geophysi-

cal and geological data were acquired
in 1991. Their objective was to estab-
lish a “natural laboratory” where re-
peated surveys monitor how the sea-
floor and its sediments change with
time. These data then can be used to
describe the influence of hurricanes,
large storm events, and anthropo-
genic activity on the distribution and
type of bedforms, sediment composi-
tion, and the acoustic character of
shallow water sediments. The re-
searchers collected sonar images of
the seafloor both in cross section and
in map view, recovered surface sedi-
ments from the seafloor, and recorded
seafloor roughness and megafauna
with an underwater camera sled.
Combination of these data sets allows
characterization of the geologic fea-
tures in Block Island Sound both be-
fore and after the passage of large
storm systems. The scientists also
examined the region’s benthic biology
to assess how biological activity might
affect seafloor erodibility.

Analysis of the Block Island Sound
data indicates that large storm sys-
tems have had little effect on large-
scale morphology and sedimentary
bedforms. One explanation for this
surprising observation is that the
submerged portion of the Ronkon-
koma glacial moraine that extends
from the eastern tip of Long Island to
Block Island and continues north-
ward toward Point Judith, Rhode
Island, acts as a natural jetty at the
mouth of Block Island Sound, dissi-
pating much of the storms’ wave
energy. The shallowest portions of the
submerged moraine are 8 to 10
meters deep, whereas the study area
is shoreward of this shoal in 30 to 50
meter water depths. Much of Block
Island Sound is in the lee of both the
subaerial and submerged portions of
the glacial moraine and thus pro-
tected from large, storm-induced
waves. Consequently, the glacial mor-
phology imparted by the Laurentide

The boulders in the upper left corners of these photos were used to coregister the 1991

(left) and 1994 images for comparison purposes. Note that the trawl marks visible in

1994 do not appear in the 1991 image.

ice sheets almost 18,000 years ago
still influences present-day sediment
transport, erosion, and deposition in
Block Island Sound.

However, on a smaller scale
(meters), some portions of the study
area have undergone dramatic
changes. One obvious change in the
1994 data set compared to the 1991
survey is the increase in the distribu-
tion and density of trawl door scars
caused by fishing gear dragged across
the seafloor (see photos above). This
suggests that anthropogenic effects
are having a greater impact on re-

working surface sediments in Block
Island Sound than large storms. A
long-term research goal is to develop
additional natural laboratories in a
variety of shallow water settings to
examine the relative effects of storms,
anthropogenic activity, and other
processes on different portions of the
continental shelf. Increased knowl-
edge about the processes that shape
and sculpt the present-day continen-
tal shelf will yield important insights
into both interpreting the geologic
record and responsible management
of an invaluable resource.

Exploring Atilantic Ocean Voicanoes,
Earthquakes, and Mountain Building

Each year hundreds of thousands
of earthquakes shake the ocean floor
along the Mid-Atlantic Ridge. Only
the largest of these quakes are detect-
able by seismic stations on land, but
they are part of a continuous moun-
tain building process along the
50,000-kilometer-long mid-ocean rift
that circles the globe. In the past
several years, Jian Lin and colleagues
have been using a variety of acoustic
sonars and marine geophysical sen-
sors to explore underwater volcanoes
and earthquakes, aiming at a better
understanding of the submarine
mountain building process that has
shaped more than 70 percent of
Earth’s solid surface.

In July 1995, the US Navy declassi-
fied precision gravity data collected
by the Navy Geosat satellite from
1985 to 1990. This newly available
information on the world’s ocean
basins is 30 times more detailed than

data previously available. Geosat’s
radar recorded the precise shape of
the ocean surface, which reflects the
contours of underwater mountains
and valleys (see figure overleaf). Lin
and MIT/WHOI Joint Program stu-
dents Javier Escartin and Garrett Ito
have analyzed some of the newly
released data for the Atlantic to study
the geology of many fascinating sub-
marine features. These include “frac-
ture zones,” which are deep valleys
produced by seafloor earthquakes,
and submarine “hot spots,” where an
unusually large amount of molten
lava has oozed onto the seabed near
such prominent islands as Easter,
Iceland, and the Galapagos.

While Geosat’s 2-to-10-kilometer
resolution provides a good overview,
finer resolution of seafloor features
relies on the use of surface ships
equipped with the latest marine tech-
nologies. Supported by the National
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Rifted volcanic features in Iceland where the
mid-ocean ridge “‘comes ashore.”

Map of the North Atlantic ocean basin
as revealed by gravity data collected by
the US Navy Geosat and European
satellites. A 2,000-meter underwater
mountain, for example, produces a
bump at the sea surface abour 2
meters high. As the North and
South American plates (left) pull
away from the European and
African plates (right), hot lava
oozes up to form the Mid-
Atlantic Ridge (orangelred in
the center). Lines perpen-
dicular to the ridge are
fracture zones where
plates pass each other,
offsetting the ridge and
producing earth-
quakes. {Map produced
by Javier Escartin, MIT-
WHOI, with data from
David Sandwell,
Scripps Institution of
Oceanography and
Walter Smith, NOAA.)

T. REED/UNIV. OF HAWAIT AND BRIAN TUCHOLKE/WHOL

W e L

Computer-generated image shows view from the Mid-Atlantic Ridge rift valley
looking into the Atlantis Fracture Zone.

Science Foundation and the Office of
Naval Research, Lin and colleagues
have focused especially on a 1,000-
kilometer-long stretch of the Mid-
Atlantic Ridge between the Kane and
Atlantis fracture zones and a 250-by-
400-kilometer area of 0-t0-30-mil-
lion-year-old crust. They have em-
ployed a variety of acoustic sonars
and geophysical sensors to measure
the precise shape of the seabed, sedi-
ment thickness, and the magnetic
and gravity properties of Mid-Ocean
Ridge rocks.
Among the most surprising results
is the finding that the seemingly
continuous mountain range under
the Atlantic Ocean is in fact com-
posed of many individual spread-
ing cells or segments. The
lengths of many 20-t0-100-
kilometer-long spreading
segments have changed
surprisingly fast, at a rate
close to that of seafloor
spreading itself (about 1
centimeter, 0.4 inch, per
year). These results
suggest that the
mountain building
process along the
ocean ridges is
highly punctu-
ated in space
and time, es-
pecially in
relatively
slow-
spreading
crust like
that found in the
Atlantic basin.

With support from the National
Science Foundation’s RIDGE (Ridge
Inter-Disciplinary Global Experi-
ments) program, Lin and colleagues
will mount two major expeditions in
summer 1996 to directly image the
internal structure of volcanoes and
mountain ranges under the Atlantic
Ocean using seismic waves from
artificial sources and natural earth-
quakes as they continue to seek new
information about the underwater
volcanoes, earthquakes, and moun-
tain ranges that shape two-thirds of
our planet’s surface.
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Scientists Track
€hange Over Time in

aYoung Lava Flow

Marine geologist Maurice Tivey is
part of a team afforded a unique op-
portunity to monitor changes in a
seafloor lava flow nearly from its
inception. In the summer of 1993,
just days after National Oceanic and
Atmospheric Administration scien-
tists activated a new real-time earth-
quake monitoring network, seismic
activity was detected on the Juan de
Fuca ridge in the northeast Pacific.
This activity indicated that an erup-
tion was underway, and research
vessels were dispatched to locate it.
The eruption, which formed a lava
flow 30 meters thick, 1,500 meters
long, and 300 meters wide, was fed
from what is thought to be a subsur-
face feeder dike (a fissure that serves
as a conduit from a body of molten
material to the seafloor). Using con-
ductivity/temperature/depth instru-
ments, scientists aboard research
ships were able to detect hot water
plumes from vents created by the
cooling lava as it heated the seawater.
Echosounding ships repeating previ-
ous mapping tracks also recorded a
difference in the depth of the seafloor
where the lava flow had erupted.
Together the diking event and lava
flow represent the basic building
block of oceanic crust—investigating
this newly placed seafloor feature will
bring better understanding of the
process by which almost 70 percent
of Eartly’s surface has formed.

The physical properties of the new
lava are still pristine, and knowing the
precise age of the rocks allows scien-
tists to monitor their changes over
time. One important property is mag-
netism and new lava is highly mag-
netic. As the molten lava is rapidly
“quenched” or cooled on contact
with seawater, the magnetic minerals
it contains quickly “freeze,” recording
the direction and strength of Earth’s
magnetic field, which varies over
time. The feeder dike, however, lies
beneath the seafloor and cools more
slowly, so its magnetism is much
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The figure above shows ABE’s data
collection track (black lines run-
ning left and right) over the new
lava flow superimposed on a
magnetic map of the area. An
image of the fresh lava, right, was
captured by the Canadian re-
motely operated vehicle Ropos.

weaker. This difference in mag-
netic properties can be used to
map the extent of the dike zone
beneath the new flow and helps to
explain the sources and placement of
lava. In summer 1995, Tivey and Paul
Johnson (University of Washington)
led a National Science Foundation-
funded Alvin submersible cruise to
map the magnetic and gravity fields
of the new flow and dike and to es-
tablish a benchmark set of measure-
ments for future surveys.

As part of the nighttime survey
plan, the WHOI-developed autono-
mous underwater vehicle ABE carried
out its first science mission. Comple-
menting Alvin’s close-up views of the
seafloor obtained during daytime
submersible operations, ABE mapped
the magnetic field over the new lava

flow and dike zone. The vehicle suc-
cessfully carried out over 35 kilome-
ters of tracklines, measuring not only
the magnetic field but also the
bathymetry, and took digital photo-
graphs of the seafloor lavas. This
relatively simple exercise belies the
technological expertise that allows
ABEto operate reliably in the deep
ocean (see article on page 4). Build-
ing on this successful pioneering
effort, autonomous vehicles like ABE
hold promise for long-term remote
monitoring as marine scientists con-
tinue to explore the seafloor.
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The Department of Marine Chemistry and
Geochemistry (IMC&G] consists of 18 scientific staff, 20
technical staff, 22 graded and administrative staff, and 5
individuals with postdoctoral appointments working on
4 total of approximately 80 research projects. In addi-
tion there are 16 Joint Program students, 11 of them in
tesidence at Woods Hole.,

Research in the department covers a broud spectrum
of topics related to global climate change, present and
past ocean circulation, biogeochemical cveles, remote
sensing of the ocean, race metals, radivactive contami-
nauon, orgamic geochemistry, sediment diagenesis, and
the geochemistry of seafloor hydrothermal systems,
Material transfers within the ocean and across bound-
aries with the air the land, and the aceanic erust are
common themes of much MC&G research, Many
projects are parts of lage national and international
programs such as the Joint Global Ocean Flux Study
(whose national administrative office is housed in the
department), World Ocean Circulation Experiment,
Earth Observing System, Ridge [nter-Disciplinary Glo-
bal Experiments, and Ocean Drilling Program.

The year saw a number of personnel changes in the
department, including promotion of Bill Martin to
Assaciate scientist with lenure, the departure ol Asso-

ciate Scientist Mark Altabet, who joined the faculty at
the University of Massachusetts, artmouth, and the
tetirenmient of Rescarch Assistant Nancy Hayward after
17 years of service Assistant Scientist Kathleen
Ruttenbers was named o 1995 Olfice of Naval Research
Young Investigator. Assistant Scientist leffrey Seewald
received an award from the Geochemical Society for
the Best Paper in Organic Geochemistry for 1994 An
important event during the year was the opening on
the Clark Laboratoryss lifth floor of the department’s
new library, which was named the Geoftrey Thompson
Reading Room in honor of the immediate past Depart-
ment Chair,

The department mourned the loss of loint Program
student George "Gera” Pantelevev, who died while lead-
ihg asampling expedition on the Oh Riverin Siberia,
Gera’s work, earlier results of which were highlighted in
last vear’s Annual Report, was a key part of an Office of
Naval Research study to assess the level of radivactive
contamination ol the Arctic. Gera'’s gquiet good humaor,
ready smiile, dedication, and enthusiasim for his re
search are sorely missed by his many friends in the
department, the Joint Program, and the Institution,

Of the department's many diverse research projecis,
thiee have been selected for presentation here,

]
:

A New Methed for
Estimating Air-Sea
Gas Exchange Rates

Increasing concern about the ac-
cumulation of greenhouse gases such
as carbon dioxide (CO,) in the tropo-
sphere and its potential impact on
climatic change challenges oceanog-
raphers to better understand ocean-
atmosphere interactions. The oceans
play a significant role in removing
and sequestering the CO, added to
the atmosphere by human activities.
The removal process is controlled by
several factors, including physiecal gas
exchange mechanisms in the surface
boundary layer, biological processes
that fix CO, as organic matter,-and
vertical mixing between the surface
and deep ocean. Current flux esti-
mates suggest that the world’s oceans
are a net sink for atmospheric CO,, to
the tune of about 2 gigatons of car-
bon per year. However, the timing
and spatial distribution of this uptake
are very poorly known, and there is

an inherent uneertainty of a factor of
two in the models used to estimate
gas exchange rates, which currently
are based on ocean wind speeds. Gas

exchange is'a wind-driven process
because it is‘the wind that produces
waves and the associated turbulence
that promotes equilibration of the gas

Global map shows gas transfer velocity in centimeters per hour estimated from
TOPEX/Poseidon altimeter backscatter observed during March 1995.
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between the atmosphere and the sea.
However, other factors, such as vari-
able fetch, atmospheric stability, and
the presence of organic films on the
sea surface can modulate the wind’s
stirring effect and complicate esti-
mates of gas transfer rates.
Nelson Frew and David Glover
are exploring a new method for
estimating gas transfer indepen-
dent of wind speed. Their project,
part of an Earth Observing System
(EOS) Interdisciplinary Science In-
vestigation sponsored by the Na-
tional Aeronautics and Space Ad-
ministration, focuses on ap-
plying satellite-derived in-
formation to studies of
chemical and biological
processes in the surface
ocean. The newapproach
uses the data stream from
the TOPEX/Poseidon satel-
lite altimeters, which illumi-
nate a 10-kilometer-wide
swath of the earth’s surface
along the flight path with
pulsed microwave radar at
a frequency of 13.6 giga-
hertz. While the primary
use of the altimeter is to
measure sea surface heights
using the travel time of the re-
flected radar pulse, information
about sea surface roughness can be ob-
tained from the intensity of the return
signal. During low wind periods, when
the sea surface is relatively smooth and
gas transfer is slow, reflection of the ra-
dar beam is nearly specular (mirror-
like) and the reflected signal is strong.
During high wind periods, when waves
and turbulent mixing increase the gas
transfer rate, the intensity of the
backscattered signal is weaker, since
the waves act as facets that scatter
the altimeter beam randomly in
many directions. The backscattered
radar intensity thus is inversely pro-
portional to sea surface roughness.
Combined with knowledge gained
from fundamental studies relating
surface roughness to gas transfer rate
(a National Science Foundation-
funded project Frew undertook with
Erik Bock and Wade McGillis of the
Applied Ocean Physics & Engineering
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Department),
the altimeter back-
scatter allows global
estimates of the gas transfer velocity
as shown in the figure opposite. The
orange-red areas in the North Atlan-
tic and the high latitude regions of
the Southern Ocean represent high-
wind, high-transfer-rate regimes,
while the dark blue and purple areas
(the equatorial regions) represent
low-wind, low-transfer-rate regimes.
The new methodology offers the
advantage of providing much greater
spatial and temporal coverage than
can be achieved with buoy or ship-
based observations, and it avoids the
uncertainties inherent in the model
function for gas transfer velocity as a
function of wind speed.
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Low Gas Transfer

JAYNE DOUCETTE

The TOPEX/Poseidon satellite measures
the intensity of backscatter from its 13.6
gigahertz radar beam. Here the beam
illuminates two regions of the sea sur-
Jace, one smooth, one wind-roughened.
Yellow arrows represent air-sea gas
transfer rates. The magnitude and di-
rection of the carbon dioxide flux (into
orout of the ocean) depends on the
local air-sea carbon dioxide concentra-
tion gradient.
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Radionueclide Studies
Iindicate an Historically

Hardy ‘“‘€onveyor Belt¢*”

The broad features of modern
deep ocean circulation are often
described as a thermohaline “con-
veyor belt” initiated by the formation
of North Atlantic Deep Water
(NADW) as it sinks in the Norwegian,
Greenland and Labrador Seas and
flows southward into the Circumpo-
lar Deep Water (CPDW) around Ant-
arctica. This general pattern of circu-
lation affects global climate as it
drives warm, low-latitude surface
waters to the north to replace the
sinking water. It also influences the
sequestering of carbon dioxide into
deep water, thereby regulating the
carbon dioxide concentration of the
atmosphere and the “greenhouse”
effect on the earth’s heat balance.

Changes in deep water circulation
may have played an important role
in controlling global climate during
the geological past, especially during
the last million years, a period char-
acterized by cyclical climatic oscilla-
tions between ice ages and warm
interglacial periods. Variations in the
isotopic and chemical composition
of calcite shells of foraminifera living
on the seafloor document significant
changes in deep water circulation
during the last ice age, when
NADW was replaced by the Gla-
cial North Atlantic Deep/Inter-
mediate Water (GNAIW)
flowing at shallower depth.
However, the shells do
not provide informa-
tion on the rate at
which this glacial
water mass was .
produced or i
whether it
even reached
the ocean
around Ant-
arctica and
mixed with
CPDW.

In an effort
to evaluate
past changes

in the rate of “conveyor belt” circula-
tion and document whether GNATW
reached the CPDW, Ein-Fen Yu,
Michael Bacon, and Roger Francois
are taking a new approach based on
the partitioning of two radionuclides,
protactinium 231 (*'Pa) and thorium
230 (®*°Th). These two long-lived ra-
dionuclides (half-lives: 32,000 years
and 75,000 years) are the decay prod-
ucts of two natural isotopes of ura-
nium dissolved in seawater. Both are
“particle-reactive,” that is, they are
rapidly removed to the seafloor by
adsorption onto sinking particles.
*0Th, with a very strong affinity for
particles, resides in the water column
for only a few decades, while the
somewhat less particle reactive #'Pa
resides in seawater for more than a
century. In the modern ocean, deep
water resides on average 200 years in
the Atlantic before being exported
into the CPDW. Because its mean
residence time in seawater is 10 times
shorter, 90 percent of the »*°Th pro-
duced in Atlantic water is removed to
the underlying Atlantic sediments. In
contrast, with a residence time simi-
lar to that of deep water in the Atlan-
tic, only 50 percent of the *'Pa pro-
duced is removed to Atlantic sedi-

Atlantic sediments™

show a deficit of

protactinium 231
compared to

thorium 230 .~
N

» Antarctic sediments
show a surplus of
protactinium 231

compared to 4
py,, LHOTIUM 230 g
A new approach to understanding how changes in deep water
circulation may influence global climate is based on examination

of the amounts of the radionuclides protactinium 231 and thorium
230 deposited in Atlantic and Antarctic sediments as deep water

ments. The remainder is exported
with NADW into the CPDW for even-
tual deposit in Antarctic sediments.
Consequently, there is a deficit of
#1Pa compared to #°Th in Atlantic
sediments, and a surplus in Antarctic
sediments.

The contrast between the two
oceans depends primarily on the flow
rate of the deep thermohaline circu-
lation. A significant decrease in the
rate would result in a lesser 2'Pa defi-
cit in Atlantic sediments, while a
surplus of #'Pa in Antarctic sedi-
ments would indicate addition of
deep Atlantic water intoc CPDW. Yu,
Bacon, and Francois measured *'Pa
and #°Th in Atlantic and Antarctic
sediments deposited during the last
glacial maximum and compared it
with the post-glacial values. After
correction for radioactive decay, they
found very little difference between
the two time intervals, indicating that
GNAIW reached CPDW and there was
essentially no change in the rate of
the global “conveyor belt” circulation.
This important information bears on
our understanding of the influence of
deep water circulation on the global
climate and atmospheric carbon
dioxide level during the last ice age.

er
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travels along the “conveyor belt” path.
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Marine Chemistry & Geochemistry

Protozoan Grazers
May Relieve Iron
Limitation of
Phytoplank¢on

Iron is an essential micronutrient
for marine life, yet it is highly in-
soluble in seawater. Dissolved iron
concentrations in the oceans are
exceedingly low, and much of the
iron that is present occurs in rela-
tively refractory forms, such as very
fine particles (colloids), which are
difficult for organisms to assimilate.
Some scientists propose that, in
many areas of the world’s oceans,
iron may actually limit the growth of
marine phytoplankton, the primary
producers in the oceanic water col-
umn. Biologists and chemists at
WHOI and elsewhere are currently
investigating the mechanisms phy-
toplankton use to obtain the iron
they need. Considerable attention is
focused on how the refractory forms
of iron, including iron oxide minerals
and iron bound to dissolved or colloi-
dal organic matter, are converted into
forms that phytoplankton can use.
Two processes that have been par-
ticularly well-studied are the dissolu-
tion of refractory iron by sunlight
through a photochemical mecha-
nism, and the dissolution of refrac-
tory iron by siderophores, com-
pounds produced by bacteria and
some phytoplankton.

Katherine Barbeau, a Joint Pro-
gram student working with Jim
Moffett, recently identified an addi-
tional mechanism that may contrib-
ute to the supply of available iron for
phytoplankton. Barbeau has been
studying how heterotrophic
nanoprotozoans, tiny grazers less
than 20 micrometers in size, can
influence iron chemistry in seawater.
These organisms are ubiquitous,
important components of marine
food chains: The principle fate of
bacteria in seawater is to be con-
sumed by nanoprotozoans! Protozo-
ans engulf their prey and incorporate
itinto a food vacuole within the cell,
where it is subjected to harsh chemi-
cal treatment involving digestive

enzymes and
acidic condi-
tions. Barbeau
and Moffett are
interested in
how this pro-
cess can affect
particulate
forms of vari-
ous trace met-
als, including
iron, by acceler-
ating dissolu-
tion processes
that would not
occur signifi-
cantly in sea-
water. Nano-
protozoans
could be par-
ticularly impor-
tant since they
ingest particles
inthe0.2to 1
micrometer
size class, a
very important
size class for
particulate
metals.
Barbeau has
studied what
happens to
colloidal iron
oxides ingested
by protozoans
in the labora-
tory. Her work
shows that
protozoan grazers can greatly accel-
erate the production of dissolved and
chemically reactive iron from colloi-
daliron oxides in seawater. Most
significantly, it shows that protozoan
grazers can convert refractory colloi-
dal iron oxides into a form of iron
that is biologically available to dia-
toms, an important group of phy-
toplankton. Given the abundance of
protozoans in the upper ocean, this
may be an important mechanism for
the production of biologically avail-
able iron. The next step will be to
conduct field experiments, studying
colloidal iron dissolution in freshly
collected seawater samples spiked
with tracers and incubated under a

Jim Moffett and Joint Program student Katherine Barbeau exam-
ine cultures of protozoans for studies of how these tiny grazers
influence iron chemistry in seawater:

variety of conditions. Barbeau will
also study the ability of protozoans to
dissolve atmospheric dust particles,
which are an important source of
trace metals to the open ocean.
Protozoans may play an even
wider role in ocean chemistry.
Through their digestive process, they
create a chemical “microenviron-
ment” very different from that of bulk
seawater. Marine chemists are only
beginning to study important pro-
cesses occurring within this microen-
vironment that may include dissolu-
tion of anthropogenically produced
particles such as fly ash, transforma-
tion of organic contaminants, and
production of new colloidal phases.

Woods Hole Oceanographic Institution - I ’




Scientific research interests in the Physical Oceanog:
raphy Departinent range in scale from broad, general
circulation in ocean basins over years and centuries o
mixing and dissipative processes that oceur on scales of
millimeters and seconds. Department statf members
both conduct individual research progiams and partici-
pate in large, cooperative inter-institutional and inger.
national field programs such as the World Ocean Ciren -
lation Experiment, Global Qcean Bcosystems Dynamics
Program, Ridee Inter Disciplinary Global Experiments,
Tropical Ocean Global Atmosphere Coupled Ocean
Atmosphiere Response Experiment, Joint Global Ocean
Flux Study, and Arabian Sea Experiment. Specilic re
search effores include theoretical and lield work, analy-
sis of observations, remote sensing laboratory experi-
ments, and analytical and numerical modeling pro.
grams. | hree of the department's many research
. projects are highlishied here,
§ The Departmient ol Physical Oceanography consists
| of 32 scientitic staff, 24 technical stalf, 40 graded and
+ administrative stalt 6 postdoes, and 24 Ioint Program

IR ———

|
|
studenis. There are 40 principal investigators working

on 208 research projects. During 1995 107 new re-

search proposals were subinitied and 59 proposals

were hnded,

Assistant Scientist Audrey Rogerson, wha joined the
department in 1995, is working on the generation and
prapagation al coastally trapped disturbancesin the
arine atmospheric boundary laver, Two Assistant
Scientists, Ainy Bower and Glen Gawarkiewicy, were
promoted to Associate Scientist, and three Associate
Scientists, Katheyn Kelly, Karl Heltrich, and Steve Lenty
were promoted to tenured Assaciate Scientists. lwo
seientists are on leave from Woods Haole Lor visits to
other institutions: Kathryn Kelly is at the Pacilic Marine
Envitonmental Laboratory in Seattle and Rogor
Samelson at Ovegon sState University, Al Plueddemann
temiporarily left Woods Hole i serve as a Program
Manager at the National Science Foundation,

The Departinent was sadderned by the death of 501
entist Hmeritus Valentine Worthington, a valued cal
league and mentor to many of s

€hanging Winds and
Ocean Mixing:
Studies of the Ara-

bian Sea Monsoeon

The Arabian Sea, located between
the Arabian penninsula and the In-
dian subcontinent, is unique among
the world’s ocean basins because its
basin-scale winds reverse completely
during the course of the yearin a

From left, Craig Lee, Frank Bahr, Paul Fucile, and Jerry Dean prepare SeaSoar for

phenomenon known as a monsoon.
While this happens locally along
some coastlines (such as off Oregon),
itis indeed unusual to have it hap-
pen on so large a scale. The implica-
tions of these reversals are consider-
able as they imply a tendency for the
whole circulation to switch direc-
tions each year. Imagine, by analogy,
the Gulf Stream changing direction
each summer! The winds driving the
currents are even more interesting:

deployment while Omani observer Rashid Al-Fahihi looks on.

KEN BRINK

Hot summertime winds blowing in a
concentrated jet off desert Africa
towards India constitute the stron-
gest sustained winds to be found
anywhere over the ocean except near
Antarctica, where the ocean’s struc-
ture is quite different.

One of the basic concepts in
physical oceanography is that when
a wind blows on the ocean surface,
the earth’s rotation causes the turbu-
lent flow in the upper 50 meters of
the water column to move to the
right of the wind in the northern
hemisphere. The implications of this
well-demonstrated idea are shown in
the top figure opposite. When winds
are strong, such as under the Ara-
bian Sea jet, then upper ocean cur-
rents flow strongly to the right. When
winds are weaker, there is still a
transverse flow, but it is less intense.
This implies that some water moves
upward on the left of the jet and
downward on the right of the jet in
order to make up the differences.
The result is that cold, deep, nutri-
ent-rich water comes to the surface
close to shore and to the left of the
jet. As part of a broader 1994-1995
Office of Naval Research/National
Science Foundation research effort
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Physical Oceanography

in the Arabian Sea, the SeaSoar
group, led by Ken Brink and funded
by ONR, studied the strength of this
upwelling response and how it af-
fects ocean mixing.

They participated in four cruises
in the Arabian Sea to observe the
consequences of the monsoon wind
cycle: They used the towed, undulat-
ing sampler SeaSoar to measure
temperature, salinity, and other vari-
ables in boxes on either side of the
main summertime jet. While they are
still processing the measurements,
preliminary results show promise of
some striking new insights on upper
ocean circulation in this area. For
example, the data show strong analo-
gies with the summertime flow pat-
terns off the coast of California.

Bobber Floats
Measure Curirents’®
Vertical Component
in the Subduction

Experiment

Generally we think of the open
ocean as very deep and cold, and,
indeed, it is in most respects. How-
ever, if we were to observe an entire
ocean basin from a distant vantage
point, say the moon, then our im-
pression would be that the oceans
are actually very thin—for example,
the North Atlantic is only about 4
kilometers deep while it is about
4,000 kilometers wide. The size and
shape of some of the most important
ocean currents, such as those associ-
ated with the subtropical gyre, which
includes the Gulf Stream, are con-
strained in large part by this aspect
ratio, which thus has a major conse-
quence for the character of ocean
currents. In particular, the vertical
component of large-scale ocean
currents is necessarily very much
smaller than their horizontal compo-
nent. Thus when oceanographers
discuss “currents” in the context of
observations, it is usually understood
that they mean the horizontal com-
ponent only.

The vertical component of ocean

Schematic of winds and circulation in the Arabian Sea during the summer. The boxes
denote the portions of the ocean WHOI physical oceanographers sampled most closely.

three-dimensional currents in the
subtropical gyre. The idea was to
track a new and clever float, called a
Bobber, that was developed and con-
structed by Doug Webb of Webb Re-
search Corporation (Falmouth, Mas-
sachusetts). Bobbers drift freely with
the horizontal currents at their
depths, similar to conventional sub-
surface floats. Bobbers are among the
first of a new generation of subsur-
face floats that can vary their buoy-
ancy under programmed control.
Bobbers may be programmed to
move up and down once each day
between upper and lower

currents, though small, has an impor-
tance for ocean dynamics that is in
some crucial respects equal to that of
the much larger horizontal compo-
nent. Because vertical measurements
are more difficult to make, oceanog-
raphers have only recently begun to
develop measurement techniques for
them. During the 1991 to 1993 Office
of Naval Research-funded Subduc-
tion Experiment, designed to exam-
ine the descent of surface layer water
as it moves south in the eastern por-
tion of the subtropical gyre, Jim Price
and colleagues tried an approach
that appears to provide a first
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The three-dimensional trajectory of a Bobber float launched in the eastern subtropi-
cal gyre of the North Atlantic. This trajectory is about 1,000 kilometers in length and
two years in duration. Notice that the Bobber descends about 80 meters.
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19°C and 17.5°C in the case of Bobber
15 shown in the bottom figure on
page 19. The depths at which the
Bobber found these isotherms, Z-
upper and Z-lower, was encoded into
an acoustic signal and telemetered
daily to give the slowly varying, verti-
cal component of the trajectory. Dur-
ing a two-year lifespan, Bobber 15
moved southward from about 29°N to
about 23°N, and at the same time it
descended, following the target iso-
thermas, from a mid-depth (Z-middle)
of 125 meters down to about 200
meters. The downward displacement
is quantitatively consistent with the
expected downward “Ekman pump-
ing” that results from the anticy-
clonic wind stress curl of the overly-
ing Azores high pressure system.
Note that the thickness of the cur-
rent defined by the target isotherms
decreased from about Z-lower — Z-
upper = 80 meters, when the Bobber
was farthest north, to about 50
meters when it was farthest south.
This decrease in current thickness is
qualitatively consistent with the
convergence of the vertical velocity
expected in the wind-driven sub-
tropical gyre. Indeed the decrease in
current thickness is a little more
than expected, perhaps indicating
an effect of vertical mixing in the
heat balance.

New Findings ®n The
Western Equatorial

Pacifie’s Warm Pool

The warmest open ocean waters in
the world are found in the western
equatorial Pacific. In an area the size
of Australia, annual average upper
ocean temperatures exceed 29°C.
This warm pool is closely associated
with a combination of intense up-
ward transport in the atmosphere,
cloud cover, and rainfall that consti-
tutes a major driving force for global
atmospheric circulation. Eastward
displacement of this warm pool sys-
tem during El Nifo/Southern Oscilla-
tion (ENSO) events every 3 to 5 years
results in pronounced midlatitude
weather pattern changes. Under-
standing the processes that couple

Burface
Heating

e e .

Lo L Thermioel ne
. L L . o

L L

Schematic diagram illustrates the “barrier layer” theory. During a strong wind burst,
the surface mixed layer extends down to the top of the thermocline (region of rapid
temperature decline). Following the wind burst, the additional buayancy from pre-
cipitation and strong suiface heating results in a relatively warm and fresh, thin sur-
Jace mixed layer. Below this thin layer is a strong salt-stratified or barrier layer, which
effectively decouples the surface forcing from the deeper water.

the ocean and atmosphere in the
warm pool is a crucial step toward
improving predictions of seasonal-to-
interannual global climate variability.
Pursuit of this understanding is the
primary objective of the Tropical
Oceans-Global Atmosphere (TOGA)
Coupled Ocean-Atmosphere Re-
sponse Experiment (COARE).

What maintains the high ocean
temperatures found in the warm pool?
After all, other regions of the ocean
have less cloud cover, and thus more
solar heating, yet do not get as warm
as the western equatorial Pacific. One
hypothesis ascribes an important role

20°
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180°
Cruise tracks and mooring location are shown for Tropical Ocean/Global Atmosphere
(TOGA) Coupled Ocean-Atimosphere Response Experiment (COARE) research on the
western equatorial warm pool. Annual mean sea surface temperature was calculated
by the National Oceanic and Atmospheric Administration National Meteorological
Center Climate Analysis Center. Moana Wave is operated by the University of Hawai
and R/VWecoma by the University of Washington.
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to the large amount of precipitation—
greater than 4 meters per year—that
falls'in the warm pool region. This rain
forms a shallow, fresh—and thus
buoyant—Iayer on the ocean surface
that supports the accumulation of
heat: A salt-stratified or “barrier” layer
beneath it effectively insulates surface
waters from cooler waters found at
depth. The barrier layer is maintained
over thelong term through freshen-
ing of the near-surface, warm pool by
rainfall that is balanced by sporadic
mixing with saltier waters trans-
ported by the South Equatorial Cur-
rent from the central tropical and
subtropical Pacific.

As part of COARE, a multi-national
group of scientists using several re-
search vessels mounted an intensive
field observation program in the
warm pool from October 1992
through March 1993. The data col-
lected is being used to study the basic
processes that link the atmosphere to
the ocean in the region. A central part
of this observational program was a
discus buoy moored in the middle of
the warm pool by the WHOI Upper
Ocean Processes group led by Robert
Weller, Albert Plueddemann, and
Steven Anderson. The mooring in-
strumentation included a complete
meteorological set on the buoy to
observe the local atmosphere, and
oceanographic sensors on the moor-
ing line to monitor salinity, tempera-
ture, and currents in the upper ocean.

Anderson and Weller are analyzing
the response of the warm pool sur-
face layer to local surface forcing
using the mooring observations
made during COARE. To test the bar-
rier-layer hypothesis, they are using
numerical ocean models to examine
local rainfall’s role in determining the
vertical structure of the near-surface
waters of the warm pooland its net
effect on sea surface temperature.
Their findings support the salt-bar-
rier-layer theory: Anderson-and
Weller are now working with clima-
tologists to improve the warm pool
surface layer’s mathematic represen-
tation in the global, coupled atmo-
sphere-ocean models currently used
for long term climate prediction.

Marine Poliey €enter

t the Marine Policy Center

(MPC), scholars engage in

research to improve the man-
agement and conservation of coastal
and marine resources. Their work
integrates the social sciences, such as
economics and law, with WHOT’s
basic strengths in the ocean sciences.

During 1995, a number of MPC
research projects reflected the in-
creasing emphasis on policy ap-
proaches that integrate natural re-
source management and environ-
mental protection with economic
efficiency and growth. These included
such topics as management of fishing
effort and estimation of optimal risk-
sharing strategies for maritime oil
transport. Other studies concentrated
more narrowly on economic prob-
lems, such as allocation of
resources to maritime safety or
sources of economic risk and
productivity change in marine
sector industries:

Several studies addressed
the need to reconcile commer-
cial fishing interests with pub-
lic policy objectives to reduce
incidental taking or “bycatch”
of marine mammals and other
nontarget species, to restore
depleted fish stocks, orto
promote effective coastal zone
management. One project con-

centrated on the potential role of E Effects on Humar Health and the Environment

market-based approaches, such

as “green” labeling and tradeable
bycatch quotas, in reducing bycatch.
The study concluded that the rel-
evant bycatch problem must be care-
fully defined for each specific fishery
on the basis of combined biological
and economic multispecies models,
and it cautioned that the selective
removal of one species from an eco-
system is not necessarily an optimal
policy from either an economic or.an
environmental standpoint.

MPC researchers also began a
multidisciplinary study in 1995 to
develop an integrated model to deter-
mine the optimal level of risk sharing
between private marine oil transport
interests and the public. Recent

changes in the US liability regime
may precipitate an inisurance crisis
for oil carriers operating in US waters.
Under the 1990 Oil Pollution Act,
shipowners must assume that their
liability for spills in US waters will be
unlimited in most, if not all, cases.
Insurers are disinclined to offer full-
coverage insurance, however, and the
coverage they do offer is expensive.
Thus, the new liability regime is likely
to discourage operation in the US by
larger shippers seeking to avoid risk,
and they may be replaced by smaller
companies with limited assets, less
ability to pay for oil spill damages,
and less incentive to exercise precau-
tion. MPC’s integrated model will
capture the tradeoffs between benefit
from oil supply and associated envi-
ronmental damage under various
conditions, and the results will be

Waste Management

Source Reduction, Recycling, Multimedia Disposal

Matral Besourtes Bav aterials

A comprehensive waste management
strategy should incorporate both down-
stream multimedia (land, water, and
air) disposal operations and upstream
measures, such as source reduction and
recycling. The social objective is to mini-
mize the expected total cost of waste
management, including internal cost
(processing, transport, and disposal)
and external cost (damage to human
health and the environment). Scientific
research generally leads to a reduction
in the cost uncertainties surrounding
one or more policy options, and the
value of the research is the economic
benefit (in this case, reduction in total
waste management cost) associated
with-improved management resulting
from the reduced uncertainty.

Woods Hole Oceanographic Institution - ’ l
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used to develop recommendations
for an economically optimal liability
limit and investment in safety mea-
sures by ship owners and operators.

Marine transit risk is also the sub-
ject of a multi-year MPC study
launched in 1995 to model the prob-
ability of ship groundings and to
develop a means of estimating its
economic consequences. This inves-
tigation will provide information and
analyses to help federal agencies
prioritize investments in maritime
safety. The first year’s emphasis was
on prioritizing areas of US waters for
hydrographic resurveying by the
National Oceanic and Atmospheric
Administration. In subsequent years,
the project team will concentrate on
providing comparable guidance to
the US Coast Guard on placement of
navigation aids and to the Army
Corps of Engineers on channel design
and maintenance priorities.

These and other MPC projects
illustrate how scientific research con-
tributes to improved management
and produces economic benefits by
reducing uncertainty or risk. The
quantification of such benefits can be
difficult, but it is also important for
justifying public investments in re-
search and measuring the effective-
ness of science policy agencies and
programs. Developing a solid theo-
retical framework for estimating the
economic value of marine scientific
research is the goal of a one-year
MPC study that uses as an example a
proposed research program to inves-
tigate the environmental conse-
quences.of abyssal ocean waste dis-
posal. This policy option is currently
banned under federal law, on the
grounds that it entails uncertain and
potentially unacceptable risks to
human health and the environment.
Because the costs of land-based alter-
natives are rising rapidly as available
capacity declines, the value of the
proposed research may be substan-
tial. The MPC project will develop
estimates of this value and summa-
rize the policy implications for the
application of marine scientific re-
search in a broad range of national
policy issues.

ROCKY GEYER

i Ty

From right, Craig Marquette, John Trowbridge, and Matt Gould deploy a mooring in
the Hudson River estuary as Summer Student Fellow Jeff Freund looks on aboard
R/VMytilus. This deployment is part of a study of physical transport and turbulent

mixing in the Hudson estuary.

€oastal Research €enter

he Coastal Research Center

fosters excellencein interdis-

ciplinary research, especially
in areas relevant to the management
and protection of coastal resources.
The Center encourages interaction
among scientists based in different
WHOI departments and also culti-
vates strong interinstitutional links.
In the educational area, CRC cooper-
ates with the Education Office to offer
coastal traineeships for incoming
MIT/WHOI Joint Program students,
and a new international training
program for Kazakhstan scientists
has been established.

While CRC’s limited financial re-
sources are not adequate to fund
entire research programs, they can
serve as a catalyst for start-up, rapid
response, student, or travel sup-
port—CRC cannot function as the
main engine for research, but it can
serve as a bow-thruster. Over the
next few years, CRC funding will
focus on several themes that build on
previous Center research experience.
These include:

* New Technology for Measuring Spa-
tial Gradients in the Coastal Ocean.
Immense spatial variability is a major
characteristic of the coastal ocean’s
complexity, but whether studies focus
on bottom sediments, zooplankton,
or salinity, their spatial variability is

rarely resolved. Since traditional
oceanographic instrumentation gen-
erally measures vertical variables,
CRC is encouraging development of
new instruments to measure hori-
zontal variations. Examples include a
program to measure turbulence from
aremotely operated vehicle, sponsor-
ship and matching funds for a De-
partment of Defense proposal for
instrumentation designed to resolve
horizontal variability, and a success-
ful proposal to the Defense University
Research Instrumentation Program
for studies of air-sea interactions and
coastal mixing and optics.

® Transport Processes at the Sedi-
ment-Water Interface. This interface
is perhaps the most important but
least understood component of
coastal systems with respect to envi-
ronmental quality. Anthropogenic
stresses such as eutrophication and
chemical contamination appear
initially and most intensely at the
sediment-water interface. The physi-
cal and biogeochemical processes
that influence the transport of mate-
rial across this interface need to be
better understood and quantitatively
modeled before coastal managers
can make economical and effective
decisions. CRC will help to maintain
WHOTI's leadership role in this area
of research.

» Interdisciplinary, Predictive Model-
ing. There is an urgent need for high-
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quality, predictive, interdisciplinary
modeling to address an ever-increas-
ing number of coastal management
questions. Methods are needed to aid
and encourage cooperation between
the scientists who best understand
the natural systems being modeled
and the engineering consultants who
develop predictive models. A redirec-
tion of scientific talent is essential to
help bring the level of available pre-
dictive tools to the point where they
match the research community’s
understanding of natural system
functioning .

e Causes and Consequences of
Changes in Coastal Marine
Biodiversity. Evaluating the scale and
consequences of changes in marine
biodiversity due to human activities,
which are pervasive in coastal habi-
tats, is seriously compromised by
inadequate knowledge of the patterns
and basic processes that control the
diversity of life in the sea. Research in
this thematic area focuses on identi-
fying the natural or anthropogenic
process responsible for changes in
coastal biodiversity (such as organic
enrichment, changes in freshwater
runoff, and physical habitat alter-
ation) and the consequences of these
changes (such as altered food-chain
relationships and changes in produc-
tivity or in harvestable fisheries).

Sea Grant Proegram

he WHOI Sea Grant Program

supports research, education,

and advisory projects to pro-
mote the wise use and understanding
of ocean and coastal resources for the
public benefit. It is part of the Na-
tional Sea Grant College Program of
the National Oceanic and Atmo-
spheric Administration (NOAA), a
network of 29 individual programs
located in each of the coastal and
Great Lakes states. The goal of the
program is to foster cooperation
among government, academia, and
industry. WHOI Sea Grant-supported
projects provide: 1) linkages between
basic research and applied aspects of
research and 2) communication be-
tween the scientific community and

groups that utilize information on the
marine environment and its re-
sources.

During 1995, the WHOI Sea Grant
Program supported 16 concurrent
research projects in addition to 26
new initiative awards for project
development. The Woods Hole Pro-
gram was successful in obtaining
support for two projects in the na-
tional marine biotechnology compe-
tition in 1994 and four projects in the
special enhancement competition in
1995. Many of the projects address
local and regional needs, while oth-
ers have national or even global im-
plications. Some examples of cur-
rently funded projects include:

* boundary mixing in Massachusetts
Bay,

« benthic processing of sewage nutri-
ents in Massachusetts Bay,

e red tide bloom dynamics in Massa-
chusetts Bay,

e detection and quantification of
harmful algal species using molecular
probes,

* development of species-specific
immunofluorescent markers for lar-
vae of benthic invertebrates,

e optimal risk sharing strategy for
marine oil transport,

e molecular approaches for assessing
contaminant effects in marine mam-
mals, and

e effects of environmental contami-
nants on aquatic bird populations.

Transferring the results of research

=

George Hampson, assisted by Dave Schlesinger, dives to collect benthic flux cores in

and providing general marine-related
information are important compo-
nents of the WHOI Sea Grant Marine
Advisory and Communications Pro-
grams. Both programs facilitate com-
munication among users and manag-
ers of marine resources, including
members of the fishing community,
local officials, environmental regula-
tory agencies, and the general public.
Two areas of particular interest in the
marine advisory program are coastal
processes and fisheries and aquacul-
ture. Both topics have been the focus
of numerous workshops and out-
reach efforts with an emphasis on
better management of resources at
the local and regional levels. Ex-
amples of providing information to a
broad audience of users include:
assembly of a Directory of Cape and
Islands Coastal Outreach Organiza-
tions, management of an electronic
network for information exchange
among the directory organizations,
and publishing a catalog of WHOI Sea
Grant publications issued from 1971
to 1995. In addition, WHOI Sea Grant
Communicator Tracey Crago was
coauthor of the recently issued na-
tional Sea Grant publication Marine
Science Careers: A Sea Grant Guide to
Ocean Opportunities. It features
question-and-answer profiles and
photos of 38 marine scientists and
other marine-related professionals to
offer students insight and advice
about a variety of career paths.

Nantucket Harbor, part of an ecosystem-level study of the harbor’s water quality,
supported, in part, by WHOI Sea Grant. The cores are used to measure nutrients and

changes in the sediment.
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R/V Atlantis Il & DSV Alvin

Total Nautical Miles in 1995--20,525,
Total Number of Alvin Dives—-172

Atlantis I worked in both Atlantic and Pacific Oceans in 1995. The year
began with a 15-dive investigation of the geological structures of major fault
zones on the Mid-Atlantic Ridge near 24°N. This cruise was followed by 11
dives to hydrothermal vents at the Trans Atlantic Geotraverse site, including
inspection of 17 holes drilled there by the Ocean Drilling Program. The ship
transited the Panama Canal in March and proceeded to 9°N on the Fast Pacific
Rise for 11 dives devoted to studies of how organisims interact with the envi-
ronment when they colonize hydrothermal vent sites. The vear's schedule
included dives for long-term studies of temporal changes in deep-sea benthic
boundary layer communities off the California coast and at sites of recent
volcanic activity on the mid-ocean ridge. From June to October, Atlantis I
made six trips to the Juan de Fuca Ridge off the coast of Oregon, where scien-
tists from 15 institutions made 83 dives for extensive studies of hydrothermal
vent biology, geology, and geochemistry. Atlantis I was host to the first deep-
sea use of the Autonomous Benthic Bxplorer (ABE) during the Juan de Fuca
work. (See ABE article on page 4.) During the last months of 1995, Atlantis 11
and Alvin worked in waters off California and Mexico.

Chief scientists for 1995 were: |, Karson, Duke University (Voyage 132-1, 15 dives): D,
Kadko, University of Miami, (132-11, 11 dives); L. Mullineaus (132-1V, 11 dives )1 K. $mith,
Scripps Institution of Oceanography (132-V1, 10 divesy; 1. Delaney, Universitv of Washington
(132-VHL, 17 dives); R, Embley, NOAA/PMEL (132-1X, 13 dives), Mawrice Tivey (152-X, 13
dives); M. Mot University of Hawaii (132-X1, 17 dives); HLR Jolmson, University of Washing-
ton (132-XI1, 13 dives); | Delaney, University of Washington (132-X11L, 10 dives); R. Chandler
(132-XV, 3 dives): R. Batiza, University of Hawali (132-XVIL 9 dives); R, Lutz, Rutgers Univer-
sity (132-XVII, 19 dives); ad C. Fisher, Penmsylvania State University (132-XIX, 11 dives).*




RIV Oceanus

Tortel Neareticnd Miles i 196
Oveanus returned 1o se 1 January after a sicmonth layup that followed the ships midlife refit and upgrade, I v

ments to the ship included an expanded pilot house and increased laboratory space. Three cruises for the World Ocean Circu-
lation Experiment touk the ship to the western South Adantic for nooring work in the program’s Detp Oeedn Esperiment,
Moving to the western North Atlantie, Oceanus supported studies of water particle motion in the Gulf Strearm and o bvdro-
graphic study of the Deep Western Boundary Current. Early summer found the ship conducting seismic sutvevs tor hydrocar
bon hazard assessment at proposed Ocean Drilling Program sites and for the Office of Navil Research Strata Formation on
Margins program. Late sumimer was devoted to a multiship operation with R/V Endeareor (Univer: ty of Bhode Istand) and RV
Cape Hatteras (Duke/ University ol North Caroling Oceanographic Consortiumi for stadies of the influence of internal wave
fields on the properties of acoustic signals. Following September testing of instrumentation for tracer release studies off
Martha’s Vineyard, the ship was Laid up tor the remainder of the year.
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R/V Knorr

Total Nautical Miles in 1995-—43,252
Knorr's 1995 schedule was entirely
devoted to the Indian Ocean compo-
nent of the World Ocean Circulation
Experiment Hydrographic Programme.
This work, which began in December
1994, encompassed 1,244 hydro-
graphic stations in 367 days at sea. The
ship covered more than 50,000 nautical
miles for this project, while more than
400,000 water samples were drawn by
scientists from 26 institutions and
organizations representing 21 nations.
Piers Chapman, Director of the US
WOCE Office, wrote in a letter of
thanks to the Institution, “I have had
nothing but cooperation from every-
body involved, and I have also heard
nothing but praise from the various
chief scientists [for] the way the offic-
ers and crew bent over backwards to
ensure that everything aboard ran
smoothly. I believe that the data we
have gathered as a result of these
cruises will provide a really impressive
description of the large-scale oceanog-
raphy of the region.”
Chief scientists for 1995 were: M.
McCartney (Voyage 145-V); A Gordon,
Lamont-Doherty Earth Observatory (145-VI);
L. Talley, Scripps Institution of Oceanography
(145-VI); W. Nowlin, Texas A&M University
(145-VIII); J. Toole (145-IX); D. Olson, Univer-
sity of Miami (145-X); J. Morrison, North
Gaps o eniise numbiers Carolina State University (145-XI); B. Walden
cenenlly indicate transins (145-X11); N. Bray, Scripps Institution of
S Bt ips for engineer Oceanography (145-X111}); G. Johnson, NOAA
e tests whowe v Chiel (145-X1VA); and B. Warren (145-XIVB).*
SCleis wais e,




Dean’s Comments

cornerstone of the Institu-
tion’s education programs is
he Massachusetts Institute of
Technology-Woods Hole Oceano-
graphic Institution Joint Program in
Oceanography and Applied Ocean
Sciences and Engineering (the MIT-
WHOI Joint Program). This year both
WHOI and MIT undertook internal
reviews of their respective portions of
the Joint Program in preparation for
an External Review scheduled for the
1996-1997 academic year. The WHOI
Internal Review Committee was
chaired by Bob Detrick, Education
Coordinator for the Geology and
Geophysics Department, and the MIT
Committee was chaired by Jack
Kerrebrock, Professor of Aeronautics
and Astrophysics. Both reports reaf-
firmed the importance of the joint
Program to their respective institu-
tions’ education offerings and pro-
vided specific recommendations for
maintaining the high quality of the
program in a rapidly changing educa-
tional world.

Professor Sallie W. “Penny”
Chisholm of the MIT Civil and Envi-
ronmental Engineering and Biology
Departments completed her second
term as MIT Joint Program Director
in July 1995. The Joint Program ben-
efited immensely from her intellec-
tual and personable leadership. Pro-
fessor Marcia

. ;
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Shannon Smith, a 1994 Summer Student Fellow with Lauren Mullineaux, accompa-
nied her mentor aboard Atlantis 11 during a series of Alvin dives in December 1994 for
hydrothermal vent work. Shannon, a Savannah State College student, was photo-

graphed on Atlantis II near Alvin’s basket.

gram. We were pleased to award our
first National Science Foundation
Coastal Ocean Processes Traineeships
this year to five incoming graduate
students as the result of our partici-
pation in a national, peer-reviewed
competition.

This is a period of challenge and
dynamic change for all graduate
education programs in sciences,
engineering, and mathematics. We
have taken a leadership role in orga-
nizing special sessions at national
meetings to address these career
issues and to share experiences with
other graduate programs in ocean
sciences and ocean engineering. One
example was a special panel discus-

sion, “Education

McNutt of the in Ocean Sci-
Earth, Atmo- Begres Shtistics 4 0 ences: Careers
. 1 968 U5 . »
spheric and Plan- 4 . ( and Curricula,
. Wil Phll - 4
etary Sciences L ‘ . presented at The
D MWL Py 19 i
epartment has . “ Oceanography
MWL 5 1) — 4 . .
come onboard as - = Society meeting
the new Joint \\sII“I“ ‘M %(51 c‘.‘]ﬁm‘“ . :q in April 1995.
Program Director. i ”’ — - — 11”% Graduates of
I have enjoyed otal Degrees Gonted . 0 the MIT-WHOI
working with Joint Program

Marcia in her capacity as chair of the
Joint Committee for Marine Geology
and Geophysics, and I look forward
to continuing this association on the
broader program. Marcia brings a
wealth of scholarly, teaching, and
advising experience to this position.
In the fall of 1995, there were 143
graduate students enrolled in the
MIT-WHOI Joint Program and one
student in the WHOI graduate pro-

chartered an Alumni/Alumnae Asso-
ciation in late 1994. Their elected
representatives met in October 1995
to choose officers (see side bar oppo-
site) and to plan several activities.
These include a directory update,
career guidance resources for Joint
Program students, a home page on
the World Wide Web, and fund raising
for the Joint Program.

For the second year, we were

pleased to offer 18-month appoint-
ments {(in contrast to 12 months prior
to 1994) to Postdoctoral Scholars as a
result of a generous endowment chal-
lenge grant from the Henry L. and
Grace Dougherty Charitable Founda-
tion and generous annual giving of
the Devonshire Trust.

Twenty-five Summer Student Fel-
lowships were awarded to 14 women
and 11 men from a pool of 268 appli-
cations; two of these undergraduates
were minorities. Ten of these Fellows
were supported by a National Science
Foundation Research Experience for
Undergraduates Grant and fifteen by
generous donors to WHOI Education
Programs. The Fall 1995 issue of
Woods Hole Currents provides an
excellent in-depth view of the Sum-
mer Student Fellowship Program,
which benefits both the students and
WHOI science.

Four Minority Traineeships were
awarded from an applicant group of
twenty-two. We were fortunate for the
second consecutive year to have fi-
nancial support and advisor partici-
pation from our Woods Hole part-
ners, the US Geological Survey and
the National Marine Fisheries Ser-
vice. We also participated in a na-
tional workshop on “Expanding Op-
portunities in Ocean Sciences:
Strengthening the Links Between
Historically Minority Serving College
and University Undergraduates and
Oceanic Graduate Study” at Hamp-
ton University in September.

The Geophysical Fluid Dynamics
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Summer Study
Program met for
its 37th summer

in Woods Hole to
discuss “Rotating

Convection” in
the traditional
eclectic mix of
formal presenta-
tions and infor-
mal discussions
on the Walsh
Cottage porch.
Three teach-

.

W ievre deeply saddeaind o June 1995 10

the Institution’s
mission is mainly
in higher educa-
tion, we are in-
volved with se-
lected local and
regional K-12
education activi-
ties, often
through the vol-
untary efforts of
our staff and
graduate stu-
dents. We contin-

ers from south- learn of the Iragic gaecidental death of ued formal inter-
eastern Massa- MW IE)I loint {qu}g:(ﬁf?: Lol action with the
shdeil Ccoree P Goord Baniicleen .
chusetts com- - Woods Hole Sci-
leted their sec. while leading a research expedition o dTech
pleted related 1o Tiis master’s degree research on  €1C€ aNA fech-
ond, final sum- the Ob River in Siboria, This plioro oas nology Education
mer in the High Lol dning earlicr ook there. Gera s Partnership and
School Teacher crthusistic approact o lfe and ta the support of the
Summer Fellow- Blterieni of hiananibind enriched one Falmouth High
ship Program Uies, eoid he 18 sreatlhy aissad. School and
that provides Falmouth Acad-

teachers with an opportunity to en-
gage in ocean research projects and
transition their experiences to their
colleagues and into the classroom. A
fourth teacher, George Hussey, of
Falmouth High School, joined us for
his third summer to participate in
research and to assist us in evaluating
the program and providing recom-
mendations for future improvements.
Several WHOI Scientific and Techni-
cal Staff collaborated in 1995 to pro-
vide a course in Marine Environmental
Quality at Massachusetts Maritime
Academy (MMA) as part of the formal
memorandum of understanding
signed in 1992 by WHOI and MMA.
Although the education portion of

Dean John Farrington and Visiting Scholar Kathryn Sullivan, Chief Scientist of NOAA,

emy Science Fairs by awarding schol-
arships and other prizes to the winners

Each year the staffs of the Informa-
tion Office, Exhibit Center, Sea Grant
Program, News Office, MBL-WHOI
Library, and Education Office provide
an amazing amount of information to
thousands of inquiries from students,
teachers, and others interested in the
ocean sciences. To expand and aug-
ment these efforts, this year we began
planning a partnership with New
England Aquarium to combine the
expertise, talents, and resources of
both organizations to more efficiently
provide the exciting knowledge of the
oceans to a broad audience.

I mentioned above the Woods Hole

“
=
5]

saw the entering Joint Program class off on their summer cruise aboard Sea Education

Association’s sailing schooner Westward.

Asseriation of the Alumni/Aliimnace
of the MITWHO! Joint Program
Ofiers ad Commiitoe Members
1945 1446 Term

Debra €. Colodner
B vl Unborsiny 1080
PLD Chonical Oecanosapln 1191
Michael 8 Connor Secretiny)
BS Stiniond University 1974
Bl D Biolonical Oeeanography, 1940
| Rabert Fricke
B Minduhit Univerainy, 1974
M Wandeibilt Univasin 1907
ol Uccanogianhie Dngineering, 1)
Leslie K Hosenteld
B Universiy of Washington, 1904
Do Phasioal Dceinoutaphy, 18
Christopher R Tapscoun [hndon,
BA swaithimore Gollege. (000
Ph Manine Geology & Geoplivies. 1070

1995 1997 lerm

Nancy A Bray
B, Univesiny of Califinig, Betkeley, 180,
PULL Pl il Decanouniphy, 1980
Naellette Conway-Schempl
IS it Calloge, redad, 1984
SBA Larnogio Sellon Hnitersity, 1940
Pl Blaloion Geeanugianhy, 1990
Margarel R Goud Collins (Lice Dol
A staifond Lplverein 1904
Il Mariie Geilagy & Geophesies (980

Marvl Saanun
BA Mainl Holwabke 1470
PhL Chenncal Ucvanosaphy, 1)

Susan Schuliz Lupscott
B Swarthmon Callene 1070
(1 Uccauepraphic Ligineering 104

Lidison o e WM il

Dantiel 1L Stuermer
A Unbetsine of Calllonio Sinla Buiban 1o
I Chendeil Deeabogniply, 1905

Currents article about the Summer
Student Fellowship Program. A quo-
tation in that article captures for me
the essence of an educational experi-
ence associated with Woods Hole
Oceanographic Institution. Richard
Signell, a 1982 Summer Student Fel-
low and 1989 MIT-WHOI Joint Pro-
gram graduate, now at the US Geo-
logical Survey, Woods Hole, said, “The
excitement of the Woods Hole scien-
tific community is really contagious.
The summer seminars, the people
you meet, are outstanding. Everyone
is intoxicated with the science.”
—John W. Farrington
Senior Scientist, Associate Director
for Education, and Dean
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Guy Nichols, right, shown with Corporation President Jim Clark, was honored at the
May 1995 Annual Meeting upon his retirement after 10 years as Chairman of the
WHOI Board of Trustees. Nichols received the Cecil Green Award and several gifts,
including this model of the Institution’s first ship, Atlantis.
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Wi

Frank Snyder, second from left, who succeeded Guy Nichols as Chairman of the Board,

discusses marine affairs with Joe Coburn, left, Dick Pittenger, and Dave Casiles during
a tour of R/VOceanus.
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Corporation Members and Trustees shared luncheon conversation with their “Scientist Pari-
ners” during October’s Autumn Meeting activities. Henry Kendall, third from right, ralks
with partner George Frisk, and, at center, Walter Smith meets his new partner, Breck Owens.
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During October laboratory tours for Corporation members, Jonathan Howland describes Deep Submergence
Laboratory work for Nick Bancroft, center, and John Stewart.
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Director Bob Gagosian explains the operation of a REMUS (Remote Environmental Monitoring UnitS) vehicle

in Memeorium
The Institution greatly
acknowledges the
service and support of
those members who
passed away in 1995.

Thomas A. Fulham
John E. Sawyer
Stanley W. Watson

OMAR BRADLEY

to Massachusetts Senator Edward Kennedy at a Southeastern Massachusetts economic summit designed to
enhance economic development, job creation, marine sciences, and support and growth of traditional indus-
tries in th area. The summit was held in November 1995 at the University of Massachusetts at Dartmouth.
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George Tupper, right, and Jason McKay prepare an acoustic do

summer 1995 deep western boundary current cruise.
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ppler profiler/CTD system for an R/V Oceanus
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