phere hos been a long-term interest of Institu-
tion staff. One of the many research pro-
grams conducted by the Physical Oceonog-
raphy Department on this question, the
Frontal Air-Seq Interaction Experiment
(FASIMEX), tock place between January and
lune 1984 in the Gulf Stream vicinity neor
Bermuda. Electronics Engineer Jerome Dean
took this phatograph as RV Oceanus sailed
past FASINEX Buoy "0 after deployment.
Shown on the bugy are the meteorolegical
sensors for wind speed and direction,
termperature, solor radiation, barometric
pressure and relotive humidity, A spare satel-
lite transmitter was installed in the red canms-
ter on the left when the system transmitter
began acting erratically. The buoy also sup
purh_'d an array of acean current and
!'l,'lr:pl_'rq:r;_ur_* instruiments SFIUCE'I!.'! ulo:'lg the
three miles of steel wire and nylon rope to the
ocecn bottom, Data was recorded internally
an tape every 7% minutes around the clock
during the buoy's five-month deployment.

The relationship of ccean and atmos- ‘
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of Ecuador to develop a marine resource
management plan for the archipelago.
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Oceanus at right, Bottom: Artist's sketch of
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as thay were linked for the July test cruise on
RS, Titanic,
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Shelley Lauzon

Last year | expressed concerns about
the long-term support of basic sciences
such as oceanography. Events since
then make the general outlook more
optimistic. We now have new pro-
grams dealing with global changes in
our environment over the next decade.
These programs have ocean science
as a central and critical component
requiring significant increases in sup-
port. How will these initiatives fare in
the context of budget deficits? What
should the role of the Institution be in
such matters?¢ We need to address a
hierarchy of questions.

1. Why should the nation support
basic research?

2. Where do the global geosciences
fit into this scheme?

3. How should this Institution be
involved?

Oceanography has become a signifi-
cant proportion of the funding of basic
science and this Institution has benefit-
ted. In this context advances in ocean
science are dependent on increases
over the longer term in general support
of basic research in the National
Science Foundation (NSF) and other
federal agencies. As an example, at
the present time the Woods Hole
Oceanographic Institution takes nearly
twenty-five percent of the funding
available for oceanography within the
NSF. In turn, the geosciences as a
whole receive about twenty percent of
the total NSF budget.

Eric Bloch, Director of NSF, has
defined three reasons to support basic
research:

1. Intrinsic intellectual value

2. Make the nation’s economy more
competitive

3. Accomplish national missions
such as defense, health

The initial response has been excellent.
The President’s budget for Fiscal Year
1988 states that “support for basic
research is a key factor in generating
sufficient new knowledge to ensure
continued technological innovation.” In
the President’s statement, there is the
long-term aim of doubling the NSF
budget by 1992.

Within each of the general criteria set
out by Mr. Bloch, a good case can be
made for oceanography. The intrinsic
intellectual value of such ocean science
achievements as plate tectonics is
recognized, and the great potential of
the new global programs is accepted
as a major theme by all the agencies
involved in marine research. Thus we
can meet the first criterion.

Regarding the nation’s economy, the
second criterion, we can point to past
examples of the importance of ocean
studies in relation to petroleum discov-
ery and the reserves of strategic min-
erals. There are many examples of
future potential such as the use of the
oceans in biotechnology, in waste dis-
posal and in coastal protection. As our
population increasingly comes to live
near and use the Exclusive Economic
Zone (seventy-five percent will live
within 50 miles of the sea by the year
2000), our understanding of this
coastal environment becomes crucial.

It is necessary to realize that these are
national as well as local issues. The
National Oceanic and Atmospheric
Administration within the Department
of Commerce should have a leading
role, with other agencies, in developing
the scientific and technical basis. Yet it
is in this link between ocean science
and its long-term benefits that we see
significant decline in support. This issue,
like our concern with the sea itself, lies
at the boundary between individual
economic advantage and the national
welfare. We must not allow this essen-
tial element in our national agenda to
be lost between the goals of particular
economic gains and general benefits.

Turning to the third criterion, support
for national missions, we have demon-
strated the importance of our defense
strategies, of new technologies and a
knowledge of ocean dynamics. We
can point to support from the Secre-
tary of the Navy. The Office of Naval
Research has a unique role in defining
and funding basic research related to
their objectives. The Navy's interest in
understanding and predicting interme-
diate scale events in the ocean com-
plements the larger-scale programs
and our need to maintain a global
presence. We are beginning fo see a
reversal in the trend over the last
decade of declining Navy support for
ocean science.

Eric Bloch selects health as a second
example in this general area of gov-
ernment missions. In this context we
have become increasingly aware that
our biggest problems are not so much
with individual cures as with general
prevention and this is one reason why
it is a national concern. There is a simi-
lar basis for putting the global pro-
grams in this category. As we change
from short-term weather prediction
towards longer-term capabilities to
forecast climate, we are moving from
the small-scale, and almost individudl,
interests to the larger social concerns.
These concerns must necessarily be
national and sometimes international in
character. And so, the support of this
work must rely on organizations, not
merely federal, who have such general
concerns as their mission.

If we wish to achieve this social context
for our research, then we must create
a general awareness of the impor-
tance and significance of these studies.
It is apparent that the intellectual value
and the coherence of our programs is
a very necessary, but not a sufficient,
condition for the advances that we
wish to see. We need to obtain support
in several constituencies. Two of these
are apparent from this discussion — the
federal agencies and the Congress.
But beyond this and as the final arbiter,
we must make the general public more
aware of these issues. This Insfitution is
unique in oceanography, and in having
among its Trustees and Corporation
Members diverse and influential col-
leagues who can guide us in this larger
arena.
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The broad aim of biological oceanog-
raphers is to study the temporal and
spatial distributions of populations of
marine organisms and their interac-
tions with each other and their environ-
ment. The work is predominantly
ecological in its attempts to provide
the basic information required to
understand how the ocean works
biologically. Among the specific
research interests of Institution biolo-
gists are microbiology, biochemistry,
planktonology, ichthyology, benthic
biology, physiology, biogeochemistry
and animal behavior. Work on marine
pollution includes research on the
effects of hydrocarbons and the bio-
chemical responses of animals to these
and other pollutants. The “patchy”
distribution of many marine animals is
under investigation as are the physio-
logical adaptations of deep sea
organisms to sparseness of food, low
temperatures, high pressures, and
deep sea thermal vents. Answers to
questions about the food supply in the
oceans are sought in studies of parti-
cles falling from the surface waters
through the water column to the bottom
of the seq, in studies of upwelling
areas, through investigations of sulfur
oxidizing organisms in the deep sea
and shallow coastal ponds, and in
laboratory experiments that comple-
ment field investigations. The uses of
sound by marine mammals and the
behavior of large marine animals fol-
lowed by tagging are being studied.
Other work concentrates on salt marsh
ecology and conservation, and nutrient
cycling in coastal waters. The symbi-
ofic relationships between marine
microbes and other organisms (includ-
ing wood-borers) are a recent focus.
Gelatinous organisms of the plankton
(salps, ctenophores, and jellyfish) are
being studied with new techniques that
finally allow us to properly evaluate
the roles of these organisms in the
oceans.

Chemistry

Chemical oceanographers are con-
cerned with the composition of the
ocean environment. They seek to
understand the processes that have
brought seawater and sediments to
their present composition and that
contribute to the observed variability.
They also seek understanding of the
extent to which the environment may
be changed by both natural and man-
made phenomena operating on a
variety of time scales. Input from rivers
and reactions at the air-seq, seawater-
sediment boundaries and seawater-
volcanic rock interaction at spreading
centers are under investigation as
chemists consider the processes taking
place at major ocean boundaries.
Some critical questions in chemical
oceanography revolve around the
verfical transport and transformations
in particles as they fall from the surface
waters to the bottom of the water
column. The photochemistry of the
surface ocean and the marine atmos-
phere is critical fo our understanding
of the global sources and sinks for
many gases. The genesis and compo-
sition of the oceanic crust and its infer-
action with seawater is important to a
general understanding of the oceanic
system. Studies concerning the intersti-
tial water chemistry of deep sea sedi-
ments help us to better understand the
diffusive flux of ions between sedi-
ments and the oceans. Work on the
fluxes of organic carbon includes
determination of the amount of organic
carbon produced in surface waters,
the distribution, nature, and biogeo-
chemistry of specific organic com-
pounds in the marine environment, and
studies of processes responsible for
formation and diagenesis of organic
matter in sediments. While studying
radioactive isotopes in the ocean,
whether as a natural occurrence or as
a form of pollution, chemists are also
finding the known decay rates of the
isotopes useful as indicators for study-
ing rates of water circulation, the in situ
rates of chemical processes in the seq,
and rates of biological and chemical
processes that change the composition
of seawater. Stable isotopic studies in
rocks can be used as geochemical
and petrological indicators of large
scale terrestrial mantle processes.

Geology and Geophysics

Marine geologists and geophysicists
study the processes which form and
affect the earth beneath the seq, as
reflected in its underlying structure and
composition. The sedimentary and
volcanic material of the seabed is
investigated by direct sampling and
remote observation. Coring, dredging,
or drilling techniques are commonly
used to obtain samples, which are
further classified in the laboratory by
petrological descriptions, geochemical
analyses, and measurement of physical
properties. Geophysical methods
include the fields of seismology, gravity,
magnetism, and geothermics. The
establishment of plate tectonics as the
primary kinetic process creating and
shaping ocean basins has focused
attention at the boundaries where
plates interact. At divergent plate
boundaries, or mid-ocean ridges, the
processes which bring up hot materials
to create ocean crust and lithosphere
are studied in detail. Investigations of
rifted continental margins are impor-
tant to understand how continental
plates initially break apart. Finally,
subduction of oceanic lithosphere
beneath either continental or other
oceanic lithosphere is a process which
is ultimately associated with the cre-
ation of deep-sea trenches and back-
arc basins, accompanied by the
important geological phenomena of
earthquake belts and volcanic island
arcs. In such geological processes,
earth materials sometimes behave like
viscous fluids, which can be modelled
in the laboratory. Research is actively
pursued on processes of particulate
flux in the ocean (‘marine snow’), car-
bonate and silicate dissolution, and
other phenomena relevant to the trans-
port of biogenic material to the sea
floor. The results are essential fo a
better understanding of the fossil
record, which in combination with stud-
ies of its oxygen isotopic variation
reveal changes in climate and ocean
environment over periods of thousands
to millions of years. The study of the
dynamics of sediment distribution on
the ocean floor is important to deci-
phering the fossil record and interpret-
ing sea-floor morphology. Marine
geologists also study near-shore and
shallower regions such as continental
shelves and coasts where earth,
ocean, and atmosphere dynamically
interact to produce complex and rap-
idly-changing morphology.




Ocean Engineering

The field of ocean engineering is a
complex hybrid of many of the classical
engineering disciplines such as electri-
cal, mechanical, civil, chemical, marine
engineering and physics. lts purview is
broad and interdisciplinary. Its objec-
tive is fo bring engineering skill and
scientific method to bear on research,
development and exploration in the
ocean. Ocean engineers conduct
research and design instrumentation in
almost every aspect of oceanography
fo answer basic scientific questions
about the marine environment. Meas-
urements span time scales of years to
milliseconds and spatial scales of kilo-
meters to millimeters. Electronic data
acquisition and processing circuits and
environmental sensors are designed
for use in a wide variety of programs.
Instrument housings and anchoring
and mooring systems are designed,
fabricated, and deployed at sea.
Manned and unmanned deep sub-
mersible systems are engineered for
search and discovery. Image enhance-
ment and image processing algorithms
are developed for use with earth orbit-
ing satellites that remotely sense sea
surface temperature, wind and height.
Signal processing methods are applied
to acoustic systems, satellite images,
geophysical time series and data anal-
ysis. Research is conducted in hydro-
dynamics and turbulent processes so
that mechanisms of sediment transport
and energy dissipation can be
described in detail and with sufficient
confidence for use in predictive wind-
wave and continental shelf circulation
models. Ocean engineers are con-
ducting research in arctic acoustics,
acoustic tomography, materials, micro-
processor applications, robotic control
of underwater vehicles, optical meas-
urement, coastal processes, biologic
processes, deep submergence engi-
neering, estimation and defection
theory, and spectral analysis, and in a
wide variety of ocean observational
techniques from free-drifting satellite
telemetering data buoys to fast, auton-
omous, conductivity/temperature/
depth profilers. These activities
support research projects throughout
the Institution. The solution fo challeng-
ing problems requires creative com-
binations of wide ranging ocean
engineering principles. Modern ocean
science demands innovative instru-
ments and measurement systems.

Physical Oceanography

Physical oceanography is the study of
the physics of the ocean. lts central
goal is to describe and explain oceanic
motions, which occur over a wide
range of scales, from millimeters fo
megameters, and seconds fo centuries.
On a large scale, the sun heats equa-
torial waters and the ocean transports
this heat toward the poles, so as to
smooth out the climate of the planet
and make large parts of the earth
habitable. Variations of the tempera-
ture and salinity, the driving effects of
the winds, the rotation of the earth,
and the pull of the sun and the moon
all contribute to these motions. There
are grand persistent currents like the
Gulf Stream, and there are transient
waves and eddies of almost all sizes
and speeds, from high frequency
acoustic and surface gravity waves, to
slower internal gravity waves beneath
the sea surface. Large regions of the
oceans are dominated by the meso-
scale eddying vortical patterns of flow
that display visual and dynamic similar-
ity to atmospheric weather patterns.
As in the atmosphere, relatively intense
frontal systems exist. Important mixing
and stirring of the ocean is accom-
plished by a variety of physical pro-
cesses, some of great subtlety like the
phenomenon of “salt fingers” whose
sizes are on the centimeter scale.
Important scientific questions also arise
in considering the interaction of the
ocean with the atmosphere. The ocean
and the atmosphere drive each other
in an as yet poorly understood way:
exchanges of energy between the air
and sea are important in determining
the climate of both the atmosphere
and the oceans. Physical processes in
coastal regions are strongly affected
by atmospheric forcing and bottom
topography, and the current and wave
systems in this complicated region are
of vast importance to the local climate
and ecology. Physical oceanography
staff members are involved in experi-
mental, theoretical, laboratory, and
numerical investigations of many parts
of the system of oceanic motions.
Small programs and large interna-
tional projects are undeway, and multi-
disciplinary efforts are increasing. All
of these studies have the ultimate goal
of understanding the structure and
movement of the world’s oceans, the
interaction of the sea with its bounda-
ries, and the physical role of the ocean
in relation to other branches of ocean-
ography and to meteorology. Physical

oceanographers come to the subject
with a variety of backgrounds: mathe-
matics, physics, engineering, computer
science, and chemistry. The mix of
interests provides a broad approach
to the equally broad range of prob-
lems in the ocean.
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Center for Marine Exploration

A Center for Marine Exploration
(CME) was established in late 1986 to
toster the continued development of
unmanned deep ocean systems and to
provide a focal point for marine scien-
tists and others to explore the deep
sea. CME, directed by Geologist Robert
Ballard, has four primary goals: 1) to
provide scientists with more advanced
and cost-effective techniques for deep
ocean exploration, furnishing the means
to conduct seafloor experiments; 2) to
enable engineers and technicians to
create new technologies for the deep
seq; 3) fo provide marine archaeologists
and other social scientists opportunities
to utilize this technology for cultural
and historic purposes; and 4) to in-
crease public awareness of the marine
environment by making scientific and
technological advances and discoveries
available to the public through visual
means.

The capabilities and promise of
unmanned robotic submersibles
gained international attention with the
discovery of RM.S. Titanic in 1985. The
ARGO and JASON JR. prototype
vehicles, developed in the Institution’s
Deep Submergence Laboratory, were
deployed and tested for the first time in
the search for Titanic in 1985 (ARGO)
and the detailed exploration of the
wreck and its interior in 1986 (JASON
JR)). These systems will allow many
more scientists as well as the public to
be able to participate in marine explo-
ration by being able to see and experi-
ence the challenges, excitement — and
setbacks, of scientific discovery.

A major focus of the Center will be the
continued exploration of the 46,000-
mile Mid-Ocean Ridge, the largest
geological feature on earth. Research
on this vast underwater mountain
range has led to the accepted theory
of plate tectonics and seafloor spread-
ing, but the ridge stem remains largely
unexplored and little understood. In
December 1985 the Institution’s ARGO
system imaged an area of ridge terrain
in just one week equal to all that pre-
viously viewed from manned submers-
ibles, proving the capabilities of
unmanned vehicle systems.

CME will also continue to attract skilled
technicians and experts in such areas
as materials science, electronics engi-
neering, image processing, acoustics,
optics, mechanical engineering, com-
puter sciences, robotics and telecom-
munications to aid marine scientists in
developing unmanned submersibles.
The Institution’s intention through CME
is to add vitality to deep ocean explo-
ration and to greatly increase the
scope of exploration, which will further
basic knowledge and man’s ability to
use the marine environment, providing
a scientific and cultural window to the
deep ocean.

Coastal Research Center

The objective of the Coastal Research
Center (CRC) is to conduct research
contributing to an ever-expanding
base of knowledge and improved
understanding of the coastal ocean, its
physics, chemistry, biology and geol-
ogy, which in turn will provide a basis
for wise management of coastal
resources. Interaction of multidisciplin-
ary groups of scientists at the Institu-
tion is encouraged, and the Center
supports multiorganizational and mul-
tinational efforts as appropriate. CRC,
founded in 1980, is directed by Chemist
John Farrington.

Coastal Research Center activities
have continued to focus in four princi-
pal project areas in 1986. The first,
Assimilative Capacity of the Oceans to
Receive Wastes, involves a multidisdi-
plinary team of scientists with Institution
Sea Grant Program and private foun-
dation funding who are researching
the generic aspects of chemical pollu-
tion problems in Buzzards Bay and the
US. Environmental Protection Agency
(EPA) Superfund Hazardous Waste Site
in New Bedford Harbor-western Buz
zards Bay. The project incorporates
graduate student research efforts and
has already provided significant new
predictive capabilities with regard to
the fate and effect of organic chemical
pollutants in coastal waters.

Relative Sea Level Change —the accu-
rate assessment and prediction of
relative sea level change as a result of
many factors including a warming
climate and the resulting consequences
of human activities in coastal areas —
has been the focus of a project in
cooperation with the Marine Policy
Center. An assessment of factors con-
trolling relative sea level change in

several large river delta areas around
the world was undertaken in 1986.

Two large seawater flumes for experi-
ments measuring turbulence, sediment
resuspension and transport, and inter-
actions with marine biota are now
operational in the Coastal Research
Laboratory. A major project of the
past five years, the Georges’ Bank
Book, has gone to press and will be
published in 1987,

Marine Policy Center

The Marine Policy Center, directed by
Social Scientist James M. Broadus,
provides a multidisciplinary setting for
scholars to conduct research on prob-
lems associated with the increasing
use of the world's oceans. Since its
establishment in 1977, the Center has
been a principal source of independ-
ent, authoritative assessment of
national and international marine pol-
icy issues. Emphasis is placed on the
economics of ocean space and on the
role of science in governmental and
industrial decision making. The accel-
erating pace of scientific and technical
change, together with increases in the
scale of effects from human activities,
is reducing the “reaction time” for pub-
lic policy responses to new knowledge
and new developments. It becomes
increasingly important, therefore, to
understand the uses of marine scientific
and technical information in the policy-
making process and the ways in which
scientific and technical progress are
themselves endogenous to policy
choices. A primary objective for
research at the Center is to facilitate
reduction of the “policy lag” so that
effective policy responses to a rapidly
changing world (and sometimes even
more rapidly changing understanding
of that world) can be achieved on a
timely basis. The Center’s threefold
functions are: 1) Research through the
efforts of an experienced professional
staff and Research Fellows; 2) Educa-
tion through the prestigious Marine
Policy Fellowship program, institution
seminars, and interaction with students;
3) Forum for information exchange
through sponsorship of workshops
and conferences. Individually and as
small teams, the Marine Policy Center’s
staff and Fellows engage in both spe-
cialized disciplinary and broader inter-
disciplinary research projects. The
research program concentrates on the
following thematic areas: (1) Marine
Science and Public Policy; (2) Develop-




ment and Management of Ocean
Resources; (3) Ocean Jurisdictions,
Law of the Seq, and International Rela-
tions; and (4) Areawide Planning and
Management. Cooperative Interna-
tional Marine Affairs programs have
been initiated with developing nations
interested in addressing information
and policy needs stemming from the
extension of their national jurisdictions
over vast marine areas. The Marine
Policy Center offers Postdoctoral and
Senior Research Fellowships to profes-
sionals in the social sciences, law or
natural sciences to apply their training
to research in marine affairs. Through
the publication of research results, the
staff and Fellows have established a
solid reputation for the Center in many
areas of marine policy and ocean
management. Examples of some cur-
rent research projects include: Eco-
nomic and Legal Aspects of Marine
Minerals (J. Broadus and Porter Hoag-
land); A Marine Reserve for the
Galdpagos Islands (Arthur Gaines);
Valuation of Coastal Groundwater
Quadlity (Steve Edwards); Economic
Implications of Sea Level Change
(Andy Solow and Steve Edwards);
Federal-State Consistency in Coastal
Management (Jack Archer and Tim
Eichenberg); International Politics of
Marine Pollution (Peter Hoas and K.
Ramakrishnd); and Antarctica and the
Law of the Sea (Chris Joyner).
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Derek W, Spencer

Scientific research in recent years has
yielded new knowledge of the earth at
an ever increasing rate. Studies of the
oceans, continents, atmosphere, bio-
sphere and cryosphere have delin-
eated with greater clarity many of the
complex interactions among the earth’s
components and the profound effect
of these interactions, not only upon
earth history and evolution, but also
upon the earth’s environment and
resources whose qudlities are critical
to the welfare of mankind.

In the past, investigations in earth
science have been motivated by an
innate curiosity about our planet and
also by the search for practical bene-
fits to improve the quality of human
life. Now, a third urgent factor has
emerged. Humans are no longer sim-
ple spectators to the drama of earth
evolution. They have become active
participants on a world-wide scale,
contributing to processes of global
change that will significantly alter our
habitat within a few generations.

The need for a unified global perspec-
tive of the earth system has become
compelling, and the ocean and its
interactions with the atmosphere and
crust are the central frame of this per-
spective. In India and Southeast Asia,
for example, the monsoon has long
been recognized as controlling the
success of the harvest. But the mon-
soon is affected by the “Southern
Oscillation”, flip-flops in the major
atmospheric pressure cells of the
Indian and South Pacific Oceans which,
in turn, affect the El Niro condition in
the ocean off Peru. In 1972 and
1982-1983, El Nino devastated Peruvian
fisheries and was felt in many other
ways. The events of the 1982-1983 El
Nino have been linked to the disruption
of ecosystems as far away as the Gulf
of Alaska, to the triggering of storms
that ravaged the west coast of North
Americg, to the drenching of the U.S.
sun belt with unusually heavy rains,
and to several other extreme weather
conditions throughout the world.

Shelley Lauzon

On longer time scales, the interaction
of the ocean and the earth’s crust have
lead to major mineral and petroleum
accumulations. An understanding of
the processes contributing to the for-
mation of these resources are essential
for their discovery and wise
exploitation.

The growing realization of the impor-
tance of the study of the ocean and the
crust beneath it has led to major initio-
tives of the National Science Founda-
tion designed to accelerate our
understanding of the ocean’s role in
the earth system. These initiatives
cover two broad areas: Global Ocean
Studies of the physical circulation and
major biogeochemical cycles of the
world’s oceans, and Ocean Litho-
sphere Studies of the crust beneath the
ocean.

In this year’s Annual Report, we high-
light some of the science at Woods
Hole Oceanographic Institution that
has been instrumental in launching
these initiatives, and review some of
the planning and programs that will
form a major focus of our future work.
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James F Price

Physical Oceanography is undergoing
a rapid change in the way in which
science programs are being planned
and organized. In some ways the
changes could be described as a trend
towards “big science” in place of the
smaller, often one-man, research pro-
grams that were the norm in the 1960s
and 1970s. In fact, most oceanogra-
phers were attracted into the field by
both the topic and the opportunity for
individual research that oceanography
offered. Those opportunities still exist,
of course, but there is an unmistakable
and perhaps inevitable trend towards
research programs that have a genu-
inely global scale, that demand mulii-
investigator and even multi-national
cooperation. The global scale of these
programs comes from a pressing
need to understand the ocean’s role in
climate change, and global scale
observation programs are made think-
able today by the maturation of a vari-
ety of satellite-based observational
systems.

The support for these new global scale
research initiatives will be organized
around three national programs
plannned to begin in the early 1990s.
Token together, they represent a very
substantial increase in the total level of
funding and research in physical
oceanography. The World Ocean
Circulation Experiment (WOCE) will
seek to describe the general circulation
of the world ocean so that changes in
the circulation that accompany climate
change can be recognized, monitored
and modelled. The Global Ocean Flux
Study (GOFS) aims to observe the
oceanic transport of climatically and
biologically important chemicals and
materials (e.g., carbon). A third pro-
gram, Coastal Ocean Dynamics and
Fluxes (CODF) has goals much like
WOCE and GOFS but will emphasize
the continental shelf. Woods Hole
Oceanographic Institution scientists will
play a major role in the planning and
execution of these programs. Some of
the steps being taken in these direc-
tions are discussed in the following

pages.
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Terrence M. Joyce and
William J. Jenkins

The primary scientific objective of the
World Ocean Circulation Experiment
(WOCE) is to understand the generdl
circulation of the global ocean well
enough to be able to model its present
state and predict its evolution in rela-
tion to long-term changes in the cli-
mate. The large-scale circulation
includes not only ocean currents which
are directly observable (for example,
by current meters or ship drift), but also
processes of watermass formation,
modification and movement which are
more indirectly studied. Both are
important to WOCE, and it is of value

Shelley Lauzon

to not only defermine the ‘mean’ circu-
lation, but dlso its variability on as
many time and space scales as
possible.

The field program to meet these objec-
tives will be both intensive, with
repeated sampling in certain critical
regions, and extensive, with a global
coverage. The in situ programs will
take advantage of the opportunity to
obtain multi-year, global observations
from the next generation of ocean
observing satellites. There are a
number of ‘tools’ that will be used in
WOCE to study ocean circulation,
including satellites, drifters, floats,
moored buoys and tide gauges. But
perhaps the most venerable involves

the measurement of the distributions of
density, temperature, salinity and
chemical tracers. From this, one infers
the distribution and sources of water-
masses and their flow velocities and
patterns. Thus an important compo-
nent will be a major effort to improve
our knowledge of these distributions
through the WOCE Hydrographic
Program (WHP). The primary goal of
the WHP is to obtain high-accuracy
global hydrographic and geochemical
fracer measurements.

Terry Joyce (left} and Bill Jenkins

Although the details remain yet to be
determined, estimates have been
made that some seven to eight years
of ship time will be needed over the
five-year intensive observation period
beginning in 1990. No single oceano-
graphic institution or nation has the
resources fo provide either the ships or
measurement capability to undertake
this program; thus, the WHP will be
international with different countries,
laboratories, and research vessels
involved. It will be important to ensure
uniformity of measurement techniques
and intercalibration, if data accuracy is
to be maintained. One approach may
be to use a small number of dedicated




WOCE HYDROGRAPHIC
(WHP)

ProGrAM

ships manned, in part, by specially
trained teams of skilled and experi-
enced oceanographers.

The overall scope of the WHP has
been developed in a series of national
and international planning meetings
over the past two years. This plan is
still evolving. At the present time, the
proposed tracklines for the global
survey are shown in Figure 1. In many
cases, especially for the South Pacific
and Indian Oceans, the sections will
provide data where none now exists.
In other cases, the sections will repeat
those taken in the past so that decadal
and longer time-scale changes in the
circulation and tracers can be
detected. Some of the sections will be
repeated seasonally in regions where
the general circulation is known to
have strong variability. In addition,
certain sites will be chosen for tem-
poral sampling over a long period of
time to extend the time series of obser-
vations beyond the five-year intensive
period of WOCE. These will be impor-
tant for establishing the long-term
climatic change in the ocean. The pri-
mary practical objective of WOCE is
to provide the scientific background for
an observing system for long-term
measurement of the large-scale circu-
lation of the ocean in the future.

Except for a concerted effort to cover
a single ocean basin in a short period
of time (e.g., the Atlantic hydrographic
survey during the International Geo-
physical Year(s) in the late 50'), our
observations of the global circulation
have been accumulated over many
decades with a wide variety in the
accuracy of the hydrographic meas-
urements. New technologies and the
utilization of new tracers, some of
which are transient in their input to the
ocean (due to man’s influence) have
given us new tools and an impetus to
collect a global five-year snapshot’ of
the state of the ocean. This will, on the
one hand, permit oceanographers to
compare the present ocean with that
of the past, and will also provide an
accurate global baseline for detection
of future changes in the ocean, some
of which may be induced by man.

emmees  OCCUPIED ONCE
*+ OCCUPIED TWICE
= o e SEASONAL RESOLUTION

Proposed tracklines for the global survey to
be undertaken as part of the WOCE Hydro-
graphic program (WHP).
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Deep Circulation Studies for
WOCE

Nelson G Hogg

Shelley Lauzon

Top: Nelson Hogg. Bottom: Stommel’s (1958)
scheme for deep water circulation supplied
by two polar sources (S, and S,).

Our understanding of the deep circula-
tion is largely based on the scheme put
forth by Stommel (1958) nearly thirty
years ago. For the deep waters of the
world's oceans to remain cold in the
presence of downward diffusion of
heat from the thermocline, an upward
advection is demanded. Continuity of
mass and geostrophy then require that
the interior flow is everywhere pole-
ward, and this must be supplied by
deep western boundary currents.
Verification of this model has been
confined to the search for the intense
deep boundary currents. An abortive
attempt fo measure the interior meri-
dional flows led to the discovery of the
intense mid-ocean mesoscale eddy
field (Crease, 1962; Swallow, 1971).

While the existence and strength of
some of these deep boundary currents
have been documented by direct
measurement, the global picture
remains fragmentary. Further work will
be done during the World Ocean Cir-
culation Experiment (WOCE) to round
out this picture. It is equally important
that the heat and mass transport be
quantified, for these will be important

g

o

constraints on inversions of hydrogra-
phic data and numerical models. Espe-
cially straightforward places to
measure the deepest flows are the
abyssal passages — Samoan Passage,
Vema Channel, Romanche Fracture
Zone — where flows are both confined
and intensified. Previous work suggests
that a relatively modest number of
moorings and current meters are ade-
quate to obtain reasonable transport
estimates at these locations. Measure-
ments are also needed at one location
on the deep boundaries in each of the
major ocean basins as well as in each
of the major passages. Past measure-
ments suggest that these abyssal flows
are relatively steady. There is no rea-
son to believe that they need to be
made simultaneously although long-
term observations are needed for
verification. Durations of one to two
years are probably sufficient. Presently,
proposals are being formulated by
Whitehead (4°N in the western North
Atlantic), McCartney (equatorial North
Atlantic and Vema Fracture Zone), and
Warren and Owens (42°N in the west-
ern North Pacific).

The inferior flow problem is much more
difficult because mean speeds are
estimated to be no more than a few
millimeters per second. However,
understanding of the interior circulation
and how it is driven is central to
WOCE objectives. Does upwelling
from the deep ocean occur as a
broadly distributed, quasi-uniform
process as Stommel originally envi-
sioned, or is it confined to boundaries
or ridges where flows are larger as
others have suggested? One can envi-
sion a large experiment focused on this
problem which would require bound-
ary current transports to be quantified
at three or four locations along the
western boundary of a single basin
(i.e., the Brazil Basin) so that the change
in boundary current flux could be
related to upwelling determined by
inversions of interior hydrographic and
tloat observations. This would be a
demanding experiment with long-term
deployments (five years, perhaps) of a
large number of current meter moor-
ings and deep floats. Careful hydro-
graphic work incorporating
measurement of selected tracers, and
perhaps including the purposeful
release of some tracers, would be
required. Some exploratory work with
Lagrangian floats is demanded before
such an ambitious basin scale field
program is conducted.




James F. Price

Studies of the distribution of tempera-
ture and salinity in the North Atlantic
begun by Woods Hole Oceanographic
Institution scientists Raymond Mont-
gomery and Columbus Iselin during
the mid-1930s revealed some impor-
tant clues on the structure and origin of
waters in the main thermodine. One of
the most graphic representations was
given by Iselin (Figure 1), who showed
that the temperature and salinity
relationship of waters observed in

a vertical profile through the main
thermocline bore a striking resem-
blance to the temperature and salinity
relationship found along a horizontal
section made from north to south
along the sea surface. The comparison
was best when the sea surface data
were taken from the late winter. The
inference to be drawn is that the
waters of the main thermocline are
formed, in the sense of acquiring their
values of temperature and salinity, at
the sea surface in late winter and then
conserve these properties as they flow
through the thermocline of the subtro-
pical gyre. Because the flow of denser
waters from high latitudes must go
underneath warmer waters at subtro-
pical latitudes, this process of flow
from the sea surface into the thermo-
cline has been termed “subduction”, in
analogy with the motions of crustal
plates in plate tectonics theory.

Important new evidence of this oceanic
subduction has been developed within
just the past few years from studies of
the distribution of short-lived radio
isotopes by Institution colleague Wil-
liam Jenkins of the Chemistry Depart-
ment. Jenkins’ method leads to an
estimate of the elapsed time since a
given water sample has been in close
contact with the atmosphere. The time
since contact with the atmosphere may
be thought of as the age of the water.
Observations of age within the ther-
mocline of the eastern North Atlantic
(Figure 2) show that waters have
moved southerly since contact with

the atmosphere, as would have been
expected from the earlier Iselin and
Montgomery studies. And, consistent
with the concept of oceanic subduction,
older waters are found beneath
younger waters. Jenkins’ data also
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Figure 1: A temperature and salinity diagram
from Iselin (1939) showing vertical profiles of
temperature as a function of salinity (solid
lines) and an equivalent horizontal profile
along the sea surface in late winter {open
symbols). Right: Jim Price.

shows the rate at which subduction
occurs, and thus provide what is in
some ways a more detailed and
revealing view of the flow through the
main thermocline than was ever avail-
able from observations of temperature
and salinity alone. The challenge to
physical oceanographers is to under-
stand these age distributions in terms
of the atmospheric forcing by wind
and heat fluxes, and within the context
of the large scale dynamics of the gyre.

These new observations of water age
by Jenkins have been an important
stimulus for planning future studies
aimed at observing and modelling the
subtropical gyre. Subduction provides
one focus for these new studies by
emphasizing the vertical component of
flow within the thermocline, and also
the role of surface heat fluxes which
set the initial temperature and salinity
at the sea surface. Measurement of
these quantities requires new observa-
tional tools which are now being devel-
oped or tested at the Institution.
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One such tool is a new kind of SOFAR
(SOund Fixing And Ranging) float,
dubbed the “Bobber” (Figure 3), which
will be able to control its buoyancy to
follow the vertical motion of pre-
scribed temperature surfaces. The
Bobber will make daily vertical excur-
sions to find the depth of the pre-
scribed temperature surfaces, and
then telemeter their depths by acoustic
signalling to listening stations (see the
“Floats and Dirifters” article by Philip
Richardson in this report). The Bobber
will drift passively with the horizontal
flow between the isotherms, and thus
provide a means to track water col-
umns as they move horizontally and
vertically through the gyre thermocline.
The development of Bobber floats is
being led by Douglas Webb of Webb
Research (formerly of WHOQI) in Fal-
mouth, Massachusetts, and assisted by
the SOFAR float group at the Woods
Hole Oceanographic Institution. The
first deep sea trial of Bobbers
occurred in the spring of 1986 and
validated the engineering design and
the acoustic signalling. Further sea
trials of the Bobbers, and the first sci-
entific deployments to observe sub-
duction, are planned for the fall of
1987. Larger and more comprehensive
studies of the subtropical gyre and of
subduction are now being planned as
part of the World Ocean Circulation
Experiment (WOCE) to begin in the
early 1990s. At that time, satellite
remote sensing and other kinds of new
and simpler floats and drifting buoys
will be working along with the Bobbers
to observe the gyre-scale circulation
and thermocline structure within which
subduction occurs.

s o B A f et i s
L ToHE AGE ON 26,62 . L ToME AGE ONZTAS
8 ] Z ¢
R SR 111 : A
m By o \y/‘i& i o e b P ‘L , e
e M“"a\“ 1 L )
~d B 1/"./ 1 i E m L@ oy
N S NS L)
% ] s "’*«w«-\a ‘(\” ‘a
| . 'N‘l ‘
< ; R \ Bgf
| et ] ;
TR R B B U s S Skt TG R N S R
2m40‘ a5 ur o 26‘40‘ axe e
WEST LONGITUDE
- fole

SUMMER

WINTER

Figure 2, top: The apparent age of water
(years) in the main thermocline of the eastern
subtropical North Atlantic deduced by Jenkins
(1986) from radio isotope data. The age in-
creases to the south and with depth (left panel
is at about 270 meters depth; right panel is at
about 625 meters depth), implying the sub-
duction of equatorward flowing water.

Figure 3, bottom: Schematic of isothermal
surfaces seen in a meridional cut through the
subtropical gyre. The position of winter and
summer isotherms are sketched as solid and
sashed lines. The track of a Bobber float is
shown, with summer stratification developing
after the first cycle.
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Kenneth H. Brink and Peter H. Wiebe

The edges of the world's oceans are
the focus for numerous research pro-
grams. The amount of scientific effort
in these areas is certainly dispropor-
tionately large if the area of the edge,
or coastal, regions is compared to the
ocean as a whole, Indeed, coastal
oceanography has almost become a
distinct subdiscipline.

Why all the interest? It is an area of
high productivity and of intense fishing,
mining and oil exploration. It has been
a repository for unwanted wastes
transported by rivers and streams or
dumped there deliberately. It is the
area where man’s impact on the
oceans is greatest.

Coastal oceans have a number of
unique characteristics which make
them different from the open (deep)
ocean, and they have important influ-
ences on the global oceans. Some
coastal ocean properties will be
described here and some work exam-
ined which is attempting to study the
nature of the interface between the
coastal and open oceans.

First, we need to consider the geomor-
phology of the ocean’s edge (Figure 1).
In most places in the world, the land
does not simply drop off to abyssal
depths but rather goes through at least
two transitional areas. The first is @
gently-sloping continental shelf, typi-
cally 3-200 kilometers (approximately
2-120 miles) wide. At the outer edge of
the shelf the water is generally some
50-250 meters (150-800 feef) deep,
and the bottom slope abruptly
becomes much steeper. This steep
region, the continental slope, is gener-
ally 20-100 kilometers (12-62 miles)
wide and completes the transition to
the deep ocean basin, typically
2500-5000 meters (8,500 to 16,500
feet). Due to the remarkable effects of
the earth's rotation, the continental
slope marks a transitional zone in the
nature of regional currents. Except
near the Equator, little or no evidence
has generally been found for shelf
current patterns continuing into the
deep ocean nor vice versa. Over the
past decade, in fact, several Institution
scientists have made major contribu-
tions to understanding exactly how this
dynamical barrier works.

E. Paul Oberlander

Shelley Lauzon

If the currents over the continental shelf
are distinct from those farther off-
shore, how then can coastal regions
influence the global ocean? in order to
answer this question, we must consider
some of the aspects of the shelf which
are different from the rest of the ocean.

Perhaps the most obvious aspect of
the continental shelf is the fact that the
water is shallow. The shallowness has
two consequences. First, it tends to
amplify tidal currents. Georges Bank,
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Top: Cartoon depicting the geographical
regions within the continental margins (Figure
1). Bottom: Ken Brink (left) and Peter Wiebe.




for example, has very strong tidal cur-
rents. These energetic periodic cur-
rents in turn lead fo intense vertical
mixing, and to weaker secondary cir-
culations. The mixing brings nutrients
up from depth to the surface where
there is sufficient light fo enable phyto-
plankion to exploit them. Thus, shallow
water regions often have unusually
high biclogical productivity. Second, in
temperature and arctic/boreal
regions, when surface cocling occurs
during the winter, water over the shelf
becomes much colder than in the deep
ocean because the heat is spread over
a lesser depth. This has important
consequences in one notable areq -
the Weddell Sea in the Antarctic. On
this large shallow shelf particularly
cold, dense water is generated in the
winter which is much denser than the
surrounding open ocean water. As o
result winter Weddell Sea water sinks
off of the shelf and helps to renew the
deep waters of the world’s oceans.

Since the continental shelf adjoins the
continental land masses, it is particu-
larly influenced by river runoffs. The
fresh water influxes, combined with the
dynamical insulation of the shelf from

:
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the rest of the ocean, often allows the
formation of unique, unusually fresh
water masses. The salt content is often
not the only distinguishing feature of
the shelf waters, as other inputs pecu-
liar to the land areaq, such as oxygen
isotope concenirations or dissolved
chemicals, can also be distinguishing
features.

One of the most important processes
in the coastal ocean, viewed on a
global perspective, is coastal upwell-
ing. Most of the world's ocean is unfa-
vorable for high biclogical productivity
because phytoplankton require light to
grow and are thus generally only
present in quantity in the upper 10-100
meters (30-300 feet) of the water.
These phytoplankton rapidly deplete
existing nutrients in the shallow photic
zone, but leave untapped a reservoir
of chemicals at greater depths. Biclog-
ical productivity then tends to be high-
est in locations where upward
velocities in the water column advect
deep, cold high-nutrient waters into the
photic zone.'%his upwelling process is
particularly strong in regions where a
coastal boundary interrupts the wind-
driven offshore transport within the

Figure 2: Satellite image of warm-core ring
82-B (circular fecture in center of image just
below white line morking the edge of the
continentel shelf) and & tongue of shelf water
[derk blue water mass) being entroined by
clockwise flow on the eastern edge of the ring.
The deto for the image were taken by the
NOAA-T advanced very high resclution radi-
emeter on 30 March 1982 ond were processed
with the aid of o computer by Robert H. Evane,
Otis B, Brown ond Jomes W, Brown of the
University of Migmi.

upper 10-50 meters (30-150 feef) of the
water column. In order to make up for
the resulting mass imbalance, water
must come up from depth and upwell-
ing takes place. The coastal upwelling
process, which is especially well devel-
oped in the world’s eastern boundary
current regions which extend seaward
of the western margins of the confi-
nents, explains the existence of many
of the world’s most productive fisheries,
including those off the U.S. west coast,
Peru, and Northwest and Southwest
Africa.

Over the past decade, a good deal of
focussed effort has gone into studying
the processes, such as coastal upwell-
ing, which are unigue to the ocean’s
edges. Attention is now beginning to
focus on those processes which can
allow the “barrier” between the shelf
and open ocean to be breached. It
appears that the main leakage of shelf
waters to the open ocean occurs in the
form of narrow, near-surface (upper
100-200 meters, or 300-600 feet)
tongues of shelf water which are
drawn out into the open ocean. These
tongues, which our current dynamical
models can not treat well, fall into at




least two categories. It is possible that
we may some day find these two phe-
nomena to be dosely related.

The first type of tongue, commonly
found south of New England and Nova
Scofig, is associated with energetic
eddies in the deep ocean such as
warm-core rings (Figure 2). These
eddies are typically 100 kilometers (62
miles) in diameter and are defined by
their warm waters and by their ener-
getic clockwise-rotating currents.
Usually these eddies, which are formed
between Georges Bank and the
Grand Banks, drift slowly westward
north of the Gulf Stream. Occasionally
the rings interact with the edge of the
continental shelf and they draw off
long streamers of cold continental
shelf waters, which either wrap around
the core of the eddy or are entrained
by the eastward flowing Gulf Stream.
A maijor National Science Foundation-
sponsored field program on Warm
Core Rings took place in 1981 and
1982 with strong participation by
Woods Hole scientists. Although the
cold streamers were not the primary
focus of the program, a substantial
amount of information about their
structure and biological significance
was obtained (Figure 3). One insight
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Figure 3, below: Horizontal section of tem-
pergture, sclinity and zooplaonkton biomass
taken on o daytime towyo with MOCNESS-1D
in the fringe region of warm-core ring 82-H in
October 1982. On the section showing the
owyo trajectory, cross hineés on the UP--"'&C:ﬁ
mark the clesing end opening of nets, Dashed
lines on the biomass plot indicate the inte-
grated values for the depth specific strata
sompled.

SALNTY (%)

Figure £ above: Satellite-derived estimates of
sea surface temperoture (left) and pigment
concentrations (right) during the 1981 coasto
upwelling secson off the west coast of the
United States. Pigment concentration is o
rough measure of phytoplankton biomass in
the region. Upwelling filaments are manifested
os offshore-recching tengues of cold (blue),
high pigment (red or yellow) water. Photo
courtesy of M. Abbott, Scripps Institution of
Oceanography.
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gained as a result of this work was that
ring-induced entrainment of shelf water
info the offshore region could cause
the loss of a significant fraction of fish
eggs and larvae of commercially
important species. This may help
explain why some years of good
spawning and larval development
have poor recruitment of juveniles to
the adult population. A follow-up pro-
gram is currently envisioned for the
next few years. To date, very little work
has been done on estimating the effect
of the streamers on the broader scale
biological and physical characteristics
of the upper ocean.

The second type of tongue is typified
by those seen off the coast of Califor-
nia (Figure 4). In this case, the upwelled
water, which is cold and has high
nutrients and phytoplankton, is gener-
ally confined within 50-100 kilometers
(30-60 miles) of the coast, except for
occasional dramatic filaments which
meander up to 500 kilometers (300
miles) offshore. Preliminary research
suggests that the filaments, also called
squirts and jets, represent a maijor flux
of biogenic materials into the eastern
Pacific ecosystem. The forces produc-
ing them are currently the subject of
debate, but it seems evident that eddies
in the deeper water, at a minimum,
play a role in determining the filaments’
paths. The Office of Naval Research is
sponsoring a physical and biological
study of these features with the goals
of characterizing their structures and
of understanding their growth and
decay. The first intensive field mea-
surements will be conducted in the
spring of 1987.

We are at a very interesting stage in
the study of coastal oceanography.
While we have substantial knowledge
about the general pattern of coastal
currents, hydrographic structure, and
the distribution of organisms residing
there, we are only beginning to explore
the intense and sporadic events which
lead to fluxes of coastal water into the
ocean at large. We are being called
upon to think about new physical pro-
cesses on scales poorly explored in
the past as well as to recognize the
importance of the couplings that make
the coastal seas an integral part of the
global ocean.

Instrurnentation:
An Introduction

Daniel Frye

Global oceanographic measurement
programs such as WOCE and GOFS
(Global Ocean Flux Study) will require
new scientific tools if oceanographers
are going fo make efficient use of the
available funding resources. These
new programs depend on vast arrays
of instruments deployed on a global
basis, many of which must be capable
of operation over many years without
maintenance. Due to the remoteness
of large parts of the Southern Ocean,
it may only be possible to visit some of
these sites once during a decade-long
program. As a result, currently avail-
able instrumentation - which typically
requires dedicated research vessels
for deployment and retrieval, has little
capability for data telemetry and has
limited endurance - may not meet the
oceanographic needs of the 1990s due
to logistical difficulties.

In addition to requirements for large-
scale instrument arrays to measure the
basic physical properties of the
oceans, specialized instrumentation is
needed to learn more about the pro-
cesses which drive the global ocean
circulation. These processes may act
very locally or may be important only
at the air-sea interface and are thus
not observable using broadly-spaced

arrays of standard oceanographic
instrumentation. For these detailed
studies, which provide the physical
basis for understanding the observed
circulation patterns, specialized instru-
mentation is being developed at the
Woods Hole Oceanographic Institution
and elsewhere.

Classes of new observational tools
being developed for WOCE, GOFS
and related programs include new
satellite-based sensors and associated
data processing techniques which
provide global data on sea-surface
temperature, surface winds, wave
heights and currents. These satellite
systems supply the all important link
between widely-spaced in situ instru-
ments collecting detailed information
from discrete locations and the overall
weather and circulation patterns. In
addition to satellite-based instrumenta-
tion, data telemetry from in situ sensors
is being explored as is acoustic tomog-
raphy, a means of inferring the proper-
ties of the ocean’s interior from sound
velocity measurements made over
long horizontal paths. Other technolo-
gies being developed at the Institution
which have direct application in the
global circulation studies are surface
and subsurface drifting buoys, new
meteorological and air-sea flux sen-
sors, and new instruments for measur-
ing vertical fine-scale structure in the
ocean. Some of these new tools are
described in the following pages.
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Data Telemetry

Melbourne G. Briscoe and Daniel Frye

Data telemetry to and from offshore
measuring devices is an exciting and
potentially valuable research area in
oceanography. Originally stimulated
by the inability to record useful
amounts of data inside an autonomous
instrument, the motivations for tele-
metry today include the need for near
real-time data, the desire to control a
remote instrument, and the hope that
data telemetered from logistically
difficult or risky locations will permit
some important research to be done in
heretofore unexplored sites.

Data telemetry was invigorated in the
1970s by the appearance of reliable,
low-cost links through both polar-
orbiting {National Oceanic and Atmos-
pheric Administration, or NOAA,
TIROS series using the French ARGOS
data collection system) and geosta-
tionary satellites (NOAA GOES series).
At that time the quantity of data to be
sent ashore was small, and control of
the remote instrument was not needed.
Today, the complexity and capability of
the instruments has increased enor-
mously, as has the need for higher data
rates and remote control. The technical
problems include the need to move the
data from deep within the water col-
umn to a point at or near the surface
from which it can be radioed ashore.

In response to this growing need for
data telemetry, the Physical Oceanog-
raphy and Ocean Engineering Depart-
ments at Woods Hole Oceanographic
Institution (WHOI) are engaged in
several major programs to develop
and use reliable telemetry methods for
deep-sea instruments. A major source
of support is the Office of Naval
Research (ONR) through the University
Research Initiative Program (URIP).
URIP was conceived as an innovative
way for ONR to attract and fund basic
research in important new directions.

The URIP ot WHOI is a project to
develop telemetry techniques applica-
ble to subsurface instruments such as
current meters, to combine these data
with remotely-sensed information such
as thermal imagery or altimeter data
from satellites, and to provide inputs to
advanced numerical models of ocean
circulation. The telemetry component
of the URIP includes the problematic
in-water link from the instrument to the
surface, the radio links between the
surface and the shore station, and the

Shelley Lauzon

Mel Briscoe (left) and Dan Frye.

data handling and distribution network
ashore. Institution staff are working on
URIP with colleagues from the Massa-
chusetts Institute of Technology and
Harvard University, as well as with
some U.S. Navy laboratories and some
industrial firms like the Charles Stark
Draper Laboratory (CSDL) and
Science Applications International
Corporation (SAIC).

Other aggressive activities on tele-
metry at WHO! include the Real-Time
Environmental Arctic Monitoring Pro-
gram (RTeam) and the Surface Telem-
etry Mooring (STEM). RTEAM is
another ONR developmental project
whose goal is to telemeter data from
sensors that are deployed under the
ice in polar regions. STEM is involved
with the critical mooring hardware that
is required for use with surface moor-
ings that have hardwired electrical
connections between subsurface
instruments and a surface buoy.

The in-water link from instrument to
surface is the piece of the overall tele-
metry problem that is perhaps the
most challenging yet has been the least
addressed. Some principal obstacles
include the poor reliability of electrical
conductors as they pass through the
surface wave zone, the problems of
reverberation and attenuation when
using acoustics to transmit the data, the
extra power consumed by the addi-
tional telemetry components, and the
higher costs and lower reliability with
these technologies.

Various technical approaches for the
in-water link are being pursued in our

program at WHOI (Figure-pg. 16).
Included are hardwired electro-
mechanical links, a vertical acoustic
data link that eliminates the need for
long runs of vulnerable electrical con-
ductors, and several methods to
improve reliability or to function dur-
ing high current periods by sending a
tethered or expendable transmitter
buoy to the surface on command or
on a schedule.

Surface-to-shore two-way radio links
and the networking ashore that is
required to acquire, process and then
distribute the data to the ultimate users.
One aspect of this project will be a
test using the R’V Oceanus during June-
August 1987 to provide a moving plat-
form at sea. Simultaneous data trans-
missions of the ship's meteorological
sensors and some navigational and
engineering status information will be
made by a high-frequency (HF) packet
radio system and by a system that
scatters its signals off the tiny but
numerous trails of small meteors as
they pass through and ionize the upper
atmosphere. The meteorburst system
will be a joint test with SAIC. The HF
packet project is being conducted
jointly with David Brooks at Texas A &
M University.

We are excited by the extent of the
cooperation in these telemetry pro-
grams. As with any oceanographic
development project, the ultimate goal
of these programs is to improve the
science being done af the Institution
and elsewhere.




18

Shelley Lavzon

Raymond Schmitt

mond Schmitt

Fne- and Microsiruciure
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Observations

Raymond W Schmitt and John M. Toole

Top: Ray Schmitt (left) and John Toole.
Middle: John Toole operates the launching
rig as the profiler enters the water for another
dive. Bottom: The Fine- and Microstructure

Profiler ready for deployment from the stern
of R/V Endeavor.

As part of the initiative to examine the
global ocean circulation during the
World Ocean Circulation Experiment
(WOCE) and the Global Ocean Flux
Study (GOFS), it is very important to
refine our understanding of the small-
scale processes that lead to vertical
mixing in the sea. The distributions of
temperature, salinity, oxygen, nutrients
and other chemical tracers are cru-
cially dependent on the vertical
exchange rate. Present knowledge of
the processes leading to mixing is
rudimentary.

Several of the intensive experiments to
be done during WOCE have the
potential to greatly expand this knowl-
edge if the appropriate instrumentation
is deployed. For example, the subduc-
tion experiment (see article by James
Price in this report) will study the way
in which new water enters the thermo-
cline. Two mixing processes which will
affect the evolution of the subducted
water are turbulence, produced by
strong current shears associated with
internal waves, and “salt fingers”, a
small-scale double-diffusive process
which occurs when the vertical salinity
gradient becomes sufficiently strong.
Near-bottom turbulence set up by
strong flows over topography and
reflections of internal waves off the
bottom can also produce significant
mixing.

To examine these various modes of
mixing, we have recently developed a
sophisticated fine- and microstructure
profiler with Department of Defense
and Office of Naval Research support.
The design of the instrument was
guided by the hypothesis that turbu-
lence at small spatial scales (about one
centimeter, or one-third of an inch),
which is responsible for mixing temper-
ature, salinity and fracers and dissipat-
ing velocity differences, is driven by
instabilities of finescale structures (10
meters or 33 feet,in the vertical, 1 kilo-
meter or .62 miles in the horizontal).

The fine- and microstructure profiler is
a cylinder about five meters (15 feet)
long. It free-falls through the water,
dropping ballast when it attains a pre-
programmed depth and then returns
to the surface. Data from the instru-
ment yield vertical profiles of the
ocean’s horizontal velocity, tempera-
ture, salinity and density fields. Micro-
structure sensors for temperature,
conductivity and velocity are also
employed. An optical shadowgraph
system may be added to provide a
direct video image of the small-scale
variability. Thus, from one instrument,
the relationships between finescale
temperature, salinity and velocity
structures and turbulent mixing may be
examined.

Use of the profiler to date has been
very successful, and plans are being
made for a series of field programs to
explore the various mechanisms of
mixing in the upper ocean, main ther-
mocline and the abyss. The new instru-
ment, with its range of measured
scales, its ease of use, and the sophisti-
cated andlysis that can now be done
aboard ship with small computers, is a
very powerful tool for physical ocea-
nographers. The fine-and microstruc-
ture profiler can be expected to make
its most significant contributions to the
process-oriented experiments during
WOCE. However, the potential for
exploratory work with the new instru-
ment in other programs should not be
neglected, since only an extremely
small fraction of the ocean has been
examined with high resolution profilers.




Robert A. Weller

Radiation from the sun heats the earth.
Some of the heat directly enters the
ocean, with more being absorbed
near the equator. This uneven heating
of the earth helps drive both the gen-
eral circulation of the atmosphere and
the large-scale currents of the world's
oceans.

The ocean and atmosphere both carry
heat from the equator toward the
poles. Further distribution of heat
occurs through convection, or the
ascent of air from near the surface into
the atmosphere, and through evapora-
tion of water at the surface. If we
understood all the physical processes
associated with heating due to the
absorption of solar radiation, with the
exchange of heat between the ocean
and atmosphere, with the generation
of ocean currents, and with mixing of
the ocean by the surface winds, we
would have knowledge fundamental to
explaining the dynamics and variability
of the atmosphere and ocean. On a
practical side, such knowledge is
essential to improving our understand-
ing of changes in climate and our abil-
ity to forecast weather.

In the next decade large research
initiatives such as the World Ocean
Circulation Experiment {(WOCE) and
the Tropical Ocean and Global Atmos-
phere (TOGA) program will work
toward a better understanding of these
processes. These programs recognize
that variability in the atmosphere is
linked to that in the ocean, and as a
result, will focus on studies of the
exchange of heat, mass and momen-
tum between the ocean and atmos-
phere. Heat is exchanged by visible
radiation such as sunlight, by thermall
emissions or infrared radiation, by
evaporation which results in cooling,
and by direct processes such as
conduction or convection. Mass is
exchanged by rain falling into the
ocean or by water evaporating from
the sea surface. Momentum exchange
occurs when the wind blowing over the
water accelerates that fluid and thus
drives a current.

One of the greatest challenges for the
research programs of the next decade
will be to make measurements from

buoys and ships at sea with the accu-
racy required to achieve their scientific
objectives. Accurate determination of
the exchanges between the atmos-
phere and ocean requires good
observations of wind speed and direc-
tion, air temperature, sea surface tem-
perature, solar or shortwave radiation,
infrared or longwave radiation, humid-
ity and barometric pressure. Blowing
salt spray, high waves, wind, rough
seas and other effects all combine to
severly test, destroy, or degrade the
sensors used in the past to measure
these quantities.

In preparation for these programs,
Institution staff are meeting the chal-
lenge of making high quadlity meteoro-
logical measurements at sea. The Buoy
Group has developed a surface buoy
for use in such experiments and
Richard A. Payne and others have
devised ways to mount the sensors on
our research vessels (photo) so that
contamination of the measurements
by the flow disturbance and heat gener-
ated by the ship is minimized. Physical
Oceanography Department colleague
James F. Price and David S. Hosom of
our Ocean Engineering Department
have, with support from the Office of
Naval Research, been working on the
development of an improved humidity

Raymond Schmitt

Top: Bob Weller. Bottom: R/V Oceanus heads
into heavy seas during the Frontal Air-Sea
Interaction Experiment (FASINEX) field pro-
gram in February 1986 near Bermuda. A tower
with meteorological sensors was installed on
the ship’s bow for the experiment.

Nancy Pennington
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sensor, known as a chilled mirror dew-
pointer, which will have the ability to
clean itself, removing contaminants
such as salt. Kenneth E. Prada and
Donald E. Koelsch of the Ocean Engi-
neering Department, working with
William Lange of the National Center
for Atmospheric Research, have devel-
oped free drifting, expendable surface
floats that could be deployed on
global scale to make meteorological
measurements. With Robert Pinkel
from Scripps Institution of Oceanogra-
phy and Thomas Dickey from the Uni-
versity of Southern California, | have
proposed a five-year effort to the
National Science Foundation to
improve the meteorlogical sensors
used on moored buoys and on
research vessels. Parts of this project
will focus on improvements to the
shortwave and longwave radiation
sensors, on continued improvement of
humidity sensors, and on reducing
measurement errors caused by the
motion of the buoy or ship. Work such
as this has very fundamental goals, but
it is essential preparation for our par-
ticipation in the field work of the 1990s,
which will include large programs such

as WOCE and TOGA.

Philip L. Richardson

For the past eight years the Institution’s
SOFAR float group* has been using
freely drifting subsurface floats to
measure long-term ocean trajectories
in the North Atlantic. We recently
received funding from the National
Science Foundation to begin participa-
tion in a World Ocean Circulation
Experiment (WOCE)-related project to
measure the cross equatorial flow in
the tropical Atlantic from 1988 to 1992.
We are also planning to participate in
the main WOCE program (1990-1995)
which includes deploying and tracking
large numbers of subsurface floats in
other areas of the world ocean.

SOFAR floats are neutrally buoyant
aluminum tubes that are ballasted to
drift at depths from a few hundred
meters to several thousand meters.
The floats emit a low frequency acous-
tic signal (250Hz) that sounds much like
a boat whistle. The sound travels hori-
zontally through the ocean in an
acoustic waveguide called the SOFAR
(SOund Fixing And Ranging) channel
and is received by moored undersea
listening stations at ranges up to a few

*W. Brechner Owens, James F. Price,
Philip L. Richardson and William J.
Schmitz, Jr.

thousand kilometers. The floats have a
lifetime of several years depending on
how often they transmit. At present the
listening stations can stay submerged
for eighteen months, and we think we
can extend this to three years in the
near future, important for decreasing
the costs of obtaining the data. Two
recent improvements to the floats are
the use of new glass floats capable of
depths to 4000 meters and floats with
the ability to actively seek out and
cycle between preselected tempera-
tures or depths. This makes it possible
to sample and follow certain layers of
water as they move through the ocean.

A SOFAR float ready for deployment in the
western North Atlantic.

SOFAR float data are scientifically
useful in many ways. Trajectories tell us
how water moves on a horizontal
plane in the ocean, and provide a
visualization of the flow which can be
very different from that inferred from
moored current meters. The dispersion
of groups of floats tell us how water is
mixed by eddies, important for under-
standing how water fracers and pollut-
ants are transported by the ocean. A
velocity series of a float along its tra-
jectory tells us about ocean velocity
fluctuations.
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Top: Subsurface float measurements, nearly
all in the North Atlantic (Figure 1). Bottom:
Phil Richardson.

The float group has programs in three
areas: the Gulf Stream and its recircu-
lation south of New England, the
northern extension of the Gulf Stream
east of Newfoundland, and the Medi-
terranean water in the Canary Basin in
the eastern North Atlantic. As part of
this last experiment we have just
tracked a meddy (Mediterranean
eddy) continuously for two years using
floats - the longest time an ocean eddy
has ever been followed. Meddies are
subsurface eddies approximately 100
kilometers in diameter containing very
salty water which originated in the
Mediterrranean Sea. The data from
floats and shipboard measurements
gives exciting information on the
movement, life history, and decay of
ocean eddies and the flux of salt and
other quantities between the eddies
and the surrounding waters.

A new experiment begun in January
1987 to study the cross equatorial
exchange of water between the North
and South Atlantic. We are building 45
floats and will launch them in 1988
along a line across the tropical Atlantic
near 8°N. The width of the Atlantic is
relatively narrow there, like a strait
separating the North and South Atlan-
tic basins. Floats will be launched at
700 meters, 2000 meters and 4000
meters, most of them near the western
boundary where we expect currents to
be swiftest. In addition, other measure-
ments are being planned that include
CTD (conductivity/temperature/density)
sections, current meter moorings and
surface drifters.

Virtually all of the long-term subsur-
face float measurements that have
been made are in the North Atlantic
(Figure 1). We plan to expand our par-
ticipation in WOCE by launching and
tracking floats in other oceans. We
hope that after WOCE is completed,
other areas of the world will have as
much float data as does the western
North Atlantic today and that our
understanding of ocean circulation will
have improved proportionately.
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The View from Space:

A New Giobal Perspective for
Oceanography

Hans C. Graber and Kathryn A. Kelly

i 4

Shelley Lauzon

Top: Kathy Kelly and Hans Graber. Bottom: A
synthetic aperture radar (SAR) image from
SEASAT showing wave structure around the
Faroe lIslands in the North Atlantic. Diffrac-
tion and refraction of surface waves due to

the islands is clearly evident. (Photo courtesy
of DFULR/GSOC)

Observing the ocean from space
emphasizes, more than perhaps any
other perspective, its global nature
and its sensitivity to changes in wind
and current speed, waves, temperature
and fluxes. Scientists are paying
increasing attention to this global view
and are realizing the importance of
viewing the atmosphere and oceans as
a complete system, focusing more on
global processes and their interaction
with synoptic-scale processes using
long-term observations.

Both research and operational satel-
lites have demonstrated an ability to
measure on a global scale variables
crucial to our understanding of the
relationship between the atmosphere
and ocean. Present satellite-based
remote sensing techniques, passive
measurements of the natural radiation
emitted by ocean or ice surface in the
visible, infrared and microwave spec-
tral bands and active microwave radar
methods, are capable of measuring
oceanic surface winds, wave heights,
sea surface temperature, ocean color,
sea surface topography, and sea ice
distributions.

To prepare for the increasing impor-
tance and usage of satellite data, we
started a major new initiative in 1986 to
develop the techniques and equipment
for archiving, displaying and analyzing
satellite data. This effort is part of the
University Research Initiative Program
(URIP), funded by the Office of Naval
Research, and is a joint project with
Harvard University and the Massachu-
setts Institute of Technology (MIT). The
program focuses on improving our
observational tools and techniques as
well as developing comprehensive
numerical models of ocean processes
which can assimilate large and diverse
data from satellite sensors and in situ
instruments. With several new satellite
missions projected to start in 1989 and
subsequent years, we need to develop
methodologies to transform and con-
dense the vast influx of data into useful
maps depicting wind and wind stress
vector fields, contours of surface wave
heights and surface geostrophic cur-
rents. Crucial to this endeavor is the
education of students and researchers
about how these instruments work,
their advantages and limitations, the
information contained in the data, and
how to analyze and combine it with
other data and with models. The new
data which is likely to be most impor-
tant to oceanography will come from
the next generation of active radars,
especially the NSCAT and ERS-1 scat-
terometers, the altimeters on TOPEX/
Poseidon and ERS-1, and variations of
the synthetic aperture radar (SAR).

Surface winds and wind stress play an
important role for most oceanographic
processes over spatial scales of a few
kilometers to thousands of kilometers
(one kilometer equals .62 miles) and on
time scales of several hours to several
months. The National Aeronautics and
Space Administration (NASA) provided
funds to model the surface wind stress
and sea state off the West Coast of
North America using scatterometer
data. As members of the Science Defi-
nition Team (SDT) for the NASA-scat-
terometer (NSCAT) our responsibilities
are to provide advice and guidance to
the project on issues crucial to the
success of the proposed investigations.
During the pre-launch period we will
investigate how the wind stress on the
oceans is affected by the surface wave
field and develop a methodology to
construct optimal surface wind and
wind stress maps. This research is
necessary for the successful achieve-




ment of our post-launch science objec-
tives in predicting surface gravity
waves using scatterometer wind meas-
urements and in studying wind-driven
coastal currents in the eastern North
Pacific.

To educate students both in the
classroom and in the laboratory we
and colleague Jules Jaffe are teaching
a two-semester course, entitled Physics
and Principles of Remote Sensing, in
the MIT’WHOI Joint Graduate Pro-
gram. The first semester introduces
students to the basic principles of
remote sensing of the oceans, with
lectures conducted over the microwave
link to MIT. The propagation of elec-
tromagnetic waves and their interac-
tion with rough surfaces, atmospheric
and ocean scattering and absorption,
orbital dynamics and geometric distor-
tion are the basic topics, followed by a
more detailed examination of instru-
ments using active or passive micro-
wave and visible or infrared radiation.
The second semester is research-
oriented, with each student analyzing a
specific set of satellite data to deter-
mine its characteristics and probable

errors and the spatial and temporal
scales of the information, with the goal
of obtaining quantitative information
unavailable or impractical to obtain
from other types of data.

The enormous volume of data from
satellites necessitates specialized com-
puting equipment for storage, process-
ing and analysis. Satellite data analysis
relies heavily on graphical displays of
the data because there are simply too
many measurements to examine in any
other way. The volume of data is typi-
cally 10 to 100 times that of conven-
tional oceanographic measurements,
and the computations to reduce the
data to a usable form or to obtain
simple quantitative information are
correspondingly large. As part of URIP
and NSCAT projects we have acquired
the basic building blocks for a network
of workstations dedicated to satellite
data analysis: two SUN Microsystems
color workstations with computation
speeds about five times greater than
that available on our shared computing
system. Both the Harvard and MIT
satellite groups have selected the same
brand of computer to facilitate soft-

A NASA map showing the Pacific Ocean seg-
ment of a global wind field map for Septem-
ber 6 to 8, 1978. The arrows point in the
direction the winds blow, with longer arrows
indicating greater wind speeds. For emphasis,
the wind speed is contoured and color coded.
Light winds {less than nine miles per hour) are
dark grays and strong winds (greater than 31
mph) are lighter grays. The continents are
black and the Antarctic pack ice is white.
Graber and Kelly have received funding to
compute winds over the Pacific and to gener-
ate wind stress maps for NSCAT, the next
generation scatterometer. Software develop-
ment on the SUN workstations is by Chris-
topher E. Dunn of the Ocean Engineering
Department.

ware development and the sharing of
data products. With better networking
capabilities we project an improved
flow of information between institu-
tions and between researchers using
various techniques to understand the
ocean.
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Global Ocean Flux:
An Overview

Peter G. Brewer and Michael P Bacon

The Global Ocean Flux Study (GOFS)
is one of the principal components of a
major federal initiative known as the
Global Geosciences Program, which
consists of separate but related
research efforts that ireat the earth as
an integrated system of global oceanic
and atmospheric circulations and as a
delicate and dynamic balance of bio-
geochemical fluxes that sustain life on
our planet. The overall goals of GOFS
are (1) to identify and quantify the
physical, chemical and biological pro-
cesses controlling biogeochemical
cydling in the ocean and their interac-
tion with the global atmosphere, and
(2) to understand the processes gov-
erning the production and fate of bio-
genic materials in the sea well enough
to predict their influences on, and
responses to, global scale perturba-
tions. There is a clear need for lounch-
ing such a program now because of
growing concerns over the impact of
biogeochemical and climatic changes
on global habitability.

Conception of a Global Ocean Flux
Study occurred in early 1984 ot o
meeting convened in Washington by
Institution Director John H. Steele under
the auspices of the Board of Ocean
Science and Policy of the National
Research Council. That meeting was
followed later in the year by a large
workshop attended by sixty-five prom-
inent marine scientists, eleven of them
from the Woods Hole Oceanographic
Institution, to review the conceptual
and technological advances that would
make GOFS feasible and to develop @
blueprint for the program. Since then
planning for the U.S. segment of GOFS
has proceeded under the guidance of
a steering committee, chaired by Peter
Brewer cgf the Institution’s Chemistry
Department, with support from the
National Science Foundation and the
Mational Aeronautics and Space
Administration.

GOFS planners have idenfified three
key strategies that need to be worked
out to meet the aims of the program.
The first is the use of satellites to sense
ocean color and from this to estimate
distributions of the phytoplankton from
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Top: A satellite oceon color image showing
the distribution of phytoplankton pigments in
the Morth Atlantic Oceon. Regions of high
pigment concentrations are colored yellow
end red and reflect periods of enhanced phyto-
plankton production. A pronounced band, rich
in phytoplankton, is evident across the entire
MNorth Atlantic; it is the spring "bloom™ seen
for the first time as a coherent feature ocross
the entire basin. Localized regions of high
productivity are olso evident in the MNaorth
Seq, clong the ice edge, the coostal upwell-
ing zones clong the coasts of northwest Africo
ond South America, White indicates cloud
cover, black no measurement. This image,
preduced from doto collected during May
1979 using the Coastal Zone Color Scanner
[CZCS) oboord the NASA Mimbus-7 satellite,
is the first time and space composite of phyto.
plankton distributions and abundances for an
entire oceon basin. Bottom: Mike Bacon (left)
and Peter Brawer,




which the biogenic fluxes are derived.
Only with satellites is it possible to
obtain global pictures with adequate
detail and at adequate frequency. An
example of the kind of picture that can
be obtained is shown in the figure
accompanying this article. The second
key element of GOFS strategy is the
correlation of the satellite images with
direct observations of upper ocean
chemistry and biology from ships and
instrumented buoys. It is foreseen that
this second requirement will stimulate @
number of advances in oceanographic
instrumentation that will allow serial
observations and sampling to be car-
ried out from unmanned platforms that
can be left unattended for long
periods of time. The third strategy is
the measurement of the rain rate of
biogenic debris to the ocean floor and
its relationship to the sediment accu-
mulation flux. Sediment traps for mea-
suring these fluxes directly have been
an extraordinary development in
recent years, largely spearheaded by
Susumu Honjo of the Institution’s Geol-
ogy and Geophysics Department. The
traps are now capable of recording
the flux of particles to the ocean floor
with two-week resolution over a year-
long deployment period and of return-
ing samples for sophisticated analyses.

These strategies will be superimposed
on the necessary physical template of
ocean heating, cooling, mixing and
transport processes that will be pro-
vided by programs such as the World
Ocean Circulation Experiment (WOCE)
and the Tropical Ocean Global Atmos-
phere (TOGA). implicit in all of this is
the ultimate objective of being able to
predict the global distribution of ocean
fluxes and their variations over time
from remotely sensed properties of
the sea surface. This is a major intel-
lectual challenge that will require the
continual development and testing of
sophisticated ocean models.

Considerable progress toward making
GOFS a redlity was achieved in 1986.
Planning for GOFS has reached the
stage where a coherent US. program
is nearing final form, and the first Joint
Global Ocean Flux Study (JGOFS)
meeting has just been held in Paris to
establish mechanisms for the interna-
tional cooperation that will be essential
for an undertaking of this magnitude.
The first GOFS cruises are scheduled
to begin in 1989

Shelley Lauzon

David A. Ross

One of the more exciting discoveries
of past decades was the detection of
the essentially world-encircling mid-
ocean ridges. The importance of these
features started to become evident
with the acceptance of the concept of
plate tectonics. The ocean ridges, or
spreading centers, are now known to
be part of an extremely complex sys-
tem where energy from deep within
the earth moves upward through the
lithosphere into the overlying ocean. In
doing so, it profoundly influences not
only the geology and geophysics of
the region but also the chemistry of
seawater, produces a unique bottom
fauna and may even be reflected in
some physical oceanographic
processes.

For the geologist and geophysicist,
understanding the ridge crest and
lithosphere is critical to learning about
the formation and evolution of the
ocean basin. It is at the ocean ridges
where the initial processes occur that
eventually determine the structure and
geophysical characteristics of about
three-fourths of the ocean floor.
Through seafloor spreading the mate-
rial formed and imprinted at these
ridges will slowly move outward, even-
tually forming the underlying crust of
the ocean basin and ultimately being
consumed at zones of subduction.

By studying the processes occurring at
the ocean ridges, we will be able to
understand and even predict much
about the characteristics of the
remaining parts of the ocean. Unfortu-
nately, understanding the processes
operating at the ridge is not a simple
matter; it is a complex environment
with rapid changes. Some of the pro-
cesses can be studied by now conven-
tional techniques such as submersibles,
deep-towed instruments or accurate
measurements of seafloor topography.
However, these observations and
measurements need to be augmented
by new technologies that allow more
direct observation. These techniques
will involve long-term observations
and experiments, perhaps with the use
of ocean bottom stations that could
monitor microearthquakes and
changes in hydrothermal circulation.
Other possibilities include the ARGO/
JASON system for detailed observa-
tion and sampling, advanced mapping
techniques, seismic tomography, bore-
hole seismology and hard rock drilling.
These observations will allow some
conjecture about the convective pro-
cesses operating under the ridge and
the presence, movement and shape of
magma bodies.

Further advances in understanding
ocean ridge processes await a combi-
nation of scientific skills and tech-
niques. These will involve a variety of
earth scientists bringing their knowl-
edge fo bear on ocean ridge and lith-
ospheric processes. Such an effort is
underway in a program called Geo-
dynamics. Described on the following
pages are some of the new techniques
and results.
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G Michael Purdy

Top: Mike Purdy. Bottom: Compilation of
young shallow igneous crust velocities from
laboratory sample measurements (open circles)
at the ‘classic’ drill sites on the Mid-Atlantic
Ridge (648B, 332 and 395A) and flanks of the
Galapagos spreading center (504B). Solid dots
are refraction velocity measurements: the bold
arrows indicate the two DETES-DOBH mea-
surements. The refraction velocities double
over the first few million years and are one-
third the laboratory sample values at zero age.

Progress in understanding the creation
and evolution of the oceanic litho-
sphere is limited by the lack of knowl-
edge concerning deep earth
processes. Important advances are
being made in the development of
models of mid-ocean ridges (see the
Geodynamics article by Dick, Schouten
and Whitehead in this report), but they
are poorly constrained by simple
observations of seafloor morphology,
variations in the geochemistry of the
extruded basaltic rocks, interpretations
of the geomagnetic field and infer-
ences from presumed fossil sections of
oceanic crust preserved on land
(ophiolites).

A clear need exists for direct observa-
tions of the deep earth that will deter-
mine thermal structure, physical
properties and chemical constitution
with sufficient precision that definitive
multi-component models can be sup-
ported or discounted. This need has
tueled considerable progress in the
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development of seismological tech-
niques for imaging the boundaries
within the oceanic lithosphere and for
mapping the lateral and vertical varia-
tions in velocity structure. Seismology
is, in fact, one of the very few available
geophysical techniques that provides
direct observations of the earth's inter-
ior. Our efforts at the Institution have
focused on the use of fixed ocean
bottom monitoring instruments to
record seismic energy that has propa-
gated through the earth's crust and
upper mantle from both natural (earth-
quake) and man made (explosive)
sources. The many objectives of this
research are closely related but the
brevity of this report requires their
arbitrary separation into the three
themes described below.

One of our long-term efforts is simply
to determine the constitution and evo-
lution of the oceanic crust itself. In the
past year or so exciting progress has
been made towards this objective.
Ironically one of the sections of oceanic
crust about which the least is known is
the uppermost several hundred meters
(one meter equals 3.28 feet) of the
volcanic section. The rough surface of
this random pile of heavily faulted
extrusive pillow lavas that constitutes
the uppermost surface of the crust
scatters and diffracts seismic energy.
The very large vertical velocity gra-
dients ( three to four kilometers/second
per kilometer of depth) that exist in the
uppermost sections refract the laterally
propagating energy so rapidly that it
has proven impossible to satisfactorily
determine the seismic structure using
conventional methods.

The development of the first effective
low-frequency deep-towed seismic
source by our group at Woods Hole
has radically changed this situation.
This new source allows us, for the first
time, to conduct a complete seismic
experiment on the ocean floor in water
depths as great as 5000 to 5500
meters (16,500 to 18,000 feef). By using
both fixed ocean bottom receiver and
ocean bottom sources we are able to
carry out precise on-bottom experi-
ments and produce direct and well-
constrained observations of the
uppermost few hundred meters of an
approximately one kilometer (approxi-
mately one-half mile) area of the
ocean floor. An important point is that
these on-bottom refraction experi-
ments, the first of which were con-




ducted on the Mid-Atlantic Ridge in the
summer of 1985 from the R/V Knorr,
allow structural determinations to be
made on a lateral scale consistent with
the seafloor structures observed with
submersibles, photography and side-
scan sonar.

Our first experiments have already
produced some intriguing results,
shown in Figure 1, but which are by no
means yet fully understood. This figure
combines data from laboratory sound
velocity measurements on basalts
recovered by drilling with other less
well-constrained refraction velocity
measurements and with the results of
three of our new on-bottom experi-
ments (denoted by the bold arrows).
These velocity measurements of the
uppermost oceanic crust, plotted
against age in millions of years, show
that the velocity af near zero age on
the scale of refraction measurements
(100 meters, or 330 feef) is one-third
that measured in the laboratory at the
scale of centimeters (2.54 centimeters
equals one inch). While on a small
scale no age dependency of velocity is
discernible during the first eight million
years, on the seismic scale the velocity
approximately doubles. No completely
satisfactory explanation exists for
these dramatic effects, but if we seek
one only in terms of large scale poros-
ity changes, then the inference is that
at zero age the uppermost crust has a
porosity of many tens of percent and
this porosity decreases by approxi-
mately fifteen percent during the first
several million years of crustal forma-
tion. A reasonable mechanism to
explain such a huge change in porosity
is yet to be found.

A second longstanding research theme
within our group has been the study of
the structure of active plate bounda-
ries, the emphasis of which has shifted
in recent years from fracture zones to
mid-ocean ridges. Our explosive seis-
mic refraction experiments on the Mid-
Atlantic Ridge have shown the
structurally segmented nature of the
mid-ocean ridge system, proving that
this segmentation, first recognized by
Institution colleagues from bathymetric
and geomagnetic data, is indeed a
fundamental property of the accretion
process and most probably defines the
extent of the individual volcanic centers
that feed the system with new material.
These observations, along with those
previously mentioned that prove sub-
stantial changes of structure with age,
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make clear that mid-ocean ridge sys-
tems are strongly heterogeneous in
three dimensions. However, seismic
experiments are typically carried out
along single profiles and are most
often only interpreted in two dimen-
sions. This inadequacy in techniques
has led us to the development and
adaptation of experiments and formal
travel time inversion methods that pro-
duce structural images in three dimen-
sions. This approach, commonly
described as tomography, will be
applied to the study of a magma
chamber beneath the East Pacific Rise
during a National Science Foundation-
tunded cruise in January 1988 (Figure
2). We are hoping that this experiment,
to be conducted in cooperation with
Sean Solomon of MIT, will produce a
complete image of the crustal accretion
process, defining for the first time the
shape of the magma body beneath the
rise crest and perhaps even something
of its internal structure. If successful,
this type of three-dimensional imaging
experiment will revolutionize our ability
to map earth structures beneath the
oceans. Several more steps are
needed before we can be completely
confident of this, however. Not only do
we need to prove our ability to collect
the data with sufficient accuracy, but
more computer modelling efforts are
required to quantify exactly the resolv-
ing power and uncertainties of the
resulting structural images.

The third area of ocean bottom seis-
mology that has seen major progress

Figure 2: A profile across the median valley
of the Mid-Atlantic Ridge near latitude 23°N
showing the interrelationships between sea-
floor topography, the inferred rupture plane
of a globally recorded earthquake, microearth-
quake foci (open circles) and the two-dimen-
sional velocity structure of the crust. Velocity
contours are annotated in kilometers per sec-
ond. (This figure is from Joint Program student
Douglas Toomey's Ph.D. thesis.)
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in recent years is the study of mid-
ocean ridge microearthquake activity.
This rich source of data on the faulting
mechanisms associated with crustal
accretion has long been underutilized
simply because of the use of inade-
quate and poorly positioned monitor-
ing arrays. However, we can now
deploy 10-12 instruments within a tec-
tonic framework that is sufficiently well
understood to ensure that the majority
of activity occurs within our array, thus
permitting the routine determination of
depths and locations of earthquakes
to better than a kilometer. In these
endeavors we will cooperate with
colleagues from MIT and have recently,
through the work of MIT/WHOI Joint
Program student Douglas Toomey,
made major progress in unravelling
the mysteries of the Mid-Atlantic Ridge.
Earthquake data alone can be disap-
pointing in its ability to improve under-
standing, but when brought together
with other geophysical parameters,
can result in significant leaps in com-
prehension. A prime example is given
in Figure 3, from Toomey’s Ph.D. thesis,
showing an east-west cross-section of
the Mid-Atlantic Ridge median valley
near latitude 23°N. This shows how, for
the first time, a specific relationship can
be suggested between the topography
of the valley itself, the inferred fault
plane of a large globally recorded
earthquake, and the microearthquake
epicenters. The understanding of these
relationships is the key to learning how
a mid-ocean ridge operates.

Shelley Lavzon

Ralph A. Stephen

Top: Ralph Stephen. Bottom, Figure 1: Sche-
matic diagram of an oblique seismic experi-
ment (OSE) over oceanic crust. In an oblique
seismic experiment, a three-component bore-
hole seisometer is clamped in the open hole
at a fixed depth and shots are fired at the
surface at a number of azimuths out to ranges
of twelve kilometers (7.5 miles) or more.

Since the model of vertical velocity
gradients replaced that of thick homo-
geneous layers for oceanic crustal
structure in the mid-1970s, the trend in
marine seismology has been towards
more detailed seismic analysis of fine-
scale structure. This trend has been
motivated by a desire to understand
oceanic crustal processes such as
crustal formation, hydrothermal circu-
lation and geochemical alteration, and
by a desire to correlate field observa-
tions of ophiolites, well logging results
and deep-sea core and dredge sam-
ple analyses with the gross in situ
structure of oceanic crust. A number of
intermediate issues have arisen. These
include questions of scale, structural
refinement, lateral variability, aniso-
tropy and porosity. It is important to
keep these issues in mind when
addressing both the fundamental geo-
logical and geophysical processes and
the seismic data interpretation.

E. Paul Oberlander
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The scales involved in the study of
oceanic crustal structure range from
detailed, even microscopic, andlysis of
hand sample specimens (less than 1.0
millimeter) to seismic refraction experi-
ments over tens of kilometers. Scale
must be considered when comparing
results of different techniques and
even in the same experiment, structures
of different scales may affect different
observations. For example, in the inter-
pretation of a seismic refraction line,
travel times reflect the structure along
the whole ray path (approximately tens
of kilometers) but the amplitude of a
particular arrival is sensitive to finer
scale topography and lateral variabi-
lity in the region of the source and
receiver (about hundreds of meters).

The importance of structural refine-
ment in interpreting oceanic crustal
structure has recently been empha-
sized. Areas that would have been
collectively referred to as “normal”
oceanic crust twenty years ago are
presently divided into ridge, trench,
fracture zone and “normal” oceanic
crust. With the postulated “zero offset”
fracture zones “anomalous” structure
may occur every ten kilometers (six
miles) and the meaning of “norma
oceanic crust in a seismic refraction
context becomes nebulous.

III

Lateral variability is an issue on alll
length scales. It is frequently ignored
because it is easier fo conceive of pur-
ely depth dependent variations. In
some techniques, such as seismology,
the theoretical problem is considerably
simplified by assuming lateral homo-
geneity. If lateral heterogeneity occurs
over distances which are large com-
pared to a seismic wavelength
(approximately 500 meters, or 1500
feet), the effect is to merely bend ray
paths. However, if the heterogeneity
occurs over distances on the order of
a wavelength, anomalous amplitudes
and attenuation due to scattering will
occur. If the variation occurs over dis-
tances much less than a wavelength
the medium can be represented by
composite elastic properties. The most
obvious violation of lateral homogene-
ity in the deep sea environment occurs
at the top of igneous basement, the
basalt-sediment or water interface,
which is frequently assumed flat
although it is notoriously rough on alll
length scales from millimeters to
kilometers.

Anisotropy is frequently avoided
because of its complexity. In a seismic
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context, general anisotropy requires
twenty-one elastic constants to express
the elastic behavior at every point in a
medium (which is not homogeneous)
instead of only two elastic constants
which are required to interpret an
isotropic structure. It is not surprising
that seismologists prefer to disregard
anisotropy if possible, but structural
geologists, sedimentologists and
petrologists regard anisotropy as a
fundamental property of oceanic crus-
tal rocks.

Porosity of oceanic crust is the most
important unknown parameter in oce-
anic crustal studies. (In this discussion
porosity refers to all void space in a
rock and includes fissures, cracks and
inclusions)) It affects all crustal meas-
urements and processes. In correlating
petrology to crustal structure by veloc-
ity analysis some assumption about
porosity is essential. It is clearly impor-
tant in upper oceanic crust (approxi-
mately 500 meters, or 1650 feet) where
porosity typically reaches twenty per-
cent, but the depth at which it is negligi-
ble is unknown. Some heat flow
arguments require hydrothermal circu-
lation and significant permeability and
porosity throughout the crust. The
problem is further complicated by the
aspect ratio distribution of the voids
which have a strong effect on both the
permeability and seismic velocity.

S0°
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Figure 2: The locations of the three borehole
seismic experiments conducted to date.
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These five issues are significant
because each includes many unan-
swered questions, some of which can
only be solved by innovative data col-
lection, analysis and interpretation
techniques. Borehole seismic experi-
ments provide insights into these
problems.

Borehole receiver experiments, or
oblique seismic experiments (OSE),
which use clamped borehole geo-
phones as receivers, have a number of
advantages over conventional seismic
refraction techniques which use ocean
bottom seismometers, ocean bottom
hydrophones or sonobuoys:

1. Conventional techniques do not
obtain the same degree of lateral
resolution as the OSE.

2. The OSE does not rely on the
presence of reflecting or refract-
ing horizons in order to obtain a
velocity determination.

3. Conventional refraction experi-

ments cannot detect low velocity
zones. The OSE can.

4. Travel times in the OSE are less
sensitive to the basement topog-
raphy correction than travel times
in conventional refraction experi-
ments.
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5. Proper attenuation measurements
in oceanic crust can be made with
the OSE by comparing amplitudes.

6. When the receiver is clamped to
the rock wall of the borehole it
has better coupling than an ocean
bottom receiver which has fallen
more or less randomly into the
seabed.

The large-scale simplicity of oceanic
crustal structure models, mostly
defined by seismic refraction experi-
ments, led early investigators to
sweeping, general models of plate
tectonics, seafloor spreading, and
internal composition and petrology.
On the scale of tens to hundreds of
kilometers, the approximations of lat-
eral homogeneity and isotropy
seemed perfectly valid in the sense
that it was not necessary to invoke
lateral heterogeneity or anisotropy to
explain the seismic observations. Over
the past decade there has been a
trend, largely a result of our deep sea
drilling capability and detailed studies
of ophiolites, towards smaller scale
observations and processes (e.g.,
hydrothermal circulation, geochemical
processes, shallow crustal structure).
Although there is some evidence that
seismic structure remains simple down
to the kilometer scale, there is over-
whelming evidence that on the scale of
hundreds of meters and less the struc-
ture becomes significantly more com-
plicated. In order to study this structure
seismically, more innovatve field tech-
niques and data reduction and inter-
pretation procedures must be
developed. Direct observation by
camera systems, diving submersibles
and drilling reveals the basement inter-
face as rough on length scales from
millimeters to kilometers with signifi-
cant lateral changes in structure and
preferred orientations. At normal seis-

mic frequencies the processes of

mode-conversion and scattering from
the lateral heterogeneities and the
effects of anisotropy become
significant.

Borehole seismic experiments have
improved our knowledge of upper
oceanic crust by providing accurate in
situ velocities at seismic frequencies,
measures of lateral heterogeneity on
the scale of kilometers, and evidence
for seismic anisotropy due to preferred
fracture orientation.
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Deborah K. Smith and Peter R. Shaw

Topographic features of the seafloor
are the surface expression of pro-
cesses occurring within the earth's
interior. If it were possible to drain the
ocean basins so that the topography
could be observed directly, spatial and
temporal relationships between fea-
tures would reveal much about the
processes controlling oceanic vulcan-
ism and plate evolution. Except for
brief excursions to the ocean bottom in
manned submersibles, however, the
seafloor remains hidden from view,
and its topography must be inferred
from data collected by remote sensing
instruments on satellites and deployed
from surface ships. In fact, the ocean is
such an effective barrier in concealing
the bottom that small-scale topo-
graphic relief found on the surface of
some of the other planets is better
known than that found on our planet’s
seafloor.

Maps of seafloor topography con-
structed from bathymetric data col-
lected by conventional wide-beam
echosounders in the 1950s and 1960s
(Figure 1) were an integral part in the
development of the ideas which led to
the theory of plate tectonics. Once this
theory was advanced, oceanic surveys
focused mainly on features relating to
large-scale tectonic processes such as
mid-ocean ridges, subduction zones,

hot spot traces, and major fracture
zones. Such studies have dramatically
increased our understanding of sea-
floor processes.

It is convenient to divide seafloor
topography into two categories: the
relief created at or very near mid-
ocean ridges, and that generated
away from the ridge. Along the ridge
axis oceanic crust is accreted, and the
newly formed lithosphere is faulted to
form abyssal hill topography elon-
gated in a direction paraliel to the
ridge. Transform faults divide the ridge
and its associated topography into
segments juxtaposing lithosphere of
ditferent ages. These faults propagate
outwards from the ridge as fracture
zone scars which run parallel to the
local spreading direction. The regular
fault-block topography created at the
ridge can be altered in various ways.
For example, oceanic vulcanism which
gives rise to the numerous isolated
seamounts observed both near and
away from the ridge, and the oceanic
vulcanism which forms large hot-spot
traces such as Hawaii, overprint and
mask the pre-existing topography. In
addition, sediments begin to accumu-
late and smooth and subdue the topo-
graphic relief as the lithosphere moves
away from the spreading center.
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Figure 1: Wide-beam profile record collected
on Deep Sea Drilling Project Leg 55 between
San Diego and Honolulu. The vertical scale is
750 meters from top to bottom. Notice the
two seamounts recorded on the echogram.
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Fine-scale studies of seafloor topogro-
phy became possible with the develop-
ment of multi-beam and side-scanning
sonar systems such as Sea Beam,
GLORIA and SeaMare Il (Figure 2).
These systems provide a high resolu-
tion areal view of the seafloor, and
have revealed many details not appar-
ent on the one-dimensional wide-beam
profiles. Sea Beam swath datg, for
example, collected over the mid-ocean
ridges have substantially clarified our
views of crustal accretion and the for-
mation of oceanic lithosphere. Sea
Beam surveys of the mid-ocean ridges
have shown that ridge-crest segments
are not necessarily continuous
between transform faults as once
thought, but that the ridge oxis is offset
by many different types of discontinui-
ties (e.g., overlapping spreading
centers and propagating rifts).
Recent studies have focused on statisti-
cal modelling of seafloor topography,
and methods have been developed
which use multi-beam digital deta to
estimate properties of seafloor topog-
raphy such as roughness, abyssal hill
elongation directions, and asymmetry
in the shape of abyssal hills. One such
method involves the use of topo-
graphic slopes for choracterizing seo-
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floor properties. Normal vectors to
small patches of seafloor are com-
puted in a region and compiled into
two-dimensional histograms (Figure 3).
Parameters estimated from these
slope histograms are found to vary
geographically, and variations can be
correlated to geologic variables such
as spreading rate and age of the litho-
sphere. Simple statistical models of
seafloor morphology based on the
data are widely applicable. They can
be used to predict topography in
poorly surveyed portions of the
oceans, and they provide important
information on dynamic earth
processes.

Sholley Louron
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Figure 2 [top left): Sea Beam swath collected
in the northeastern Pacific ccross o small sea-
mount is shown in o plan view (left) and o
three-dimensional view [right]. Notice how
much more information is ovailoble from the
multi-beam swath when compared to the wide-
beam profile in Figure 1. Figure 3 (top right):
Example of how normal vectars to the topog-
raphy are caleulated for small potches of sea-
flocr. Bottom: Peter Show and Debarah Smith,
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Henry JB. Dick, Hans Schouten and
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Top: Henry Dick. Middle: Hans Schouten
(seated) and Jack Whitehead. Bottom, Fig-
ure 1: Rayleigh-Taylor instability of a hori-
zontal line of water/glycerine mixture in a
bath of denser pure glycerine. In the top
photo the line has been formed by moving an
injector from right to left. In the bottom photo
the line has developed numerous protrusions.
The spacing of the protrusions is a function of
the diameter of the original line and the vis-
cosities of the two fluids.

Geodynamics is the study of geology
from a dynamic viewpoint, with an
emphasis on understanding mecha-
nism and process rather than on simple
observation. The Institution’s Geodyn-
amics Program is investigating the
formation of the ocean lithosphere, the
product of the separation of the earth’s
great tectonic plates and the upwelling
and melting of the mantle between
them at the ocean ridges.

Due to the length of the geologic time
scale (seafloor spreading occurs at
about the same speed as the growth
of your thumbnail), marine geologists
are fundamentally limited by not
observing this process in motion. The
data they collect effectively represents
an instantaneous snapshot of a
dynamic earth. Marine geophysicists,
petrologists and geochemists have
worked inductively, trying to infer the
general principles and mechanisms
which underly the formation of the
lithosphere from these observations.
The discipline of fluid dynamics, how-
ever, is concerned with dynamic tran-
sient equilibria and disequilibria, as
opposed to the stable equilibrium pro-
cesses to which earth scientists mainly
appeal. Such a mode of thinking is
particularly helpful in understanding
geologic processes occurring af ocean
ridges.

We have capitalized on the Institution’s
unique strength in fluid dynamics in the
Physical Oceanography Department

and its expertise in igneous petrology
and geophysics o create a synergistic
approach to analysis of the ocean
crust. An exciting result has been a
series of papers in which we have
been able to present a three-dimen-
sional model for the segregation of
magma from the mantle and the for-
mation of the ocean crust. Until
recently, this was viewed as a simple
two-dimensional process, with melt
segregating from the mantle ascending
beneath ocean ridges, rising uniformly
upwards to feed a continuous magma
chamber in the overlying crust, and
erupting to the surface as lava. Since
the ocean ridges are undergoing con-
tinuous extension, this was believed to
create a simple layer cake crust, with
coarse plutonic rocks crystallized from
the magma chambers overlying the
mantle at depth and an intermediate
level of sheeted dikes which provided
conduits for magmas to erupt to form
a thin layer on the sea floor:

Our new model is based on applica-
tion of a simple fluid dynamic principle
to explain a series of new observations
on the nature of rocks dredged from
the ocean ridges, on the regularity with
which ocean ridges are segmented by
periodically spaced fracture zones
and lows along their length, and on
new evidence for a dramatic thinning
of the crust at these locations.

We were initially stimulated by the
need fo explain some startling conclu-
sions from an extensive study by Dick,
an igneous petrologist, of abyssal
peridotites from oceanic fracture
zones. These rocks are believed to be
the residues of the mantle melting
beneath ocean ridges which produces
the effusive basaltic lavas erupted
there. Along the extremely slow
spreading ocean ridge system that
surrounds Antarctice, which we have
been systematically exploring for the
last ten years, thousands of square
kilometers of the sea floor in the vicinity
of the fracture zones are paved largely
with such peridotites, covered over by
only occasional basalt flows. Since the
peridotites have undergone a high
degre of melting, and the melt was not
trapped in the peridotite, the perido-
tites should not be exposed at all.

Rather, they should be covered by a
thick layer of basaltic magma
squeezed out of the peridotite during
melting. Since the areal extent of
exposed peridotite is far too large to
explain as the result of any known
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asthenosphere

tectonic process, the basalt produced
by melting of the peridotite has erupted
elsewhere, most likley some distance
from the fracture zone area dlong the
adjacent ocean ridge segment. This
required that magma produced by
melting of the peridotite beneath the
fracture zone drain laterally through
the mantle to a volcanic center beneath
an adjacent ridge segment, rather than
rising vertically through the ascending
mantle. Since the melt is lighter than the
mantle in which it forms, intuitively you
would expect the melt to drain straight
upwards, not flow sideways.

Whitehead, the physical oceanogra-
pher among us, pointed out that this
actually conformed to a fundamentdl
fluid dynamic principle: Rayleigh Taylor
Instability. This principle is illustrated in
Figure 1, where a line of light fluid has
been injected horizontally into a denser
more viscous fluid. As expected, the
line floats upwards due to its lower
density, but at the same time it also
goes unstable. Small protrusions
develop at evenly-spaced instability
points, into which the fluid from the line
drains. Eventually most of the fluid
ascends in upward floating drops to
the surface from the instability points.
The partially molten mantle ascending
between two diverging lithospheric
plates is, in effect, precisely such a
situation, giving rise to the simple intu-
itive model shown in Figure 2. This
model explains why magmas do not
flow uniformly up through the mantle
to the base of the crust beneath ocean
ridges, segregating instead at depth

crust

depleted
mantle

undepleted
mantle

and erupting at regularly-spaced vol-
canic centers.

This effort coincided with the work of
Schouten, a geophysicist, who had
been working on the segmentation of
ocean ridges by fracture zones. Care-
ful examination shows that the ocean
ridges consist of individual spreading
segments. The break between seg-
ments may be an offset at a fracture
zone or a depression along the ridge
axis. Another Institution colleague,
Robert Ballard, and French scientist
Jean Francheteau have shown that
each such segment is also defined by a
volcanic high or eruptive center
located near its midpoint. These seg-
ments and their volcanic highs are very
regularly spaced along the ocean
ridges, a spacing which we have found
to be consistent with the numerical
predictions of the fluid dynamic model
used to explain the distribution of the
peridotites.

We have thus been able to construct
an extraordinarily detailed model
emphasizing the three-dimensional
variability of the ocean crust and litho-
sphere (Figure 3). In this model, ocean
ridge volcanism is regarded as similar
to that occurring in island arcs, with the
ridges marked by strings of regularly-
spaced volcanic centers overlying
similarly-spaced instability points in the
athenosphere. As a consequence of
spreading, however, the magmatic
centers are undergoing continuous
extension and large volcanic edifices,
such as island arc volcanos, are not
constructed. Instead, ribbons of basal-
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Figure 2: A sketch of a possible three-dimen-
sional flow beneath spreading centers. As man-
tle material rises above a certain level it
passes through a zone in which partial melt
forms. Due to its lower viscosity and density,
the partial melt zone develops a gravitational
instability leading to regularly spaced con-
centrations of melt which rise to the surface
to form crustal magma chambers.

tic crust are formed pardllel to the
spreading direction centered on the
individual volcanic centers. Where the
magma supply is attenuated, as at the
very slow spreading centers, these
crustal ribbons may fail to overlap,
leaving large infervening strips of
exposed mantle.

When the ocean ridges are viewed
from this new framework, we have
found that previously inexplicable fea-
tures of the sea floor make sense. One
such feature are V-shaped topo-
graphic trends centered on the ocean
ridges. These ridges often seem to
consist of chains of small volcanos or
seamounts originating at a magmatic
center located at the ridge axis. Their
orientation, however, is oblique rather
than parallel to the spreading direction,
in apparent contradiction to the model
which we have just related. A key point,
however, is that that magmatic centers
in our model are rooted in the instabil-
ity points in the underlying athenos-
phere, not in the lithosphere. If the
lithosphere is migrating over the athen-
osphere, then the volcanic centers may
be forced to migrate systematically
with time long the ridge axis, with the
instability points in the overidden ath-
enosphere. This would cause each new
seamount formed on the ridge axis to
form some distance down the ridge
from the last one, which with the con-
tinuous spreading would produce a
V-shaped volcanic ridge originating at
the present day location of the mag-
matic center above the instability point
in the athenosphere.
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Figure 3: A geclogically more reclistic model
of segmented spreading centers and the way
they may be fed by the instability in the lower
maontle.
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If this model is correct, it has significant
implications for the motions of the
mantle. Around the earth there are
great chains of ocean islands, such as
the Emperor Seamount Chain which
originates with the island of Hawaii in
the Pacdific, which are systematically
oriented with relation to each other
and whose origin appear to be unre-
lated to the ocean ridges. Geophysicist
Jason Morgan of Princeton University
suggested that these were the result of
volcanic centers located above plumes
of mantle material originating in a
fixed deep mantle reference frame.
This “framework’ has since been
widely used as the reference frame for
the motions of the lithospheric plates
related to sea floor spreading. What
this extension of our mode! implies,
however, is that the “deep” mantle
reference frame of Morgan actually
extends to the base of the lithosphere -
to within roughly one hundred kilome-
ters (62 miles) of the earth’s surface.
The test of this hypothesis is whether or
not the V-shaped trends can be ratio-
nalized to the absolute motions of the
ocean ridges over Morgan’s mantle
reference frame. We have found that
such a test fits predicted V-shaped
trends fo those observed remarkably
well. This is a very exciting result, but
must be regarded as preliminary since
the number of well-documented V-
shaped trends in the rift mountains of
the ocean ridges is still small. These
results do, however, pose an exciting
possibility which commands more
detailed exploration of the seafloor
topography away from the axes of the
ridges, where most of the high quality
bathymetric data has been collected to
date.

Dana R. Yoerger and Jules S. Jaffe

New technology for exploration of the
sea floor is being produced at the
Deep Submergence Laboratory in the
Institution’s Ocean Engineering
Department through a program of
engineering research, development
and field operations. The goals of
these programs are to permit scientists
to study the sea floor more efficiently
and to perform tasks that are not sup-
ported by current technology. The
cornerstone of these efforts is the
ARGO/JASON system, a complimen-
tary set of remotely operated vehicles
(ROVs).

The ARGO vehicle is designed to pro-
vide scientists on the surface with
simultaneous optical and acoustic real-
time electronic images. While ARGO
continues to evolve, it is an operational
system and has been used on the
R.M.S. Titanic discovery cruise and on
the ARGORISE geology expedition to
the East Pacific Rise in 1985.

JASON will be utilized after ARGO
has located and surveyed items of
interest. Capabilities will include close-
up imaging and manipulators to permit
sampling and to operate or recover
instruments. JASON's movements will
be coordinated with its cameras and
manipulators by a supervisory control
system, permitting systematic detailed
survey, inspection and dexterous
manipulation. The JASON program
includes engineering research utilizing
a shallow water test bed vehicle. The
development effort has also been
supplemented by other projects,
including the development of JASON
JR., a small remotely operated vehicle
which is used as a maneuverable
imaging platform from another sub-
mersible. JASON JR. and the Institu-
tion's manned submersible ALVIN
surveyed the wreck of the Tifanic in
1986.

The ARGO/JASON project relies on
engineering research efforts in areas
where system requirements exceed the
current state-of-the-art. Specific areas
include imaging and image processing,
the dynamics and control of ARGO,
and the telerobotic control system for
JASON and its manipulators.
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Top: Dana Yoerger. Middle: Jules Jaffe. Bot-
tom: Prototype vehicle JASON JIR. photo-
graphed by DSV Alvin on the deck of RM.S.
Titanic in July 1986.
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Sensing and processing of visual and
sonar images offer new research fron-
tiers which will aid deep ocean explo-
ration. In order to maximize the
performance of an imaging system,
sensors must be designed with a
knowledge of the effect of environ-
mental variables. In the visual domain,
we have created a system of computer
programs entitled UNCLES (Under-
water Camera Light Experiment Sys-
tem) which simulates the underwater
propagation of light. Systematic explo-
ration of various lighting system geo-
metries has allowed us to design
camera/lighting systems which mini-
mize the backscatter component. With
the application of digital image pro-
cessing techniques to the images pro-
duced by an underwater viewing
system, useful images can now be
obtained at greater distances and with
better resolution than were previously
possible.

Three-dimensional sonar sensing of
underwater images is also under
investigation. An innovative technique
which permits the simultaneous trans-
mission and reception of multiple
beams has been developed and will
allow us to generate three-dimensional
sonar images at video rates. This will
be of great value in situations where
visibility is impaired.

The dynamics of vehicles towed at
great depth are being studied to make
ARGO a better sensor platform and to
permit ARGO to hold station while
JASON is deployed. The program
includes a modelling effort using new
techniques for analyzing the dynamics
of the vehicle and its cable and an
experimental program to verify such
models at sea. The results of this effort
will contribute directly to ARGO/
JASON, but will also provide valuable
insight for related efforts such as
deployment and recovery of instru-
ments on the sea floor and borehole
reentry. From the perspective of the
scientific user, this work will produce
more capable and reliable towed
vehicles.

A research program in telerobotics
will make JASON and similar under-
water robots more effective and easier
to use. Using supervisory control tech-
niques, scientists at the surface will be
able to specify the movements of the
remote vehicle or its manipulator arms
through several different types of
interfaces. A computer control system
will execute those commands, dealing

Thomas Kleindinst

with the complex dynamics of the vehi-
cle and the manipulators and the dis-
turbance forces and providing the
scientists with feedback. The purpose
of the computer control system will not
be to make the remote vehicle and
manipulators autonomous, but rather
to provide more capability and to
prlesenf simpler dynamics to the human
pilot.

Telerobotics will offer the scientific user
capabilities not available today. Preci-
sion navigation and control will permit
highly structured observations, which
may be used to produce high-quality
mosaics when combined with the types
of electronic imaging developed for
ARGOQ. Precise, coordinated control of
both vehicle and manipulators will
allow tasks to be performed without
landing on the sea floor, improving
efficiency in sampling. Finally, proper
automatic control of interaction forces
between a manipulator and the remote
environment will allow complex tasks
to be performed, including operation
and servicing of instruments, scientific
sampling and salvage.

The results of the application of
image processing techniques to a
Titanic cruise video image. The
sequence is the original image
(top), equalizing the image con-
trast (lower left) and then apply-
ing a resolution enhancement fil-
ter (lower right).




1986 Ded

Recipients

Massachusetts Institute of
Technology/Woods Hole
Oceanographic Institution
Joint Program in
Oceanography/Oceano-
graphic Engineering

Doctor of Philosophy

VERNON L. ASPER

B.A. Messiah College

M.S. University of Hawaii
Special Field: Marine Geology
Dissertation: Accelerated
Settling of Particulate Matter
by Marine Snow’ Aggregates

PATRICIA M. BIESIOT

B.S., M.S. Bowling Green
University

Special Field: Biological
Oceanography

Dissertation: Changes in Mid-
gut Gland Morphology and
Digestive Enzyme Activities
Associated with Development
in Early Stages of the American
Lobster Homarus americanus

BRIAN J. BINDER

S.B. Massachusetts Institute of
Technology

Special Field: Biological
Oceanography

Dissertation: The Physiology of
Dormancy and Germination in
Cysts of the Marine Dinofla-
gellate Scrippsiella Trochoidea

BRUCE J. BROWNAWELL

B.S. Depaul University

Special Field: Chemical
Oceanography

Dissertation: The Role of Col-
loidal Organic Matter in the
Marine Geochemistry of PCBs

KENNETH O. BUESSELER
B.A. University of California,
San Diego

Special Field: Chemical
Oceanography
Dissertation: Plutonium Iso-
topes in the North Atlantic

JOSHUA K. HOYT

S.B., M.S. Massachusetts
Institute of Technology
Special Field: Oceanographic
Engineering

Dissertation: The Flying Fish,
An Untethered Oceano-
graphic Sensor Platform with
Acoustic Homing Capability

ANN P MCNICHOL

B.S. Trinity College

Special Field: Chemical
Oceanography

Dissertation: A Study of the
Remineralization of Organic
Carbon in Nearshore Sedi-
ments Using Carbon Isofopes

BORIS MORO

B.A. University of Zagreb,
Yugoslavia

M.A, State University of New
York, Stony Brook

Special Field: Physical
Oceanography

Dissertation: Analysis of
Certain Inviscid Flows on

the Beta-Plane

GLEN T. SHEN

S.B. Massachusetts Institute of
Technology

Special Field: Chemical
Oceanography

Dissertation: Lead and Cad-
mium Geochemistry of Corals:
Reconstruction of Historic
Perturbations in the Upper
Ocean

ARTHUR J. SPIVACK

S.B. Massachusetts Institute of
Technology

Special Field: Chemical
Oceanography

Dissertation: Boron Isotope
Geochemistry

STEPHEN A. SWIFT

B.A. Dartmouth College
Special Field: Marine Geology
Dissertation: Cenozoic Geol-
ogy of the Continental Slope
and Rise off Western Nova
Scotia

Part of the Information Processing and Com-
munications Laboratory’s (IPCL) facilities in
Clark Laboratory. IPCL is one of eight labora-
tories in the Ocean Engineering Department

Doctor of Sclence

YEHUDA AGNON

B.Sc., M.Sc. Hebrew University,
Israel

Special Field: Oceanographic
Engineering

Dissertation: Nonlinear
Diffraction of Ocean

Gravity Waves

MICHAEL S. BRUNO

B.S. New Jersey Institute of
Technology

M.S. University of Californig,
Berkeley

Special Field: Oceanographic
Engineering

Dissertation: A Coupled
Hydrodynamic and Ice Floe
Movement Model

JOHN J. POLCARI

B.S. United States Naval
Academy

M.S. Massachusetts Institute of
Technology

Special Field: Oceanographic
Engineering

Dissertation: Acoustic Mode
Coherence in the Arctic Ocean

PETER J. STEIN

B.S. Massachusetts Institute of
Technology

Special Field: Oceanographic
Engineering

Dissertation: Acoustic Mono-
pole in a Floating Ice Plate

MICHAEL S. WENGROVITZ
B.S.E.E. University of Virginia
MS.EE. Southern Methodist
University

Special Field: Oceanographic
Engineering

Dissertation: The Hilbert-
Hankel Transform and Its
Application to Shallow Water
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Charles D. Hollister

We were busy in 1986 developing the
Ocean Ventures Fund for MIT/ WHOI
Joint Program students and other
young investigators just getting started
in their careers. Most of our research
at the Woods Hole Oceanographic
Institution is funded by federal agen-
cies, which are traditionally conserva-
tive and may take a year or more to
approve a research proposal. Such a
funding climate discourages risk-taking
and innovation, especially by young
and unproven scientists.

The Ocean Ventures Fund was created
in response fo the frustrating status
quo, our need for more financial sup-
port in the Education budget, and a
strong belief that our young scientists
should be allowed to take chances in
following their curiosity. These budding
scientists bring a fresh, unbiased
approach and a willingness to question
the long accepted. The Fund gives
students direct access fo private money
which previously was available only to
established scientists. The Fund also
strives to review proposals quickly,
allowing a fast and timely funding
response fo unpredictable events, such
as a volcanic eruption or earthquake.

Another Success Story:

A growing concern is the Joint Pro-
gram’s small applicant pool which
reflects a national trend of fewer
undergraduates opting for careers in
science and engineering. In an effort to
reverse this trend the Office of Naval
Research this year approved a grant
for a workshop proposed by the MIT/
WHOI Joint Program and the Univer-
sity of Washington. The workshop,
scheduled for the summers of 1987 and
1988, is designed to bring undergradu-
ate science and engineering profes-
sors up-to-date on oceanography and
oceanographic engineering. Our hope
is that the professors will spread the
word about the excitement of ocea-
nography to their students.

Shelley Lauzon

Thirteen doctoral degrees were
awarded in 1986 to graduates of the
MIT/WHOI Jaint Graduate Program,
bringing the total number of degrees
awarded since 1968 to 192 (Ph.D. ~ 149,
Sc.D - 19, Engineer - 21, and WHOI
PhD. - 3}

Twenty Summer Student Fellows were
selected from 271 applicants repre-
senting more than 100 colleges and
universities in the U.S. and abroad. The
Fellows spent their twelve-week
research programs working with sci-
entific staff representing all five
departments.

Top: Joint Program student Sara Bennett dis-
cusses her research with fellow student Mark
McCaffrey (partly hidden} and Dean Hollister.
Bottom: A Summer Student Fellow studies bio-
logical samples.
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Top: Alvin’s new appearance following a five-
month overhaul in early 1986. Bottom: New
Associates view trays of aplysia (sea slugs)
being cultivated at the Environmental Systems
Laboratory for biomedical research.

A major overhaul of DSV Alvins pro-
pulsion and electrical systems was
undertaken during the winter months to
provide better maneuverability and
additional power and lighting to meet
scientific needs. The sub’s hydraulic
propulsion system, with a large stern
and two small side lift propellers, was
replaced with six direct drive electric
thrusters. Numerous other improve-
ments were made to the sub’s operat-
ing systems during the five-month
overhaul. Alvin and Atlantis I returned
to service in May.

Former Director Paul M. Fye and
Senior Scientist Robert D. Ballard
played major roles in the development
of the Living Seas Pavilion at Walt
Disney World's EPCOT Center, which
opened in January. Other Institution
staff provided technical assistance
during the exhibit’s development.

“Planet Earth,” a seven-part PBS series
featuring Alvin and several Institution
scientists, premiered 22 January.
WHOI provided film footage and con-
siderable resource material, and many
staff were interviewed for the project.

Social Scientist James M. Broadus I
became Director of the Marine Policy
Center 3 February, succeeding Paul M.
Fye who had served as Acting Direc-
tor since April 1985 when David A.
Ross resigned to assume the chair-
manship of the Geology and Geophy-
sics Depariment. Broadus is
well-known for his research on the
economics of marine minerals and
seabed mining.

Five endowed J. Seward Johnson
Chairs in Oceanography, one for each
of the scientific departments, were
established to advance the Institution’s
graduate education programs. John
M. Teal (Biology), Edward R. Sholkovitz
(Chemistry), Brian E. Tucholke (Geology
and Geophysics), George V. Frisk
(Ocean Engineering) and Michael S.
McCartney (Physical Oceanography)
will coordinate the departmental edu-
cation programs in conjunction with the
Institution’s Education Council. The
chairs are named for long-time WHOI
benefactor, the late J. Seward Johnson,
who was committed to improving
graduate education in oceanography.
Each chair is awarded for a three-year
term with a possible single renewal for
an additional three years and provides
up to six months of salary support
each year.

The Atlantic slave trade was the topic
of Black History Month activities in
February cosponsored by the Institu-
tion and other Woods Hole scientific
laboratories. A series of lectures and
the annual harambee, or ethnic feast,
attracted several hundred members of
the community.

More than 60 women attended the
annual Women's Dinner 26 February at
Fenno House.

Tracy Goldsmith was awarded the
Institution’s sixth $1,000 college schol-
arship 15 March as the overall winner
of the Falmouth Science Fair for her
project on the water budget of Fal-
mouth's Long Pond. Many staff
members served as judges.

Routine maintenance and upgrading
on R/V Atlantis Il was completed in
late March. Additional bunk space for
four scientists, for a total of 19 science
berths, was incorporated into the
former electronics laboratory. A
Global Positioning System (GPS) for
precision navigation and a commercial
communications system, INMARSAT,
with teletype and high quality voice
communication, were installed on the
ship. Other maintenance and upgrad-
ing included overhaul of the bow
thruster, ship's service generator, steer-
ing system, main engines and air con-
ditioning system.

Controller Gary B. Walker was named
Assistant Director for Finance and
Administration 1 April, succeeding
Joseph Kiebala, Jr, who retired after
ten years of service to the Institution,

Two hundred-sixty attended the Asso-
ciates Dinner 9 April at the Museum of
Science in Boston, and 130 gathered 15
April ot the New York Yacht Club.
Senior Scientist Robert D. Ballard of the
Ocean Engineering Department spoke
on “Titanic Operation: The Beginning
of a New Era in Underwater Explora-
tion” at both dinners.

The biannual WHO! Golf Classic was
held 3 May and 18 October at the Otis
Golf Course, with more than 40
employees participating in each
tournament.

More than 80 participated in New
Associates Day 23 May. Tours of labo-
ratories, the dock area and R/V Knorr
and several scientific lectures on Insti-
tution research programs were
offered.
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The Department of Defense’s Univer-
sity Research Initiative Program (URIP)
awarded the Institution $12,614,250 in
block funding for ocean modelling and
remote sensing activities over a five-
year period. The grant was the largest
of 86 awarded to 70 institutions
selected from nearly 1,000 proposals
from 175 universities for fiscal
1986-1987. Subcontracts with Harvard
University and MIT are included as
part of the award.

Hot water vents, several thousand feet
deeper than their Pacific counterparts,
were explored by Alvin and Atlantis Il
in May and June along the Mid-Atlantic
Ridge. Scientists found two previously
unknown species of eyeless shrimp
and large flat eel-like swimmers
around the vents, where chimneys
spew water up to 350°C (660°F). A
six-sided creature, thought to be extinct
until photographed a few years ago,
was captured for laboratory study in
Woods Hole. Senior Scientist Geoffrey
Thompson of the Chemistry Depart-
ment and several department col-
leagues were involved in the program.

The 57th Annual Meetings of the
Trustees and Members of the Corpo-
ration were held 13 June at Clark Lab-
oratory. Director John H. Steele was
elected President of the Corporation,
succeeding Paul M. Fye who had held
the post since 1961. Associate Director
for Scientific Operations George D.
Crice and Consultant for Marine
Operations and Planning Robertson P
Dinsmore gave the science report on
“The Academic Research Fleet: Present
and Future”

Later that day Senior Scientist Robert
C. Spindel of the Ocean Engineering
Department gave the Associates Lec-
ture on “The Laboratories of the
Ocean Engineering Department from
Deep Ocean to the Coast,” attended
by more than 200 Associates and their
guests. Open Houses in the laborato-
ries of Chemist John W. Farrington,
Geologist Kozo Takahashi and Biolo-
gist William A. Watkins followed, with
a reception and dinner on the Fenno
House grounds concluding the day’s
events.

“Celebrate New England” was the
theme of a five-week Channel 7 tour in
May and June with live broadcasts
from two locations in each state. The
Institution was the last stop 18-20 June
as WNEV anchors Tom Ellis and

Anne Rabushka

Dionne Willis broadcast the six and
eleven p.m. news from atop the Iselin
Marine Facility. Short segments on
Institution activities were featured dur-
ing the newscasts.

A return trip to the R.M.S. Titanic 9-28
July to test the Deep Submergence
Laboratory’s prototype vehicle JASON
JR. provided remarkable photographs
and videotape of the sunken luxury
liner. Alvin made eleven dives to the
wreck, landing on the bow and stern
sections while maneuvering JASON
JR. along the ship's hull and down the
grand staircase deep within the ship.
More than 60 hours of videotape and
some 60,000 still images taken by
Alvin, JASON JR. and the towed still
camera sled ANGUS (Acoustically
Navigated Geological Underwater
Survey) were collected during the
expedition headed by Senior Scientist
Robert D. Ballard. Hundreds of media
visited the Institution during the cruise
and thousands called the Publications
and Information Office, which coordi-
nated the media and public aspects of
the expedition. A standing-room only
crowd of 400 media representatives
from around the world attended the
news conference 30 July at the
National Geographic Society in
Washington.

The summer 1986 issue of Oceanus
Magazine on science and management
issues of the Great Barrier Reef was
selected as the first Commemorative
Project of the American-Australian
Bicentennial Foundation. Institution
staff, including Director John Steele
and Oceanus Editor Paul Ryan,

attended a 30 July reception at the
Australian Embassy in Washington
officially marking publication of the
issue.

Asterias, in full dress, led the Parade of
Ships 12 July in celebration of
Falmouth's Tricentennial. Many
employees and their spouses assisted
in the production of a Tricentennial
quilt, donated to the Town of Falmouth
15 June on the 300th anniversary of
the signing of the town charter. One of
the colorful quilt's border designs rep-
resenting town history and landmarks,
is R/V Knorr: A display on the quilt’s
production was placed in the Clark
Lobby through the summer.

R/V's Knorr and Oceanus spent the
first part of the year working together
on the Frontal Air-Sea Interaction
Experiment (FASINEX) off Bermuda,
conducted by the Physical Oceanogra-
phy Department. After a variety of
spring and summer cruises, the vessels
remained at the Institution pier during
the last four months of 1986 due to lack
of funding for science programs. Dur-
ing the lay-ups vessel crews per-
formed routine maintenance and
upkeep and sailed in relief positions
aboard Atlantis II.

After a busy summer schedule, Atlantis
Il and Alvin departed Woods Hole 20
September for an eighteen-month to
two-year voyage in the Pacific. A vari-
ety of programs were conducted for
scientists from around the country

Retiring President Paul Fye (center) was pre-
sented a half-hull model of R/V Atlantis during
Annual Meeting activities in June. At left is
Chairman of the Board Guy Nichols, at right
Director and new President John Steele.
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Top: Martin Bowen speaks with Channel 5
reporter Maryanne Kane following the Titanic
cruise in July. Second from top: Space Shuttle
Atlantis Astronauts Woody Spring (left) and
Jerry Ross spoke with local media and high
school students during their visit in November.
Third from top: Assistant Scientist Cheryl Ann
Butman, the Ocean Engineering Department’s
first female scientific staff member. Bottom: A
thirty-year service award was presented to
Art Voorhis and 1986 retirees honored during
December ceremonies. Director John Steele
is at right.

along the USS. East Coast and in the
Gulf of Mexico before the ship transit-
ted the Panama Canal in November.
The ship and sub spent the holidays in
San Diego.

Numerous honors and awards were
received by Institution staff during the
year. Payroll Administrator Laura A.
Murphy was chosen the 1986 Young
Career Woman by the Falmouth Busi-
ness and Professional Women'’s Club.

Senior Scientist James R. Heirtzler of
the Geology and Geophysics Depart-
ment was honored by the National
Science Foundation with the naming of
the Heirtzler Ice Piedmont in Antartica.
Heirtzler's research on seafloor
spreading provided the geologic
framework which explained the for-
mation of the seas surrounding
Antarctica.

Research Specialist George R.
Hampson of the Biology Department
was appointed to the Waquoit Bay
National Estuarine Sanctuary advisory
committee by Falmouth Selectmen.
Hampson dlso serves as the town's
representative on the Massachusetts
Coastal Zone Management advisory
committee.

Cheryl Ann Butman became the first
woman member of the Ocean Engi-
neering Department’s scientific staff
with an appointment as an assistant
scientist. A graduate of the MIT/WHOI
Joint Graduate Program with a doctor-
ate in biological oceanography, her
research focuses on hydrodynamics
and other engineering studies related
to biological research. Later in the year
she was the only oceanographer cho-
sen fo receive the Office of Naval
Research'’s Young Investigator Award
for 1986. Twelve awards were made
from 400 applicants, 50 of them in
ocean science. The award, a three-
year grant, is designed to acknowledge
and support outstanding young scien-
tists with research programs that
address fundamental scientific issues
and are relevant to the U.S. Navy.

Associate Scientist Robert A. Weller of
the Physical Oceanography Depart-
ment was named one of three out-
standing young scientists by the Ameri-
can Geophysical Union, receiving that
organization’s 1986 James B. Macel-
wane Award.

Senior Scientist Henry M. Stommel of
the Physical Oceanography Depart-
ment received the first Albert-Defant

Medal 14 April at a special session of
the German Meteorological Society
for his “oustanding contributions to
oceanography, in particular to the
dynamics of the large-scale ocean
circulation, steady and time varying,
both observationally and theoretically.

1"

Senior Scientist Elazar Uchupi of the
Geology and Geophysics Department
was commended by the National
Aeronautics and Space Administration
(NASA,) for his assistance in the search
for Space Shuttle Challenger. NASA
cited Uchupi's rapid response to pro-
viding detailed original bottom topog-
raphy charts in the vicinity of Cape
Canaveral; the charts were repro-
duced and used extensively by the
Navy, Coast Guard and NASA ships

involved in recovery operations.

Assistant Scientist Mark Kurz of the
Chemistry Department was selected
by the Geochemical Society of Amer-
ica to receive its EW. Clarke Medal.
The award is made for “a single out-
standing contribution to geochemistry
or cosmochemistry published as a
single paper or series of papers on a
single topic” and is presented to an
investigator under 35 years of age.

Postdoctoral Investigator Kathryn A.
Kelly of the Physical Oceanography
Department was named an assistant
scientist, the first woman to join that
department’s scientific staff.

Senior Scientist Susumu Honjo of the
Geology and Geophysics Department
traveled to Japan to receive a special
Advanced Scientific Contribution
Award in Space and Oceans from the
Government of Hokkaido and the
Junior Chamber of Commerce. More
than 1,700 heard lectures by Honjo
and other award recipients Sir Edmund
Hillary (Humanitarian and Adventure
Planning Award) and NASA Astronaut
Dr. Anna Fisher (Engineering and
Space Award).

Senior Scientist Robert D. Ballard of the
Ocean Engineering Department
received the Washburn Award from
the Boston Museum of Science 29
October. The award is presented
annually “to an individual anywhere in
the world who has made an outstand-
ing contribution toward public under-
standing of science and appreciation
of its fascination and of the vital role it
plays in our lives.”
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Research Specialist James R.
McCullough of the Physical Oceanog-
raphy Department was awarded the
1986 Compass Distinguished Achieve-
ment Award from the Marine Technol-
ogy Society for his contribution to the
advancement of the state of the art of
navigation in a cooperative project
with the US. Geological Survey.

George A. Smith began his duties as
Controller 2 September, succeeding
Gary B. Walker who assumed the post
of Assistant Director for Finance and
Administration 1 April.

A fifteen-nautical-mile area around the
Galapagos Islands was designated a
protected marine resource reserve as
a result of studies by the Institution’s
Marine Policy Center. Center person-
nel have worked with the Government
of Ecuador for several years to
develop a marine resource manage-
ment plan for the archipelago.

New employees were briefed on Insti-
tution policies, practices and proce-
dures at the Employee Orientation 26
September. The Personnel Office peri-
odically sponsors these sessions, which
include a motor tour of facilities and a
scientific presentation.

More than 50 Associates participated
in a new Volunteer Program under-
taken in June to provide much-needed
assistance for the Publications and
Information Office and its Exhibit
Center. Volunteers served from July
through September, assisting in routine
projects related to the Titanic expedi-
tion and staffing the Exhibit Center. The
program was developed by the Publi-
cations and Information and Develop-
ment Oftfices and was coordinated by
Associates Joel Davis and Eloise
Soderland. An appreciation luncheon
was held 30 September at Carriage
House. The highly successful program
will continue in 1987,

Physical Oceanographer John Allen of
Oregon State University received the
Institution’s third Bostwick Ketchum
Award 1 October. Allen presented a
lecture on “Large-Scale Dynamics of
the Coastal Ocean” and met with
Institution colleagues and students at a
reception following the lecture at
Endeavour House.

Nine hundred visited the Exhibit Center
during the Massachusetts COAST-
WEEK 86 celebration 6-13 October. A
record 30,000 viewed the exhibits at
Endeavour House during the summer
months.

More than 400 Associates and guests
attended the annual Day of Science 10
October at Clark Laboratory. Lectures
were given by Biologist Donald M.
Anderson (red tide and shellfish toxic-
ity), Biologist Philip S. Lobel (coral reef
fishes), Marine Policy Research Fellow
Andrew Solow (sea level rise) and
Research Assistant Martin F Bowen
(deep submersible technology and the
Titanic expedition).

Two members of the Space Shuttle
Atlantis Flight 61-B crew visited the
Institution 25-26 November to return a
piece of the mast of R/V Atlantis which
flew as a memento during the shuttle’s
first scientific mission 26 November — 3
December 1985. The NASA astronauts
had a brief tour of Institution facilities,
discussed remote sensing and other
space-related research programs with
staff members, and were guests at a
reception and dinner. Local high school
students and the media met the astro-
nauts at a news conference 26
November.

A thirty-year service award was pre-
sented 5 December to Associate Sci-
entist Arthur Voorhis of the Physical
Oceanography Department in cere-
monies in Clark 507, Sixteen other 1986
retirees, who with Voorhis represent
392 years of service to the Institution,
were also honored.

The Institution Christmas Party was
held 12 December at Shoreway Acres
Motel in Falmouth, attended by more
than 150.

Among the many visitors to the Institu-
tion in 1986 were members of the New
England section of the Marine Technol-
ogy Society, who met 15 January in
Clark 507 to hear Ocean Engineering
Department Chairman Robert C. Spin-
del discuss “Advances in Ocean
Acoustic Tomography.” Leonid Dmitriey,
chief of petrology at the Vernadsky
Institution of Geochemistry of the
US.S.R's Academy of Sciences, spent
ten days in Woods Hole in late January
as part of a three-month U.S. visit to
exchange data and samples with fel-
low geologists. Three groups from the
Naval War College visited WHOI for a
day-long program of scientific presen-
tations and visits to the dock area and
a ship; mid-level foreign naval officers
in the Naval Staff Course representing
more than twenty nations spent the
day 7 April and 3 November and
senior officers enrolled in the Naval
Command College visited 22 April.

Senior cadets from the U.S. Coast
Guard Academy spent the day 24
April; host was Robertson P Dinsmore,
a retired Coast Guard Captain. Mas-
sachusetts Congressman Edward
Boland met with staff members 28
April and spoke on “Science and the
Federal Budget” at a luncheon at Car-
riage House. Members of the Board of
Regents of Texas A & M University
toured facilities and held discussions
with the Directorate 8 May in an effort
to develop a plan for a marine
research institution in Galveston; the
University’s R/V Gyre was at the
WHOI pier for a short port call
between North Atlantic cruises during
the Regents’ visit. The Ocean Studies
Board of the National Research Coun-
cil met at Carriage House 11-12 August;
Director John H. Steele is a member of
the Board. U.S. Navy visitors included
Eric Hartwig, Acting Director of Envi-
ronmental Sciences at the Office of
Naval Research, who met with
members of the Directorate 21 August
to discuss research programs. Captain
Craig Dorman of the Navy Space and
Naval Warfare Systems Command
spent 21-24 August in Woods Hole for
a series of meetings with Institution
staff, and Admiral K. R. McKee of the
Naval Nuclear Propulsion Laboratory
met with staff 10-11 September. Con-
gresswoman Claudine Schneider (R-R),
a member of the House Merchant
Marine and Fisheries and Science and
Technology Committees, met with staff
during a 27 August visit. More than 325
scientists from twenty-four nations
gathered in Woods Hole 6-13 Sep-
tember for the Second International
Conference on Paleoceanography;
Senior Scientist William A. Berggren of
the Geology and Geophysics Depart-
ment was President of the Organizing
Committee. Twenty graduate students
from Boston University’s Science Writ-
ing Program spent the day 15 October
learning about Institution activities.
Vannevar Bush Fellows from MIT vis-
ited laboratories and heard informal
presentations 8 October as part of
their year-long program to learn more
about science and technology for their
roles as reporters of those fields.
Numerous other media visited during
the year to conduct interviews and film
segments for television, radio and film
projects.
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Alldredge, Alice L., Jonathan ). Cole,
David A. Caron. Praduction of heter.
ofrophic bocteria inhabiting macro-
scopic organs aggregates (marne
snowl from surface waters. Limnol.

Oceanogr, 311 68.78. (1986)

Anderson, Donald M. Paralytic
shellfish pensoning. In: Netwral Taxins
and Humaon Pathogens in the Marine
Environment: Problems and Research
Needs, Rita R. Colwell, ed. Repart of o
Sea Grant-sponsored workshop
{Publication Mumber UM-5G.TS 85
04 19.28. {1985

Anderson, Donald M., Bruce A,
Keafer. Dinoflagellate cyst dynomics
in coastal and estuoring waters, I
Toxic Dinoflagellates, D, M. Anderson,
A, White and D G Boden, #ds. Flse-
vier Science Publ, New York: 21924,
{1985} 595¢

Anderson, O. Ketil, Joel C. Goldman,
David A. Caron, Mark R. Dennett.
Mutrient cyding in o microflageliote
food chain: Il Phosphorus dynomics.
Mar Ecol Prog. Ser, 31 47.55. (1986)
6060

Belkin, Shimshon, Douglas C.
Nelson, Holger W. Jannasch. Symbi-
otic assimilation of CO, in two
hydrothermal vent animals, the rmussel
Bathymodiolus thermophilys and the
tube worm Riftia pachyptile. Biol Bull,
170: T10-121 [1986) 5969

Belkin, Shimshon, Carl O, Wirsen,
Holger W. Jannasch. A new sulfur-
reducing, extremely thermophilic
eubacterium from o submarine ther-
maol vent, Appl. e Microbicd, 516):
HBO-NBS. (1986) 6061

Binder, Brian 4., Donald M. Anderson.
Green light-mediated photomor pha-
genesis in ¢ dincflagellote resting cyst,
Natore fLondon;, 32260801 659-661
{1986) 6167

Binder, Robert L., John 1. Stegemon,
Joha I Lech. Induction of cytnchrome
P-450-dependent monoxygenase
systems in embryos and elevthercem-
bryos of the kilthsh Fundulus hetero-
clitus. Chem. Biol. Interact, 55
185-202. (1985 5895

Biock, Barbaru A., Francis G. Carey.
Warm brain and eve temperatures in
sharks. £ Compar Physiol, 156
229-236. {1985} 6052

Bucklin, A., N. H. Marcus. Genetic
ditferentiation of populations of the
plankionic copepod Labidocera
oestve, Mar Biol, 84(3): 219.24. {1985;
5810

Bucklin, A., P H. Wiehe, Ganetic
heterogenetty in suphousid popula.
tions: Euphavsio krohnii and Nemealo.
scelis megalops in North Atlantic slope
wates. Limnol Oceanoge, 31é):
13461352, (1986] 5928

Capuzzo, Judith M., John M. Teod,
Robert K. Bastian. Ecolagical and
hurrer heolth eriteria for cross eco-
system comparison of woste deposal
impaocts, In: The Role of the Oceans
as ¢ Waste Disposat Option, G,
Kulleaberg, ed. Reidel Fubl, Boston:
342360, (1988) 5975

Caron, Dovid A, Paul G, Davis,
Laurence P Madin, Jahn McN.
Sieburth, Enrichment of micrabial
populations in macroaggregates
(maring snow) from surtace waters of
the North Affontic. ] Mar Res, 43
543-565. (1986) 6243

Caron, David A, Joel C. Goldman,
O. Ketil Anderson, Mark R, Dennett.
Mutrient cycling in o microflogellote
faod chaim: I Population dynamics
and carbon cycling. Mar Feol Prog.
Ser, 24 243-254. (1985) 5864

Coran, David A, Joel C. Goldman,
Mark R. Dennett, Effect of tempera-
ture on growth, respiration and
nutrient regeneration by an amnive-
rous microtlagellute, Appl Frviron.
Microbiol, 52(6): V3401347 (1986} 6320

Caren, David A, Francais R. Pick,
David R. 5. Lean. Chroocaceoid
cyonebacteria in Lake Cataric
Vertical and seasonal distributions
during 19824 Phyeol, 21: 171175, {1985)

Caswell, Hal. Life cydle models for
plants. Lect Math, Life Soi, 18, 171933,
(1984] 6202

Caswell, Hal. Evolutionory demogra-
phy of danol regroduction. In: Populo-
fion Bivlogy and Evolution of Clonat
Crgansms, Jerermy B, C. Jackson, leo
W Buss and Robert E. Cook, eds. Yole
University, New Haven, CT. 18727224,
{1985) 5586

Caswell, Hul, Daniel E. Weeks.
Two-sex models: Choos, extinction,
and ather dynomic consequences of
sex. Am, Not, 128(5; 702735 (1984
5933

Cetta, C. M., L. P Madin, P Kremer,
Respiration and excrefion by oceanic
salps. Mar Biol, 91 529537, (1984)
5988

Cheney, Jerry. Spatial and temgpors)
abundance potierns of cceanic
chaetognoths inthe western North
Atlantic - | hydrographic and seasonal
abundonce patterns. Deep-Sea Res.,
32{9% 1041-1059 (1985) 5775

Cheney, Jerry. Spatial ond temparal
obundance potterns of cceanic
chaetagnaths in the western Nerth
Adlantic - I, vertical distributiens and
migrations, Deep-Sea Res., 32(9):
1061-1075. (1985) 577%

Child, Allen C., G. R. Harbison.
Parasitic associotion between a pyc-
nogonid and o scyphomedusa in
midwinter. . Mar Biol. Assoc. UK, 66:
N3-17 (1986) 5892

Collie, Jermemy S, Life history and
production of three amphipod species
on Georges Bank, Mar Ecol Prog.
Ser, 22, 229-238. (1985) 5762

Cornell, Neal W, John J. Stegeman,
Michael J. Kerich, Bruce R. Woadin.
Metabolite and enzyme contents of
freeze-comped liver of the morine fish
Stenotamuys chrysops. Camp. Bio-
chem. Physiol, B5B. 669-674. {1986) 6149

Dacey, John W H,, Stuart G. Wake-
ham. Oceanic dimethylsulfide: Pro-
duction during zooplankton grazing
on phytoplankton, Science, 733
1314-1316. (1984) 6145

Davis, Paul G, David A. Caron, Paul
W. Johnson, John McN. Sieburth.
Phototrophic and apochloratic com.
panents of picoplankton and nuno-
plarkton in the MNeorth Alantic:
Geographic, vertical, seasonal and
diel distributions. Mar Ecol. Frog. Ser,
21 15-26, (1985

Derby, Jenifer G. Smith, Judith M.
Capuzzo. Physivlogical and behay-
ioral effects of drilling fluid on marine
crustaceans. b Wastes in the Oceon,
Volume 4 Energy Wostes in the Ocean,
LW Duedall, D R Kester, P K. Park
ond B H. Kedchum, eds. Wiley-
Interscience, New Yark: 289.305, (1985)

Fiala, Gerhard, Karl O. Stetter,
Holger W, Junnasch, Thomas A,
Langworthy, Jerzy Madon. Stophy-
lothermus morious sp.pov represents
a novel genus of extremely thermaphi-
hic submarning heterotraphic archoe-
bacteria growing up ot 93°C. Syst.
Appl, Microbiof, 8: 106113, (1986} 4150
Fujita, R. M., J. C. Goldman. Nutrient
flux and growth of the red alga
Gracibara kvahioe Mclachlan
{Rhodophytal, Bot Mar, 28 265-268.
{(1985) 5377

Galloger, Scott M., Roger Mann,
Glenn €. Sasaki. Lipid as on index of
growth and viability in three species of
bivalve larvoe. Aguaculiurs, 56:
81103, (1986] 5919

Gallager, Scott M., Roger Mann,
Individual variability in lipid conment of
bivalve quantified histochemically by
ohsorption photametry. S Plankion
Res., BI5): 927.937. (1986) 5920

Gallager, Scott M., Roger Mann,
Growth and survival of lorvae of
Mercenaria mercenaric (L) ond
Crassostreo virginica [(Gmelinl relotive
to broodstock conditioning and lipid
content of eggs. Aquaculture, 56
105121 {1986) 5941

Gilmer, R. W, G. R. Harbison. Mor-
phalogy and field bebovier of ptero-
pod malluscs: Feeding methads in the
families Cavelinidoe, Limocinidae and
Peraclididae (Gastropoda Thecosa-
o], Mar Biol, 91 4257 (1986} 5857

Gilmer, Ronald W. Preser vation
artifocts ond their effects on the study
of euthecosomatous plecopad mol-
lusts, Veliger, 29(1): 48-52. (1986) 5944

Goldman, Joel C. On phytoglankion
growth rates and particulate CRF
rotios at low light, Limaol Oceanogr,
U6k 1358-1363. (1986) 6083

Goldman, Joel C., Mark R, Dennett.
Dark CO, uptake by the diatom
Chaetoceras simplex i response to
mirogen pulsing. Mar Biol, 90
493500, (1985) 5982

Grassle, ). Frederick. Ecology of
deep-sea hydrothermal vent commu.
nities. Adv. Mar. Biol, 23: 3013672
(1986) 5987

Grassle, ). Frederick, Susan Brown-
Leger, Linda Marse-Porteous, Rose-
marie Petrecea, Isubelle Williams.
Deep-sea tauna of sediments in the
vicinity of hydrothermal vents. Bufl
Bl Sac. Wash, &: 4434572, (1985)
5763

Harbison, G. R. On the classification
and evolution of the Clenophara, In:
The Qrigins and Relationships of
tower Inverfebrotes. The Systematics
Assaciation Special Volome No. 28,8
Conway Morris, 1. . George, R.

Gibson, and H. M. Platt, eds, Claren-
don Press, Oxdord, England: 79700,
(1985 5607

Harbison, G. R, R. W. Gilmer. Fifects
of behavior on sediment frap collec.
tions: Implications for the coloulation of
aragonite fluxes. Deep-Sed Res,

3318p: 121024, {1986 8133

Harbison, G. R., V. L. Mcalister, R. W.
Gilmer. Response of the salp, Pegea
confoederata, to high levels of partic.
ulate materiol: Starvation in the midst
of plenty. Limaol, Ocennogr, 312k
371382, (1986 5958

Harbison, G.R., R. L. Miller. Mot ail
clenpphores are hermophrodites
Studes on the systematics, distribution,
sexuality and development of two
spacies of Ocyropsis. Moe Biol, 90
413-324. (1986) 5637

Harbison, Richard, Russell Reichelt.
Soms siring figures from Papua-New
Guinea. n: Bulletn of String Figures
Association, No. 11 P D Noble and
Hiroshi Naguchi, eds. Nippon Ayatari
Kyokal, Tokyo, Jopon: 18-27 (1985
5402

Hitcheock, Gary L., Joel Goldman,
Mark R. Dennett. Photosynthote
partitioning in cultured monne phylo-
plankion: Metabolic patterns in o
marine dictom under constant and
variable hght intensities, Mar Ecol
Prog. Ser, 30: 77.84. 1986} 5733

Howes, Brian, John W. H. Dacey, D.
D. Goehringer. Factors controlling the
growth farm of Sparting alterniflora:
Fredbacks between above-ground
production, sediment axdation,
nitragen and salinity. L Fcol, 74;
881-898. (1986) 5650

Hulbuet, E. M. Adoptation and equiv-
alence in open-ocean photoplankton.
Ma Biol, 89 303.309 {1985) 5809

Hulburt, Edward M, Format for
phytoplankion productivity in Casco
Bay, Maine and i the southern Sor-
gasso Seq. Bull. Mar Sci, 3731
808-876. (1985 4738

Hulburt, Edward M. Use of logicol
equivolznce in modeling ecological
relations of oceanic phytoplankten
Ecol. Model, 37 25-43. (1985) 5785

Hulburt, Edward M., Adaptation and
niche breadih of phytoplanktan
species along o nutnent gradient in the
acean. . Plankion Res, 7141 581594,
{1985

Jacobson, Dean M., Donald M.
Anderson. Thecate heterotrophic
dinoflagellates: Feeding behavior and
mechanisms. £ Phycol, 22, 242258,
{1986} 6044

Jannasch, H. W., C. O. Wirsen.
Biochemical versatility of chemasynth-
etic bacteria of deep sea hydrother-
mal vents. Bull Biol Soc. Wash, &
325-334 (19851 5720

Jannasch, Holger W. Leben in der
Tiefsee auf chemosynthetischer Basis
Noturwissenschatten, 72: 285-290.
{1985} 5887

Jannasch, Holger W, Carl Q. Wirsen,
Douglas C. Nelson, Lesley A,
Robertsan. Thiomicrospira cronogena
sp. nov, a eolorless sultur oxidizing
bocterivm from o deep sea hydrather-
mal vent. int L Syst Bacteriof, 35:
422-424, (1985 5688

King, Gary M. B. L. Howes, . W.H,
Dacey. Short-term end praducts of
sulfate reduction in o salt marsh:
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Formation of oad volatile sullides,
elemeniol suitur and pyrite. Geochim,
Casmochim. Acta, 49 15611566, (1985}
5855

Klotz, Alon V, John 1 Stegeman,
Bruce R. Woodin, Elisabeth A,
Snowberger, Paul E. Thomas,
Christopher Walsh. Cytochrome
P-450 isozymes from the marine
feieost Stenotarmus cheysops: They
roles in sterod hydroxylotion and the
influgnee of cytochrame by, Bochem.
Biophys, 2902 326-338. (1986) 6159

Kraon, Hans de, Anton Plaisier, Jan
van Groenenandael, Hal Caswell.
Elasticity. The relotrve contribution of
demogrophic parameters of popula-
tion ql()wfh rate. Ecology, 67155
14271431 {1984] £105

Lohel, R S., 4 E. Randall. Swarming
behavior of the hyperid amphipod
Anchylomera Blossevdl, I Planktan
Res, B(2% 253.262. (1786 6062

Label, P. 5., A. R. Robinson, Transport
and entraprment of fish larvae by
ocean mesoscale eddies and curcants
iy Henwonion wisters, Deep-Seo Res.,

334y 483500, (19861

Lobel, Phillip §., Steve Neudecker.
Diurnad periodicity of spawning
activity by the hamlet fish, Hypopisc.
trus guttovarius (Serramidaes. In: The
Ecology of Coral Reefs, Marioire L.
Renika, ed. {Results of o workshop held
by the American Saciety of Zoologists,
Philadelphia, Pennsylvanio, December
T9H3 NOAN: Underseo Besearch
Program, Vol 3 Nol: 7184, (1985)

Madin, L., G. R. Harbison, T. Rioux.
Blue woter diving equipment ard
procedures used ol Woods Helde
Ceeancgraphic tnstitubon. Appendix
e Blue Water Diving Guadelines,
Jabn N Heine, ed. Caldornio Sea
Grant College Program Publication
No, T-CSGEP-0M. University of
Colitarnia, Lo Jolla, CA: 43-46. {1986}

Madin, L. P Is sifu photogrophy of
gelatinous zooplonkion, In: Under
warter Photography and Television for
Scienhists, 0 Georgs, G L Lvthgoe
and )M Lythgoe, eds. Clacendon Pe,
Oxtord, England: 65-86, (1985)

Mann, Roger, Scott M. Gallugher.
Growth morphametry and biochemi-
col composifion of the wood baring
mediuses Tereda navoliz L, Bankica
gaeldr Barisch), und Netoferedo
krioxi (Bartsch (Bivolvia Teredinidael
Exp. M Biol, 85: 229251 (1985 56872

Marcus, Nancy H. Population
dynomics of marine copepods: The
importance of photopericdism, Am
Zool, M 469-477 (1986] 5886

Marcus, Nancy H. Populotion
dynamics of marine copepods: The
importance of geaetic variation, Bull
Mar Sei,, 372): 684690, (1985) 5731

Marcus, Nancy H. intraduction to the
symposim: Photogeriodism in the
marine environment, Am. Jool, 26

3872388 (1946

Marcus, Nancy H., Charlotte M.
Fyller. Subttonecus ond diapause
eqgs of Lobidocera aestiva Wheeler
{Copepoda : Calonodal Differences
in foll velocity and density. 1 Exp. Mar
Biol Ecol, 99 242.256. (1986}

Marcus, Nancy H., Jutto Schmidt-
Gengenbach. Recruitment of individ-
wals info the planktan: The importance
of bioturbation, Limnol Cceanogr,
31T 206-210. {(1986) 5774

McCormick, Stephen D, Robert ).
Naimon. Hypoosmaregulaton in on

anadromous teleost: Influence of sex

and maturathan.  Exp, Zool, 234
193-198. (1985 5418

McDowell, Donald M., Robert J.
Naimon. Strocture and funchon of o
benthic invertebrate stream commu.
ity mluenced by beaver [Castor
canadensisl. Qeponologica, 68:
481489 (1984 6022

McElroy, Aane E. In vivo metabolism
of benziglanthracene by the poly-
chaete Nerels virens. Morine Emdran,
Res., 170 133-136. (1985} 5984

Naiman, Robert L, Jerry M. Melillo,
John E, Hobbie. Ecosystems alteration
of boreol forest streams by beaver
{Costor canadensis). Ecology, 67151
12541269 (1986 5827

Qlsan, Robert 1., Sallie W. Chisholm,
Etfects of light and nitrogen limiaton
o the cell cyrle of the dinoflagellnte
Amphichinium carters. ). Plankton Res.,
8[4]: 785.793. [1984)

Olson, Robert J.,, Daniel Vaulot,
Sallie W. Chisholm. Effects of anvi-
ronmental stresses on the coll cydle of
two marine phytoplankton species.
Plart Physiol, 80: 918-925. (1986

Olson, Robert L, Carl Watras, Sallie
W. Chisholm. Patterns of individual
cell growth in marine centric diatoms.
S Gen, Microbiol, 132: 1921204 (1984)

Park, Song $., Haoruko Miller, Alon V.
Klotz, Pamelo . Kloepper-Sams,
John 1. Stegeman, Harry V. Gelboin.
Monoclonal antibodies to liver micro-
senol oytorhrome PL450E of the
maing fish, stenotomus chrysops
(seupl Cross reactivity with 3omethyl-
cholanthrene induced rot cytochrome
P-450. Arch. Bio. Chem. Biophys,
2492 339-350 (1986 6145

Pichinoty, F, J. B. Waterbury, M
Mandel, 1. Asselineau. Bociius
gordonae sp. nov, une nouvelle
esymce apparfenand oy second
groupe morphalogique, degrodant
divers composes oromatiques. Ao
Inst, PasteursMicrobiol, 137A: 65.78
(1984

Sanders, H. L., 1. A, Allen. Studies an
deep-sea protobronchia (bivalvics, the
family Malletidoe. Bull. Be Mus, Not.
Hist. Zootl, 4912, 195-238. (1985) 5696

Sasaki, G. C., 1. M. Capuzzo, B
Biesiot. Nutriional and bioenergetic
consderations inthe eorly develop-
ment of the American lubster Homorus
americonus. Con, L Fish. Aguat, Sci,
A3 23112319 {1984] 6041

Scheltema, Amelio H. Aplacopharan
family Prochaetodermatidae in the
Morth American Bosin, including
Chevroderma n.g. ond Spothoderma
mg. (Mollusca: Choetodermamarphal,
Biol, Bull, 169: 484.529 (1985 5930

Scheltema, Rudolf §. Long-distance
dispersal by plonkionic larvae of
shaal-water benthic iavertebrates
amang centrol Pacific islands, Bull
AMar Sci, 3925 201-756. (1986) 5838

Scheltema, Rudolph S, On dispersal
and planktonic larvae of berthe
irvartebrates: An eclectic over view
and summary of problems, Bull. Mar
Res., 39(21: 290-322. (1986} 6261

Schevill, William E. international code
ot Zoological Nomenclature and o
paradigm: The name Physelfer cate-
don Linnaeus 1758, Mar Mommad Sci.,
2(2)- 153-157. {1988} 6079

Stegeman, 1. ). Benzololpyrene
oxidotion and nucrosomal enzyme
activity in the mussel (Mytdus eduhs)
and other bivalve molluse species
from the Western North Atlontic. Mar
Biol, 8% 71-30. [1985) 5§89
Stegeman, John 1, Margaret O.
James. Individual variotion in patterns
af banzolulpyrens metabiolism in the
marine fish scup (Stenoloms chry-
sops). Mar Fnvirpn, Res, 17122024,
{1985 5732

Stegeman, John ., Pamela 1.
Kloepper-Sams, John W. Farrington.
Monooxygenase induction and chloro-
biphenyls m the deep sea fish Cory-
phaenoides armatus. Scence, 231
1287.1289 {1986} 6014

Stegeman, John J,, Bruce R. Woadin,
Sang 8. Park, Pamela 1. Kloepper-
Sams, Harry V. Gelboin. Microsomal
cytachrome P-450 function in fish
evaluated with polyclonsl and mona-
clonal antibodies to cytochrome
P-450E from scups (Stenotomus ohry-
sopsh. Mar. Enviran. Res, 17 B3-86,
(1985 5931

Stoecker, D. K., W. G. Sunda, L. H.
Davis. Ettects of copper ond zine on
two plankionic cliates, Mar Biol, 92:
21-29 (1986 5871

Stoecker, Diane K., Terry L. Cucci,

Edward M. Hulbert, Clarice M.

Yentsch. Selective teeding by Bolanion

sp. (CiliaBolomonidog] on phyto.
plarkton that best support its growth,

I Exp. Mae Biol, Fool, 95 13130,
{1986} 5872

Teal, John M. Role of one solt marsh in
coastol productivity, In: Proceedings
of the laterscriional Symposiom on
Utilizotion of Coastol Feasysterms:
Plarming, Pollution and Preductivity
21.27 Nov 1982, Kio Grande, Brazil,
Volume | Ning Labibish Chao and
Williom Kirby-Smith, eds, Eddora de
Furg, Rio Grande: 241-258. (1985 5683

Tyack, Peter. Whistle reperioires of
twa botlenased dolphins, Torsiops
iruncetus: Mimicry of signofure
whistles? Behav Ecol. Sociobiof, 18:
251-2575. (1986) 5929

Vaccaro, Ralph E, Nathaniel Corwin,
lames R. Mitchell. Residential waste-
water-ground water interactions in the
vicinity of Mares Pond, Falmouth,
Cape Cod. /. Baston. Soc. Civ Eng,
U121 123-145. {1985) 5665

Valiela, lvan, John M. Teol, Sarah D.
Allen, Richard van Etten, Dale
Goehringer, Suzanne Volkmann,
Decamposition in salt marsh scosys-
tems: The phoses and major factors
affecting dimppemmnc{s of above-
ground organic matter L Exp. Mor
Ecol, B9: 29-54. (1985) 5681

Valielg, lvan, John M, Teal, Charlotte
Cogswell, Jean Hartman, Sarah
Allen, Richard Von Etten, Dale
Goehringer. Some lang-term conse-
gquences of sewoge cantamination in
salt marsh ecasystems. In: Ecologicat
Consideraticns m Wetlands Freatment
of Muntcipal Wastewater, P J, Gadlrey,
E R Koynor, 5 Pelezorki and 4
Benforade, eds. Van Nostrand Rein-
hold, New York: 301.314, (1985

Watkins, William A, Whale reactons
1o human activities in Cope Cod
waters. Mor Mammal Sci, 2(4);
251-262. (1986) 6072

Watras, Carl 1, Veronigque C. Gar-
con, Robert 3. Olson, Sallie W.
Chisholm, Donald M. Anderson.

Efect of zoaplonkion grazing on
estuaring blooms of the taxic dinotlo-
gellote, Gonyoulr tamarensis. L
Plankton Res., 7161 891908, (1985) 581

Watson, Stanley W, Eberhard Bock,
Frederica W. Valois, John B. Water-
bury, Ursula Scholosser. Nitraspira
raring gen. ooy sp. nos A chamolith-
atrophic nitrade-oxidizing bocterum.
Arch. Microbiol, 144 17 {1986} 6081

Weinberg, 1. R, H. Caswell, R. B.
Whitlatch. Demographic importance
of ecological imteractions: How much
do statistics tell us? Mar Riol, 93
305-310. (1986) 6037

Wirsen, C. O, L H. Tuttle, H. W.
Jannasch. Activities of sulfur-sxidizing
bacteri ot the 2N Eas) Pacific Rise
vent site. Mae Biof, 92 449.456. (1986)
6071

Wirsen, C. O, Holger W. Jannasch.
Microbiol transformations in deep-sea
sediments: Free vehicle studies. AMar
Biol, 9% 27 7284, {1986} 5944

Wood, A. Michelle, P K. Horan, K.
Muirhead, D. A, Phinney, C. M.
Yentsch, J. B. Waterbury,
Discrimination between pigment types
of marine Synechococcus spp. by
scunning spectroscopy, epifluore-
scence micrascoprs ond Hlow cyto«
metry, Limnol. Oceoncgr, 30161
13031315 (1985} 6056

g

Anderson, Agnetu, Cindy Lee,
Farcoq Azam, Ake Hagstrom.
Release of aminoasids and inorganic
nutrients by heter otrophic morine
micreflageliotes. Mar Ecol Prag. Ser,
23 99106, [1985) 5614

Benavides, Livia M., Ellen R. M.
Druttel. Sclerosponge growth rate as
determined by 20Ph and “C cheonolo-
gies. Coral Reefs, 4: 221224, [1986)
5955

Boyle, E. A, 5. D. Chapnick, G. T.
Shen, M. P Bacon. Temporal varia-
tility of lead in the western North
Adlantic Ocean. } Geophys. Res,
UCT): 8573-8593. (1986) 6098

Brewer, P G, K. W Bruland, R. W.
Eppley, 1. 1. McCarthy. Globol Ocean
Flux Study {GOFS]: Stadus of the US
GOFS Progrom. fos, 67044); 827.832.
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Charles A. Olson
Julianne Palmieri

Edith H. Ross

Daniel E. Sampson
Deborah K. Shafer
Margaret M. Sulanowski
Lolita D. Surprenant

Geophysics
Department
Paul J. Andrew
Pamela R. Barrows

Stephen T. Bolmer, Jr.
Douglas M. Butler

Christine A. Coughanowr

David L. DuBois
Kathryn L. Elder
Emily Evans

Pamela V. Foster

C. Eben Franks

Alan R. Gagnon
Leon A. Gove

K. I. Faith Hampshire
Robert E. Handy
Marleen H. Jeglinski
Janet M. Johnson
Amy L. Karowe
Darryl J. Keith
Therese A. Landry
Ann Martin
Elizabeth C. Miller
Dorinda R. Ostermann
Amy Pallant
Prudence D. Stratton
Alice |. Tricca

Peter J. Zeeb

Geoftfrey P Allsup
Emile M. Bergeron
Leonard A. Boutin
Martin F. Bowen
Rodney M. Catanach
Philip H. Chase, Jr.
Bruce R. Cole
Aganoris Collins
Charles E. Corwin
Thomas Crook

Eric E Cunningham
Stanley R. Deane
Edward A. Denton
Christopher E. Dunn
Alan W, Eldredge
Kenneth D. Fairhurst
Richard A. Filyo
Charlotte M. Fuller
Nancy R. Galbraith
Stephen R. Gegg
Allan G. Gordon
Matthew R. Gould
Lisa M. Goveia
Carlton W. Grant, Jr.
Ann C. Henry
Channing N. Hilliard, Jr.
Betsey G. Hirschel
John N. Kemp

Jetfrey A. Kinder
Cindy L. Leonard
Karl E. Lindstrom
Steven P Longworth
Robert G. Lowe
Christine M. Lynch
Deborah A. Marrena
Marguerite K. McElroy
Gretchen McManamin
George A. Meier
Laurel E. Moore
Alfred W. Morton
Arthur E. Newhall
Teresa L. Nielsen
Patrick O'Maliey
+Catherine A. Offinger
Stanley G. Rosenblad
Leon W. Schuyler
Kurt A. Straube
Suzanne B. Volkmann
Karlen A. Wannop
Judith A. White
Dana S. Wiese
Susan F. Witzell
Martin C. Woodward

Carol A. Alessi
R. Lorraine Barbour
Karin A. Bohr
Paul R. Bouchard
Maureen E. Carragher
Cynthia L. Chandler
Dolores H. Chausse
Jane A. Dunworth
+Erika A. Francis
Margaret M. Francis
Robert E. Frazel
Barbara Gaffron
Ruth A. Gorski
Veta M. Green
Brian J. Guest
William H. Horn
George P Knapp il
Siobhan R. Knuttel
Richard A. Krishfield
Ellen Levy
Christina Light
Mary Ann Lucas
Craig D. Marquette
Theresa K. McKee
Anne Marie Michael
Ellyn T. Montgomery
William M. Ostrom
Nancy J. Pennington
Joseph R. Poirier
Laurie A. Raymond
John B. Reese
Mabel M. Reese
Samuel T. Simkins
R. David Simoneau
Ann Spencer
Robert J. Stanley

+Leave of Absence
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Susan A. Tarbell

Robert D. Tavares

John H. Thomson
Toshiko T. Turner

Cynthia T. Tynan

Bryan S. Way

Christine M. Wooding
Scott E. Worrilow
Marguerite E. Zemanovic

Frank J. Gable

Ellen M. Gately
Ethel F LeFave

Jane P Zentz

[geea ¥4

Julie A. Andrade
Marion E. Andrews
Patricia Askew
Mary E. Berry
Eleanor M. Botelho
Linda J. Botelho
Constance A. Brackett
Deborah Collinson
Margaret M. Costello
Cheryl C. Daniels
Debra M. Dean
Susan K. Driscoll
Michelie B. Engemann
Catherine H. Ferreira
Steven R. Ferreira
Kathryn M. Fitzpatrick
Cynthia C. Geggatt
Nancy H. Green
Monika Grinnell
Carolyn S. Hampton
Nancy E. Hazelton
Marsha J. Hjulstrom
Roger P Hjulstrom
Abbie A. Jackson

+ Valerie A. Jonas
Lynda K. Kingsley
Ann M. Klucznik
Susan F Knox
Donna L. Lamonde
Jane Larson
Samuel J. Lomba
Richard C. Lovering

+Karen T. Lowe
Roland G. Masse
Philip E. McClung
Catherine A. McDonald
Joanne M. McDonald
Carole R. Merson
Ruthanne Molyneaux
Mariorie K. Panciera
Doreen M. Perito
Clara Y. Pires
John M. Powers
Sandra A. Sherlock

+ Leave of Absence

Kendall B. Bohr ... Asst. Purchasing Manager
Arlene Canner ....................... Sr. Development Officer
Paul Dudley Hart ... Development Director
Judith Fenwick ... Executive Assistant/MP&OM
Eric H. Frank, Jr. ..o Systems & Procedures Manager
Gordon K. Glass.............................................. Executive Assistant/Ocean Engineering
James H. W. Haines................................. Assistant Editor, Oceanus
Jane T. Hanrahan ... Personnel Administrator
Beverley A. Harper ........................... . Programmer/Analyst
Hartley Hoskins ... Coordinator, Ocean Industries Program
Charles S. Innis, Jr.................................... Executive Assistant to Director/Security Officer
Susan Kadar ... T Executive Assistant/Chemistry
Victoria A. Kaharl ... Science Writer/Assistant to the Dean
Judith L. Kleindinst................................ Executive Assistant/Biology
Shelley M. Lauzon .................................... " Publications & Information Manager
Virginia A. Lefavor ... Accounting Operations Administrator
David J. Miller ... Assistant Sponsored Programs Administrator
Mozart P. Moniz ... Purchasing Manager
Theresa G. Monroe..........................................ooooeeen Benefits Administrator
Laura A. Murphy ... Payroll Administrator
A.Lawrence Peirson Il ... Assistant Dean & Registrar
Anne |. Rabushka ... Publications & Information Writer
Karen P.Rauss ... Manager of Benefits & Affirmative Action
Claire R-Reid............................................ Executive Assistant/Physical Oceanography
R.David Rudden, Jr. ... Assistant Controller
Paul R-Ryan ... Editor, Oceanus
C.L.RoySmith ... Executive Assistant/Geology & Geophysics
George A.Smith................... T Controller
Maurice J. Tavares ... Sponsored Programs Administrator
Wayne R. Vincent......................... Financial Analyst/Auditor
L-Hoyt Watson ... Executive Assistant/Associates Program
Mary Nan Weiss....................................... Executive Assistant/Associates Program
Alan W. White................ T Marine Science Advisor
Barbara Wickenden.......................................E Personnel Manager

Kim B. Stephenson
Mildred M. Tedl
Pamela J. Thorsell
Mary Jane Tucci
Wayne R. Vincent
Gordon H. Volkmann
Margaret M. Walden
Joan E. Watkins

N. Joye Wirsen
Jeanne A. Young
Dianna M. Zaia
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¢ Top: Carol Winn. Bottom: Phil McClung.




Facilities Personne
Nadine N. Athearn

Ernest E. Baker

Janice M. Baker

Richard L. Barabe
Linda Benway
Thomas A. Bouche
Richard W. Bowman
John R. Bracebridge
Frederick A. Brauneis
George Brennan
Ronald P Buckley
Richard J. Carter
John P Clement
Charles Clemishaw
James E. Coddington
Robert J. Corey
Arthur Costa

Ronald C. Craft
Donald A. Croft
William B. Cruwys
Pearl R. DeMello
James H. Dufur, Jr
Daniel B. Dwyer
Grace R. Fernandes
Anthony Ferreira
Michael J. Field

Fred W. Keller
Christopher F. Kennedy
Colleen C. Leary
Donald C. LeBlanc
Donald F. LeBlanc
John A. Lomba

Peter D. Marenna
John T. McMahon
Anthony G. Mendousa
Jose S. Mota

John R. Murphy, Jr.
Charles . Peters, Jr.
Arthur Petferson
Edward J. Phares
Steven J. Poore
Thomas D. Rennie
John E. Rice

Henry A. Rogers
John P Romiza
William R. Tavares, Jr.
Barbara M. Vallesio
Robert G. Weeks
John C. Williams
Ronald E. Woods

Lisa M. Brunette
Joan B. Hulburt
Colleen D. Hurter
Susan S. Putham
Margaret A. Rioux
Sarah W. Simpson
Grace M. Witzell
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Shelley Lauzon

Shelley Lauzon

Above: John Lobo. Top right: Dick Colburn
(left) and John Steele aboard Asterias. Bottom
right: Bill Dunkle.
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James B Aguiar, Jr. oo Pilot, DSV ALVIN
Reuben R. Baker, Jr. ... Master, R/V ATLANTIS |I
John P. Bizzozero ... Chief Engineer, R/V ATLANTIS Il
Edward L. Bland, Jr. ... Research Associate, ALVIN Operations
Richard J. Bowen ... ... Master, R/V KNORR
Ernest G. Charette................. Assistant Facilities Manager
Arthur D. Colburn, Jr. ... Boat Operator, ASTERIAS
Don C.Collasius ... Pilot, DSV ALVIN
Vicky C. Cullen..........oooo Manager, Graphic Services
Richard H. Dimmock ... Port Engineer
Robertson P. Dinsmore ................................. Consultant for Marine Operations and Planning
William M. Dunkle, dr. ... Research Associate, Data Library
Richard S. Edwards ... Marine Superintendent
Dudley B. Foster ..............ooo Pilot, DSV ALVIN
Richard E. Galat ... Facilities Engineer
Denzel E. Gleason. ... ... Pilot, DSV ALVIN
James E. Hardiman ... Pilot, DSV ALVIN
Ralph M. Hollis.........oooo Chief Pilot, DSV ALVIN
Paul C.Howland.... ... Master, R’V OCEANUS
Jonathan Leiby. ... Naval Architect
Barbara J. Martineau .................... Marine Operations Administrator
William E. McKeon ... Facilities Manager
Donald A.Moller .................... Marine Operations Coordinator
Harry E. Oakes ... Chief Engineer, R/7V KNORR
Terrence M. RiOUX ..o Diving Safety Officer
Eric W. Spencer...........o Safety Officer
Ernest C. Wegman ... Chief Engineer, R/V OCEANUS

Carolyn PLWinn ..o Research Librarian
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Services Personnel

Frederick V. Brown
Bernard J. Cassidy
James P Corr
Stephen J. Corrigan
Bernard C. Crampton
John A. Crobar
Judith O. Cushman
David L. Fish, Jr

E. Michael Freeman
Lewis D. Greene, Jr.
Robert J. Hindley
Howard A. Holland
Robert J. Joyce
John A. Keizer
Percy L. Kennedy, St.
Jay R. Murphy
Lewis J. Saffron
Albert Santiago, Sr.
Michael J. Sawyer
Robert Wichterman
Sarah P Wyatt

Graphic Services
Personnel

Jayne D. Campbell
Donna S. Carson
John E. Cook

Ruth H. Davis
David L. Gray
Frederic R. Heide
Mark V. Hickey
Robert F. Kelley
Thomas N. Kieindinst
William N. Lange
E. Paul Oberlander
Andrew E. Olson
John Porteous

Food Services
Personnel
Sheila T. Payne

Barbara R. Dufresne
Barbara J. Sylvester

Marine Opera
Edward H. Chute
Alden H. Cook
Kittie E. Elliott
Stephen G. Page
Shawna R. Schurr

ALVIN

Operat

Gary Rajcula
John F. Salzig
David M. Sanders
Margaret P Stern
Paul D. Tibbetts

Paul Andrew

Shelley Lauzon

Clockwise from top left: Reuben
Baker (left) and Terry Barber, Jim
Hardiman, Bob Wichterman, Lewis
Saffron and George Heimerdinger.

Wayne A. Bailey
Courtenay Barber il
Mitchell G. Barros
Gunter H. Bauerlin
Kenneth E. Bazner
Harold A. Bean
Richard C. Bean
Stephen M. Bean
Lawrence T. Bearse
Richard J. Bowen
Edward R. Brodrick
David F. Casiles
Gary B. Chiliean
Harry F. Clinton
Arthur D. Colburn Ili
Alberto Collasius, Jr
John F. Connell, Jr
Donald H. Cook, Jr.
Lawrence P Costello
Jerome M. Cotter
Robert W, Craig
Stephen M. Cross
Hugh B. Dakers
Sallye A. Davis
Craig D. Dickson
Roger J. Dube

Leon J. Fitzgerald

Shelley Lauvzon

Peter M. Flaherty
Robert E. Gallagher
Edward F Graham, Jr:
Christopher M. Griner
David Guadalupe
Joseph A. Guzqj
David L. Hayden
Alfred C. Henser
William A. Holm
Roger W. Hunt
Albert C. Jefferson
John P Kamataris
J. Kevin Kay
John T. Lobo
Tomas M. A. Macedo
Ronald J. Maclellan
Joseph F. Martin
John D. Mayer
William McBride
David H. Megathlin
Richard F Morris
Stephen D. Murphy
Michael P Nolin
David . Olmsted
Michael Palmieri, Jr
Joseph Ribeiro
Richard F Simpkin
+Allan D. Smith

+ Leave of Absence
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Ernest G. Smith, Jr.
Harry H. Stanton
Adam B. Steinberg
John K. Sweet, Jr.
Herman Wagner
Stephen A. Walsh
Stephen T. Wessling

EMPLOYEES
RETIRING
DURING 1986

Edward F Acton
Janice R. Battee
Edward L. Bland, Jr.
Richard J. Breivogel
James E. Gifford
Joseph Kiebala, Jr
Joseph F. Motta
Florence T. Pineault
Howard L. Sanders
Harold Van Siclen
Arthur D. Voorhis
Roger Walen
Valentine P Wilson




/W
Joint Graduate
Program
1986-1987

Elizabeth V. Armbrust
Stanford University

John A. Barth
University of Colorado

Diane E. Bennett
Dartmouth College

Sara L. Bennett
Colorado State University

Gaboury Benoit
Yale University

Donna K. Blackman
University of California,
Santa Cruz

Barbara V. Braatz
Smith College

Esther C. Brady
University of Massachusetts,
Ambherst

Erik T. Brown
Princeton University

Paul J. Bushong
United States Naval
Academy

Jeffrey W Campbell
United States Naval
Academy

Kevin D. Casey
United States Naval
Academy

Josko A. Catipovic
Massachusetts Institute of
Technology

Paola Cessi
University of Bologna, Italy

Changsheng Chen
Shandong College of
Oceanography, PRC

David B. Chester
Long Island University,
Southampton

Joon Won Choi
Seoul National University,
Korea

John A. Collins
University College, Cork,
United Kingdom
University College of North
Wales, United Kingdom

Debra C. Colodner
Yale University

Noellette M. Conway
Trinity College, United
Kingdom

Matthew J. Cordery
University of Chicago
Mary Carla Curran
University of South Carolina,
Columbia
Victoria University, Australia
Peter H. Dahl
University of Washington
David M. Delonga
United States Naval
Academy
University of Maryland
Carol E. Diebel
Humboldt State University
Ferdinand J. Diemer
United States Naval
Academy
David M. Di Pietro
Massachusetts Institute of
Technology
Scott C. Doney
University of California, San
Diego
Martin E. Dougherty
Winona State University
Mavis L. Driscoll
University of California,
Berkeley
Cynthia J. Ebinger
Duke University
Kelly K. Falkner
Reed College
Meir Feder
Tel-Aviv University, Israel
Joyce M. Federiuk
University of California,
Berkeley
Karen M. Fischer
Yale University
Peter J. S. Franks
Queens University, Canada
Dalhousie University,
Canada
Clark B. Freise
United States Naval
Academy
John R. Fricke
Vanderbilt University
Virginia A. Fry
Pennsylvania State University
Ichiro Fukumori
University of Tokyo, Japan
Tanya H. Furman
Princeton University
Paula C. Garfield
Mt Holyoke College
University of Delaware
Margaret R. Goud
Stanford University
David W. Graham
Forida Institute of
Technology
University of Rhode Island
Sarah A. Green
University of Minnesota
Bernward J. Hay
George August University,
West Germany
Cornell University

Janet G. Hering
Cornell University
Harvard University
Kristine Holderied
United States Naval
Academy
William R. Howard
Brown University
Joshua K. Hoyt
Massachusetts Institute of
Technology
Dean M. Jacobson
Occidental College
John P Jasper
University of Chicago
John P Jemsek
University of Notre Dame
Harry L. Jenter, lI
University of Michigan
Andrew T. Jessup
University of Michigan
Gregory C. Johnson
Bates College
Kevin T. M. Johnson
Pennsylvania State University
University of Hawaii
Anne V. Judge
Williams College
Michael A. Kaminski
Rutgers University
Jagiellonian University,
Poland
Barry A. Klinger
Massachusetts Institute of
Technology
Pamela J. Kloepper-Sams
University of California,
Irvine
Laura S. L. Kong
Brown University
Melissa M. Lakich
Harvard University
Wendy B. Lawrence
United States Naval
Academy
David W. Lea
Haverford College
Sang-Mook Lee
Seoul National University
Korea
Alan J. Lewitus
Rutgers University
Moss Landing Marine
Laboratories
Sarah A, Little
Stanford University
Mark A. McCaffrey
Harvard University
Andre A. Merab
Massachusetts Institute of
Technology
James H. Miller
Worcester Polytechnic
Institute
Stanford University
Michael J. Moore
Cambridge University,
United Kingdom

Mark H. Murray
Massachusetts Institute of
Technology

Haim Nelken
Hebrew University, Israel

John W. Nicholson
United States Naval
Academy

Kirby S. Olson
Eckerd College

Brian P Palenik
Princeton University

Robert S. Pickart
Susquehanna University

Stephen D. Pierce
Tufts University

Lorenzo M. Polvani
McGill University, Canada

Kurt L. Polzin
Whitman College

Rui V. Ponte
University of Rhode Island

James B. Riley
Yale University

Stephen R. Rintoul
Harvard University

Elizabeth M. Robinson
Reed College

Leslie K. Rosenfeld
University of Washington

Markku J. Santala
University of Massachusetts,
Ambherst

Laela S. Sayigh
University of Pennsylvania

Jill V. Scharold
Michigan Technical
University

Hagen Schempf
Stevens Institute of
Technology

Rebecca R. Schudlich
University of Michigan

Peter N. Schweitzer
University of Maryland
University of Kansas

Elizabeth A. Semcken
United States Naval
Academy

Robert M. Sherrell
Oberlin College

Richard P, Signell
University of Michigan

Elisabeth L. Sikes
Wesleyan University
University of North Carolina

Niall C. Slowey
Tufts University
University of North Carolina

Wendy M. Smith
Rensselaer Polytechnic
Institute

Jonathan E. Snow
Indiana University
University of Rochester

Elisabeth A. Snowberger
Washington University

Kevin G. Speer
University of California,
Santa Barbara
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Anne Rabushka

Shelley Lauzon

Shelley Lauzon

Top to bottom: Jim Broadus, John
Farrington, Sus Honjo and Andy
Maffei.

William S. Spitzer
Harvard University
W. Kenneth Stewart
Florida Atlantic University
Cape Fear Technical Institute
Lucia Susani
Brown University
Dajun Tang
University of Science and
Technology, PRC
Institute of Acoustics, PRC
LuAnne Thompson
University of California,
Davis
Harvard University
Douglas R. Toomey
Pennsylvania State University
D. Andrew Trivett
Dalhousie University,
Canada
Technical University of Nova
Scotia, Canada
Thomas W, Trull
University of Michigan
Eli Tziperman
Hebrew University, Israel
Lisa A. Urry
Tufts University
Cindy L. Van Dover
Rutgers University
University of California, Los
Angeles
Alexander F M. J. van Geen
University of Washington
Gregory M. Vaughn
United States Naval
Academy
Marymount College of
Virginia
Padmaraj Vengayil
Indian Institute of
Technology, India
University of Florida
M. Ross Vennell
University of Auckland, New
Zealand
Sophie Wacongne
University of Pierre and
Marie Curie, France
David Walsh
Earlham College
Xiaoming Wang
Shandong College of
Oceanography, PRC
University of Rhode Island
Elizabeth B. Welsh
College of William and Mary
William S. D. Wilcock
Cambridge University,
United Kingdom
Imperial College, United
Kingdom
John L. Wilkin
University of Auckland, New
Zealand
Joanne M. Willey
University of Pennsylvania
University of Pennsylvania,
School of Nursing

Anthony J. Withnell
Indiana University

Tomara M. Wood
Union College

Janice C. Zemba
University of California,
Irvine

Postdoctoral
Scholars 1986-1987

Mark A. Brzezinski
Oregon State University
Frederic L. Dias
University of Wisconsin
Pierre J. Flament
Scripps Institution of
Oceanography
Jay W. Gooch
Michigan State University
James W. Moffett
University of Miami
Jean Christophe Sempere
University of California,
Santa Barbara
Daniel Simpson
University of California,
Davis

Visiting Scholars
1986

Nicklas Pisias
Oregon State University
William R. Holland
National Center for
Atmospheric Research
Jean-Francois Minster
Centre National d’Ftudes
Spatiales, France
Lynne D. Talley
Scripps Institution of
Oceanography
Suzanne T. McDaniel
Pennsylvania State University
Robert H. Stewart
Scripps Institution of
Oceanography
Jet Propulsion Laboratory
Geoffrey Eglinton
University of Bristol, United
Kingdom

Warine Policy and
Ocean Management
Research Fellows
1986-1987

Jack H. Archer
University of Washington

Peter M. Haas
University of Massachusetts,
Ambherst

Christopher C. Joyner*
George Washington
University

Kilaparti Ramakrishna
Harvard Law School

*Senior Fellow

Summer Student
Fellows

Jan Barbas
Fort Lewis College
Bettina Bartschat
Massachusetts Institute of
Technology
Ken Baver
University of Wyoming
Ronald Bertasi
Colgate University
Shen Chen
Kagoshima University, Japan
Scott France
Concordia University
Anand Gnanadesikan
Princeton University
Peter Hernes
Luther College
Michael Holzrichter
Colorado School of Mines
Franz Hover
Ohio Northern University
James Howell
Michigan Technical
University
Linda King
Mary Washington College
Theodore Moise
Trinity College
Julia Morgan
Vassar College
George Myers
University of South Carolina
Scott A. Sibio
Lafayette College
Heidi Sosik
Massachusetts Institute of
Technology
David Steinsaltz
Yale University
Terrance Tautz
Union College
Lisa Traynor
Beloit College

Geophysical Fluid
Dynamics Summer
Seminar

Fellows:

Yehuda Agnon
Massachusetts Institute of
Technology

Joseph J. Barsugli
University of Washington

Gavin L. Biebuyck
University of Texas, Austin

Nicholas H. Brummel
Imperial College, United
Kingdom

Dan Henningson
Royal Institute of Technology,
Sweden

Katherine Hedstrom
Scripps Institution of
Oceanography




Ya Yan Lu
Massachusetts Institute of
Technology

Zhongshan Quin
Columbia University

Uwe Send
Scripps Institution of
Oceanography

Robert Van Buskirk
Harvard University

Staff Members
& Lecturers:

Donald B. Altman
University of British
Columbia, Canada

Kerry A. Emanuel
Massachusetts Institute of
Technology

Pierre Flament
Scripps Institution of
Oceanography

Glenn R. Fliert
Massachusetts Institute of
Technology

Jackson R. Herring
National Center for
Atmospheric Research

Arne Johansson
Royal Institute of Technology,
Sweden

Joseph B. Keller
Stanford University

David E. Kelley
Dalhousie University,
Canada

Eric L. Kunze
Woods Hole Oceano-
graphic Institution

Marten Landahl
Massachusetts Institute of
Technology

Willem VR. Malkus
Massachusetts Institute of
Technology

Mogens V. Melander
University of Pittsburgh

Alan C. Newell
University of Arizona

Doran Nof
Florida State University

Anthony T. Patera
Massachusetts Institute of
Technology

Frederick C. Pearson
Massachusetts Institute of
Technology

Raymond T. Pierrehumbert
Geophysical Fluid Dynamics
Laboratories, NOAA

Peter Rhines
University of Washington

Paola M. Rizzoli
Massachusetts Institute of
Technology

Thomas Rossby
University of Rhode Island

John M. Russell
University of Oklahoma

Rick Salmon
Scripps Institution of
Oceanography
Roger Samelson
Oregon State University
Thomas W. Spence
Office of Naval Research
Edward A. Spiegel
Columbia University
Melvin E. Stern
University of Rhode Island
Gretar Tryggvason
Brown University
George Veronis
Yale University
Israel Wygnanski
University of Arizona
William R. Young
Massachusetts Institute of
Technology
Norman J. Zabusky
University of Pittsburgh

Visiting
investigators

Marie-Pierre Aubry-Berggren
National Center of Scientific
Research, Paris

Robert E. Bowen
Institute for Marine &
Coastal Studies, University
of Southern California, Los
Angeles

Phillipe M. Cassereau
Massachusetts Institute of
Technology

Arthur G. Gaines, Jr.

Marine Policy & Ocean
Management, Woods Hole
Oceanographic Institution

Graham S. Giese
Marine Sciences Research
Centfer, Stony Brook, NY

Brian L. Howes
Biology Department
Woods Hole Oceano-
graphic Institution

David A. Johnson
Geology and Geophysics
Department, Woods Hole
Oceanographic Institution

Kimitaka Kawamura
University of California

Daniel E. Kelley
Dalhousie University
Halifax, Nova Scotia

Steven J. Lentz
Scripps Institution of
Oceanography,

La Jolla, California

Vincent D. Lyne
University of Australia

Ann P McNichol
Chemistry Department
Woods Hole Oceano-
graphic Institution

Zofia J. Miodzinska
Biology Department,
Woods Hole Oceano-
graphic Institution

E. chl Oberlander

Nobska House (the former
Redfield home)

Bryce Prindle
Ocean Engineering
Department,
Woods Hole Oceano-
graphic Institution
Victoria R. Starczak
Biology Department,
Woods Hole Oceano-
graphic Institution

Guest
Investigators

Frank B. Arbusto
NOAA, Norfolk, VA

Arthur B. Baggeroer
Massachusetts Institute of
Technology

Joseph P Bidwell
Howard Hughes Medical
Institute

Cmdr. Lawson W. Brigham
U S. Coast Guard
Washington, DC

Pierre Brunel
Universite de Montreal
CANADA

Bradford Butman
U S. Geological Survey,
Woods Hole

Thomas R. Capo
Howard Hughes Medical
Institute

Colleen Cavanaugh
Harvard University
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Jerry Cheney
Biology Department,
Woods Hole
Oceanographic Institufion
Mark W. Clark
Southeastern Massachusetts
University
J. Phil Clarner
Biology Depariment, Woods
Hole Oceanographic
Institution
Robert Commeau
United States Geological
Survey, Woods Hole
Clive Dorman
San Diego State University
San Diego, CA
Adria A. Elskus
University of Rhode Island
Changle Fang
Memorial Univ. of
Newfoundland
St. John’s, Newfoundland
CANADA
Kurt M. Fristrup
Ocean Engineering
Department, Woods Hole
Oceanographic Institution
Elizabeth D. Garland
Florida Institute of
Technology
Dejun Gong
Institute of Oceanology
Quindad, CHINA (PRC)
Richard M. Goody
Harvard University
Marvin Grosslein
National Marine Fisheries
Service, Woods Hole
George F. Heimerdinger
Environmental Data Service,
NOAA
Debra Ingrao
Howard Hughes Medical
Institute
Ruth E. Keenan
Science Applications, Inc.,
Mclean, Virginia
E. Douglas Kutney
Howard Hughes Medical
Institute
Judith M. Lafler
Howard Hughes Medical
Institute
Douglas A. Lipka
US. Environmental
Protection Agency
Washington, DC
Lloyd Nadeau
Marine Biological
Laboratory, Woods Hole
Frederick Olmsted
Biology Department, Woods
Hole Oceanographic
Institution
John A. Paige
Howard Hughes Medical
Institute

Kirsti Pirjo-Riitta Rantamaki
University of Turku
FINLAND

Donald C. Rhoads
Yale University

Brian J. Rothschild
University of Maryland

John J. Sasner
University of New
Hamphsire

Amelie Scheltema
Biology Department Woods
Hole Oceanographic
Institution

Jean G. Smith
Howard Hughes Medical
Institute

Fred S. Stevens
Aquaculture Research Corp.
Dennis

Catherine T. Tamse
Marine Biological
Laboratory, Woods Hole

Maura G. Tyrrel
Stonehill College

Qing Xia
Institute of Oceanology
Qingdao, CHINA (PRC)

Emei Zou
First Institute of
Oceanography
Qingdao, CHINA (PRC)

Guest Students

David E. Bell
Massachusetts Institute of
Technology
Cynthia G. Bryden
Boston University
Catherine L. Colby
Vanderbilt University
Yvonne A. Coursey
Robbins College
Susan C. Cushner
University of Vermont
Daniel J. Feeney
University of Massachusetts
Carl T. Friedrichs
Amberst College
Newell Garfield, 1lI
University of Delaware
Elizabeth A. Harling
University of Maine, Orono
Jennifer R. Hoffman
Brown University
Edward T. Leonard
Bridgewater State College
Ee Lin Lim
Smith College
Matthew D. McCarthy
University of California
Susan M. Nossal
Cornell University
llse M. Sanders
University of Puerto Rico

Jeannie S. Swift
Noble & Greenough
Preparatory School
Katherine E. Taylor
Cornell University
Peter N. Vogel
College of Charleston
Marcy N. Wilder
Harvard University

Ellyn Montgomery
S~

Anne Rabushka
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Top: Sandy Williams works on a RiNo (Richardson Number) float aboard
Knorr before a July test at the HEBBLE (High Energy Benthic Boundary
Layer Experiment) site off Nova Scotia. The instrument measures inter-
nal waves. Bottom: Associate Scientist Dave Aubrey was interviewed by
Channel 10 (Providence, RI) meteorologist Jeff Latham for a June series
on our changing climate and sea level rise.
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Top: The Iselin high bay was transformed into @ workshop during the Alvin overhaul in early
1986. Bottom left: Dick Edwards aboard John A. Edwards. Bottom right: The Institution logo on

the Knorr stack.

Ellyn Montgomery
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14

114-1l

14-1it

15

16

117

118-1

N8-it

18-l

n8-v

18V

18-Vvi

18-vil

Voyage

Cruise Period
10 Apr-10 Apr

1 May-14 May

16 May-18 Jun

21 Jun-2 Jul

9 Jul-28 Jul

2 Aug-15 Aug

19 Aug-15 Sep

20 Sep-7 Oct

N Oct-22 Oct
26 Oct-8 Nov
12 Nov-17 Nov
19 Nov

21 Nov-25 Nov

25 Nov-4 Dec

1 Dec-18 Dec

SV Alvin and R/V Atlantis Il

Total Nautical Miles for 1986 — 19020 miles
Total Days at Sea — 192 days
Total Dives — 116 dives

Principal Objectives, Area of Operations

Sea trials in Vineyard Sound for Coast Guard
certification

Seven Alvin dives in the vicinity of Bermuda for pilot
training and to test and certify Alvin following major
modifications and overhaul

Geological and geochemical studies of sea floor
spreading processes and hydrothermal vents on the
Mid-Atlantic Ridge at 23° and 26'N; twenty-three
Alvin dives, SEA BEAM surveys, camera tows and
rock dredges

Seven Alvin dives at Deep Ocean Station-2 in the
Western North Atlantic for retrieval of corrosion and
sediment infauna experiments; test lowerings of
benthic lander

Twelve Alvin dives fo test new deep ocean imaging
systems, including the tethered robotic vehicle Jason,
Jr, atthe RMS Titanic site in the Western North Atlantic

Geological investigations of the effects of the 1929
Grand Banks Earthquake on the Eastern Valley of
the Laurentian Submarine Fan; eight Alvin dives, SEA
BEAM surveys and seismic profiling

Evaluation of deep submersible observation, sam-
pling, imaging, and data collection techniques for
application to deep ocean tracer studies; twelve
Alvin dives in the Eastern North Atlantic

Fifteen Alvin dives, SEA BEAM surveys, and box
core stations for identification and investigation of
dynamic geological processes in the Delaware
Canyon system

Investigation of the benthic biological and microbio-
logical communities associated with the West Florida
Escarpment cold seeps; seven Alvin dives

Twelve Alvin dives for continuation of geological and
chemical studies of cold seeps on the West Florida
Escarpment

Studies of distribution and physiological characteris-
tics of phytoplankton using XBT stations and hydro-
graphic casts

Three Alvin dives for chemical and biological studies
of processes at the sediment-water interface in the
Panama Basin

Transit from Puntarenas, Costa Rica

Studies of the mechanisms and rates of sediment
deposition, sediment mixing and deposit feeding by
organisms in the Santa Catalina Basin; seven Alvin
dives, box cores, camera casts, and deployment of
free vehicle samplers

Ports of Call
(Destination)
Woods Hole

St. George's,
Bermuda

St. George's,
Bermuda

Woods Hole

Woods Hole

Woods Hole

Woods Hole

Charleston,
South Carolina

Tampa, Florida

Tompa, Florida

Cristobal, Panama
Balboa, Panama

Puntarenas,
Costa Rica

San Diego,
California
San Diego,
Cadlifornia

Chief Scientist

Walden/Akens

Karson (Duke)
Rona (NOAA)

Sayles

Ballard

Shor (LDGQ)

Livingston

Stubblefield
(NOAA)

Carney (LSU)

Paull (SIO)

Olson

Aller

(SUNY, Stony Brook)

C. Smith (UW)
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Total Nautical Miles for 1986 — 16,330 miles
Total Days at Sea - 152 days

Voyage Cruise Period Principal Objective, Area of Operations Ports of Call Chief Scientist
(Destination)
19-| 7 Jan-21 Jan Location of an oceanic front and deployment of St. George's, Weller
moorings for investigations of local air-sea inferac- Bermuda Erikson (MIT)

tion processes near Bermuda for the Frontal Air-Sea
Interaction Experiment (FASINEX)

19 23 Jan-7 Feb Continuation of physical oceanography studies for St. George's, Weller

the FASINEX program Bermuda Erikson (MIT)
N9-H 10 Feb-13 Feb Transit from St. George's, Bermuda Woods Hole Worrilow
120 9 Apr-15 Apr Continuation of investigations and time series meas- ~ Woods Hole Hollister

urements of fluvial stress from the Western Boundary
Undercurrent on the Nova Scotian Continental Rise
as part of the High Energy Benthic Boundary Layer
Experiment (HEBBLE)

121 22 Apr-20 May Sampling and measurement of natural and transient  Woods Hole Jenkins
tracers to determine horizontal and vertical
exchanges between the slope waters and the interior
of the Western Sargasso Sea as part of the Western
Boundary Exchange of Tracers program

122 28 May-1 Jun Tests of a new sensor package for the Multiple Woods Hole Wiebe
Opening/Closing Net Environmental Sensing System
(MOCNESS) and a refurbished CTD system; physical
and biological studies of streamers spiraling into a
warm core ring

123 5 Jun-25 Jun Confinuation of physical oceanography studies and ~ Woods Hole Weller
recovery of moorings for the FASINEX program
124 10 Jul-17 Jul Continuation of geology studies for the HEBBLE Woods Hole Hollister

program; test lowering of the SEADUCT benthic
inverted flume; deployment and recovery of OMNI
tripod, Free Vehicle Stereo Camera (FVSC) and
Benthic Autonomous Settling Tube (BEAST) fripod

125- 26 Jul-2 Aug Transit from Woods Hole Tompa, Florida

12541 8 Aug-25 Aug Studies of the geological processes that formed and ~ Tampag, Florida Spiess (SIO)
modified the West Florida Escarpment and the fre-
quency and distribution of chemosynthetic
communities

1254 27 Aug-2 Sep Transit from Tampa, Florida Woods Hole

126 8 Sep-18 Sep Continuation of geology studies for the HEBBLE Woods Hole Hollister
program; SEADUCT deployment, recovery of insiru-
ment tripods

127 26 Sep-28 Sep Continuation of engineering and operational tests of ~ Woods Hole Hollister
the SEADUCT instrument

Shelley Lauzon
Sheliey Lauzon

soisobe T

Left: Asterias. Right: Peter Wiebe works on the MOCNESS aboard

Knorr prior to a summer cruise.
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Voyage
174-1
174-l1

175-1

175-11
176-1
176-11

176

176-IV
76V
176V

76Vl

176 Vil

176-1X

176-X

77

77

178

179

180

R/V Oceanus

Total Nautical Miles for 1986 — 23,874 miles
Total Days at Sea— 199 days

Cruise Period
4 Jan-19 Jan
23 Jan-30 Jan

5 Feb
8 Feb-1 Feb

12 Feb-12 Mar
18 Mar-21 Mar
22 Mar-2 Apr

5 Apr-15 Apr

15 Apr-18 Apr
18 Apr-27 Apr
2 May-16 May

21 May-6 Jun

9 Jun-18 Jun

21 Jun-30 Jun

30 Jun-5 Jul

28 Jul-N Aug

12 Aug-25 Aug

9 Sep-13 Sep

14 Sep-22 Sep

30 Dec-30 Jan 1987

Principal Objectives, Area of Operations

Studies of spatial variability of pore water gradients
and composition

Investigations of time and space variability of oce-
anic carbon dioxide

Transit from Woods Hole for the Frontal Air-Sea
Interaction Experiment (FASINEX); testing of ship-
board sensors and equipment

Investigations of local air-sea interaction processes
at an oceanic front for the FASINEX program

Engineering tests of a High Performance Oceano-
graphic Mooring (HIPOM,) in the Gulf Stream

Physical studies, including XBT and acoustic doppler
measurements, along a transect of the North Atlantic

Investigations of the internal hydraulic processes
governing water exchange between the Atlantic and
Mediterranean as they are affected by the narrows
and sills of the Gibraltar Straits

Continuation of studies of internal hydraulic pro-
cesses and water exchange at the Gibraltar Straits

Continuation of studies of internal hydraulic pro-
cesses and water exchange at the Gibraltar Straits

Continuation of studies of internal hydraulic pro-
cesses and water exchange at the Gibraltar Straits

Diving, plankton net tows and midwater frawls for
observation and collection of gelatinous zooplank-
ton and microzooplankton in the Eastern North
Atlantic

Continuation of studies of gelatinous zooplankton
and microzooplankton in the Eastern North Atlantic

Transit from Cadiz, Spain

Deployment of a High Performance Oceanographic
Mooring (HIPOM,) in the Gulf Stream

Diving, plankton net tows and midwater trawls for
observation and collection of gelatinous zooplank-
ton, microzooplankton and marine snow in the Gulf
Stream

Continuation of biological studies of gelatinous zoo-
plankton, microzooplankton and marine snow in the
Gulf Stream

Bottom sampling in the vicinity of drilling sites as
part of the continuing Georges Bank Monitoring
Program

Investigations of the nature, composition and distri-
bution of particulate matter in the near-bottom
environment and within the water column in the Gulf
of Maine

Microearthquake studies of the Central Transform
Region of the Kane Fracture Zone

Ports of Call
(Destination)

St. George's,
Bermuda
Woods Hole

St. George’s,
Bermuda

Woods Hole
St. George's,

Bermuda

Tangier,
Morocco

Cadiz, Spain

Cadiz, Spain
Cadiz, Spain
Cadiz, Spain

Funchal, Madeira

Cadiz, Spain

St. George's,
Bermuda

Woods Hole
Norfolk,
Virginia
Woods Hole

Woods Hole

Woods Hole

Woods Hole

Chief Scientist
Sayles
Brewer

Pollard (1OS)
Regier (SIO)

Weller
Clay
Stommel

Armi (SIO)

Boyle (MIT)
Armi (SIO)
Gregg (UW)

Harbison

Harbison

Clay

Harbison

Harbison

Bothner (USGS)

Youngbluth (HBOI)

Purdy
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Top: Chairman of the Board Guy Nichols. Middle: Associate Scientist
Kozo Takahashi explains his research projects during the Annual Meet-
ing Open Houses June 13. Bottom: Associates President, Honorary Trus-
tee and Corporation Member James "'Spike” Coles with guest William
Hazen at the Associates Dinner April 15 at the New York Yacht Club.
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daughter Exa aboard Atlantis |,
Bob Hindley instructs employees
in a CPR class, Diving Safety Of-
ficer Terry Rioux.
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Highlights:

The Institution’s total operating revenue decreased 2.5% in 1986 to $49787948 compared with a 4% increase and total
revenues of $51,052,546 in 1985. Excess current unrestricted funds of $800,000 were transferred to Unexpended Plant
Funds and $500,000 to replenish the Director’s Innovative Fund.

Funding for sponsored research programs decreased 3% in 1986 as compared to 1985 as summarized below. Gov-
ernment sponsored research was $38,664,000 in 1986 compared to $38,551,000 in 1985. This static funding level
continued to reflect uncertainties associated with the Federal budget deficit. Non-Government research decreased
24.5% to $4,377000 in 1986 from $5,800,000 in 1985. The previous year figure included funds from the Howard
Hughes Medical Institute to renovate the Environmental Systems Laboratory. The remainder of the decrease was due
primarily to reduced use of our vessels by other organizations.

Increase
1986 1985 (Decrease)

National Science Foundation ... .. .. $20,332,000  $22,618,000 (10.1%)
Office of Naval Research . ...... . ... 15,465,000 12,741,000 21.4%
DepartmentofEnergy ............. .. 529,000 672,000 (21.3%)

National Oceanic & Atmospheric

Administration ...... ... ... .. 1,581,000 1,416,000 11.7%
Other Government ................. 757,000 1,104,000 (31.4%)
Restricted Endowment Income . ... ... 360,000 502,000 (28.3%)
Other Gifts, Grants, and Contracts . . . 4,017,000 5,298,000 (24.2%)
)

$43,041,000  $44,351,000 (3.0%

Gifts and grants from private sources, including over 1,500 WHOI Associates, totaled $3,675,000 in 1986, an increase
of $1,899000 compared to 1985:

Giftsto Endowment .. .. $2,177,000
Young Scientists Program . ... .. 58,000
Marine Policy & Ocean Management ... ... . .. 600,000
Studyof BuzzardsBay ... .. 85,000
Education Program .. ... .. . 22,000
Coastal Research Programs ... ... 83,000
Sperm Whale Communication. ... .. ... ... 100,000
OceanographicVenturesFund . ... 60,000
Biological Sciences Program .. ... .. 75,000
OtherResearch Programs ... .. . . . . 15,000
Unrestricted Gifts . ... 400,000

$3,675,000

Capital expenditures, including year-end work in process, were $1443,000, a 10.5% increase over 1985 expenditures
of $1,306,000. Included in 1986 expenditures was $683,000 for continued renovations to Redfield Laboratory. Addi-
tional funds were expended for acquisition of computer resources, shop equipment and general renovations. Funds
for capital improvements were derived from depreciation recovery and use of other unrestricted income.

isti i . Increase
Other statistics of interest are: 1986 1985 (Docrouse)
Number of Employees ......... .. ... 781 795 (1.8%)
Total Compensation (including
Overtime and Benefits) ....... . .. $27,768,000 $27,257,000 1.9%
EndowmentIncome (net) ........ .. .. 3,544,000 3,658,000 (3.1%)
Giftsto Endowment. ........... ... . 2,177,000 172,000 1165.7%
Endowment Principal (year-end at
marketvalue) ... .. .. 82,174,000 68,659,000 19.7%
Sponsored Programs Backlog ... .. .. 26,568,000 25,190,000 55%

Funds availed of in support of the Education Program were derived principally from endowment income received in
1986 totaling $2,102,000. In addition to other funds restricted for education, unrestricted funds of $513,000 were
availed of for the Education Program. Funds of $1,221,000 for student tuition and stipend support were provided either
directly by charges to research grants and contracts or indirectly through the general and administrative overhead rate.

Your attention is invited to the Financial Statements and the notes accompanying them, audited by Coopers & Lybrand.

Gary B. Walker

Assistant Director for Finance & Administration
Kenneth S. Safe, Jr.

Treasurer
George A. Smith

Controller
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Balance Sheels
¢ o 25, D i 1 & ey 1 s an B
December 31, 1986 and 1985
ASSETS 1986 1985
Current Fund Assets (Note A):
Cash .o $ (685794) $ (555213
Short-term investments,
at cost which approximates market ....... .. 17,428,255 18,751,964
Accrued interest and dividends .............. .. 900,948 801,934
Reimbursable costs and fees:
Billed ... 384,911 544,569
Unbilled ... 683,941 582,666
Other receivables............................. 390,689 327,245
Inventories..............c..cc i 313,720 369,264
Deferred charges and prepaid expenses ... ... 427,172 210,776
Deferred fixed rate variances.................. (629,817) (1,485,523)
Duetootherfunds ............................. (7,665,874) (7,101,406}
11,548,151 12,446,276
Endowment and Similar Fund Assets (Note A):
Investments, at market (cost $60,976,802
in 1986 and $50,919,826 in 1985}
Bonds......ooooo 24,843,837 22,644,406
Stocks .. 45,857,353 41,080,060
Other.....oooo 1,722,750 897,732
Total investments (Note B) ................ 72,423,940 64,622,198
Cash and cash equivalents..................... 9,701,653 4,008,126
Pooled income fund investments, at market ... 153,744 133,057
Duetocurrentfund ...................... ... . (105,785) (104,408)
Total endowment «.oovvooeieeiii . 82,173,552 68,658,973
Annuity Fund Investments, at market .......... 136,245 127,193
82,309,797 68,786,166
Plant Fund Assets (Note A)
Land, buildings, and improvements......... .. 24,546,048 23,522,041
Vessels and dock facilities ..................... 7,442,492 7,425,434
Laboratory and other equipment .............. 3,710,294 3,308,223
Work inprogress............................... 65,963 119,357
35,764,797 34,375,055
Less accumulated depreciation ................ 14,481,605 13,064,204
21,283,192 21,310,851
Due from current fund ............... ... ... 7,771,659 7,205,814
29,054,851 28,516,665
$122,912,799 $109,749,107
LIABILITIES AND FUND BALANCES 1986 1985
Current Fund Liabilities and Balances:
Accounts payable, other accrued
expenses and deferred revenues .......... .. $ 174495 $ 1,372,156
Accrued payroll related liabilities ............. 2,293,328 2,022,777
Unexpended balances restricted for:
Sponsored research .............. ... .. ... 4,273,293 3,548,519
Education program .................. . 847,880 589,632
Total restricted balances ............... ... 5121173 4,138,151
Unrestricted balances designated for:
Director's innovative fund ................... 648,961 500,000
Income and salary stabilization ............. — 3,513,304
Ocean industry program .................... 151,308 218,994
Unrestricted current fund .................... 1,588,425 680,894
Total unrestricted balances ............... 2,388,694 4,913,192
11,548,151 12,446,276
Endowment and Similar Fund
Liabilities and Balances:
Endowment:
Income restricted ............. ... ... . ... 48,355,583 41,872,777
Income unrestricted ..................... ... .. 944,202 823,704
Quasi-endowment:
Income restricted .................... ... ... .. 11,470,444 9,944,212
Income unrestricted..................... . ... 21,403,323 16,018,280
Total endowment ...................... ... 82,173,552 68,658,973
ANNUIRY oo 136,245 127,193
82,309,797 68,786,166
Plant Fund Balances:
Invested inplant............... ... ... ... 21,283,192 21,310,851
Unexpended, unrestricted...................... 7,771,659 7,205,814
29,054,851 28,516,665
$122912,799 $109,749,107
The accompanying notes are an integral part of the financial statements.

Statement of Current Fund Revenues,
Expenses and Transfers for the years
ended December 31, 1986 and 1985

Revenvues 1986 1985
Sponsored research:
Government ... $38,664,406  $38,551,142
Nongovernment ............. ... ... .. . .. .. 4,376,959 5,799,530
43,041,365 44,350,672
Educationfunds availedof ... ...... ... ... . . .. 2,203,120 2,052,140
Totalrestricted. ........... ... ... .. . ... 45,244,485 46,402,812
Unrestricted:
Fees ... 460,488 658,685
Endowment and similar fund income .. ... ... .. 965,602 898,559
Gifts ... 400,186 525,320
Tuition ... 1,025,881 849,566
Investmentincome ........ .. .. .. ... ... ... .. 1,049,389 1,191,524
Oceanus subscriptions .......... ... .. .. .. 339,305 238,308
Other ... 302,612 287,772
Totalunrestricted ......... .. ... ... .. . .. .. 4,543,463 4,649,734
Totalrevenves . ......... ... ... ... .. .. ... 49,787,948 51,052,546
Expenses
Sponsored research:
Salaries and fringe benefits .......... ... . . 13,809,940 13,671,989
Shipsand submersibles.. .. ... .. ... .. . ... 7,323,171 7,830,485
Materialsand equipment . ... ... . 6,116,117 6,454,005
Subcontracts.. . ... . 2,034,696 1,164,526
Laboratory overhead 3,871,336 3,948,449
Other . ... .......... .. 5,725,025 6,590,036
General and administrative 4,161,080 4,691,182
43,041,365 44,350,672
Education:
Facultyexpense........ ... .. ... . .. .. ... . .. 996,812 575,731
Studentexpense.......... 789,080 1,038,298
Postdoctoral programs ....... ... ... .. ... 420,664 426,282
Other ... 270,076 239,631
General and administrative . ....... ... ... 239,428 250,483
2,716,060 2,530,425
Unsponsoredresearch ............ ... ... ... 549,915 567,183
Oceanusmagazine ................... ... ... 341,793 323,250
Otheractivities .................. ... .. . ... .. 676,482 705,961
General and administrative .. .. ... ... .. .. .. 158,526 155,322
1,726,716 1,751,716
Totalexpenses. . ............ ... .. ... . ... 47,484,141 48,632,813
Netincrease beforetransfers ... ... ... ... .. . . 2,303,807 2,419,733
Transfers - to/(from):
Director's innovative Fund . ...... ... .. ... . .. 500,000 500,000
Income and salary stabilization reserve .. .. ... - 299,520
Designatedreserves ... ... ... .. ... ... .. .. (46,763) (43,119)
Endowmentfund ... . . .. ... .. .. .. .. . ... 175,000 29,000
Plantfund, unexpended .. ... .. ... ... . . . . .. .. 800,000 1,500,000
Totaltransfers .. ....... .. .. ... . .. .. ... 1,428,237 2,285,401
Net increase —unrestricted current fund ... .. $ 875570 $ 134,332

The accompanying notes are an integral part of the financial statements.
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Statement of Changes in Fund Balances
for the year ended December 31, 1986
Current Fund Endowment Plant Fund
and Similar ~ Invested Total All Funds
Restricted Unrestricted Total Funds In Plant Unexpended 1986 1985
Increases:
Gifts, grants and contracts: ... ...
Government .............. ... $39,153,660 $39,153,660 $ 39,153,660  $ 40,683,899
Nongovernment ... ........... 4,350,725 $ 400,186 4,750,911 $ 2,176,724 6,927,635 6,476,073
Endowment and similar funds
investmentincome (NoteD) .... 2,578,189 965,602 3,543,791 3,543,791 3,657,602
Netincrease in realized and
unrealized appreciation .. ... .. 7,380,219 7,380,219 12,015,371
Other .......................... 53,079 3,209,636 3,262,715 280 3,262,995 3,303,830

Totalincreases.............. 46,135,653 4,575,424 50,711,077 9,557,223 60,268,300 66,136,775
Decreases:

Expenditures......... ... ... ..., (45,244,485)  (2,239,656) (47,484,141) (47,484,141 {48,632,813)
Depreciation (Note A) ........... $(1,470,764)  $1,208,950 (261,814) {261,814)
Other .......................... (2,004) (2,004) (2,004) (5,419)

Total decreases .......... ... (45,246,489)  (2,239,656) (47,486,145) (1,470,764) 1,208,950  (47,747,959) (48,900,046}

Net change before transfers . 889,164 2,335,768 3,224,932 9,557,223  (1,470,764) 1,208,950 12,520,341 17,236,729
Transfers —to/{from):

Current revenues to plantfund ... (800,000) (800,000) 800,000 - -
Current revenues to endowment

fund. ... (362) (452,742) (453,104) 453,104 - -
Income and salary stabilization

reserve to endowmentfund .. .. (3,513,304) (3,513,304) 3,513,304
Currentrevenues to education. . .. 94,220 (94,220) - -
Plant asset additions ......... ... 1,443,105 {1,443,105) -

Totaltransfers .. ... ... .. .. 93,858 (4,860,266} (4,766,408) 3,966,408 1,443,105 (643,105) - -
Change in fund balance for the year 983,022 (2,524.498)  (1,541,476) 13,523,631 (27,659) 565,845 12,520,341 17,236,729
Fund balance, December31,1985.. 4,138,151 4,913,192 9,051,343 68,786,166 21,310,851 7,205,814 106,354,174 89,096,106
Fund balance, December 31,1986 .. $ 5,121,173  $2,388,694 $ 7,509,867 $82,309,797 $21,283,192 $7,771,659 $118,874,515  $106,332,835

The accompanying notes are an integral part of the financial statements.

Heport of the C
Aocountants
To the Board of Trustees of

Woods Hole Oceanographic Institution:

We have examined the balance sheet of
Woods Hole Oceanographic Institution as of
December 31, 1986, and the related statement
of changes in fund balances, and of current
fund revenues, expenses and transfers for the
year then ended. Our examination was made in
accordance with generally accepted auditing
standards and, accordingly, included such tests
of the accounting records and such other audit-
ing procedures as we considered necessary in
the circumstances. We previously examined and
reported upon the financial statements of the
Institution tor the year ended December 31,
1985; totals for that year are shown for com-
parative purposes.

In our opinion, the financial statements
referred to above present fairly the financial
position of Woods Hole Oceanographic Insti-
tution as of December 31, 1986, the changes in
its fund balances, and its current fund revenues,
expenses and transfers for the year then ended,
in conformity with generally accepted account-
ing principles applied on a basis consistent with
that of the preceding year.

Cooperc ¢ Zptrend.

Boston, Massachusetts
March 27, 1987
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Motes to Financial Statements

A. Summary of Significant
Accounting Policies:

Fund Accounting

In order to comply with the internal
designations and external restric-
tions placed on the use of the
resources available to the Institu-
tion, the accounts are maintained in
accordance with the principles of
fund accounting. This procedure
classifies resources into various
funds in accordance with their
specified activities or objectives.

Investments

Investments in securities are stated
at market value determined as
follows: securities traded ona
national securities exchange are
valued at the last reported sales
price on the |last business day of the
year; securities traded in the over-
the-counter market and listed
securities for which no sales prices
were reported on that day are
valued at closing bid prices. Invest-
ments for which a readily determi-
nable market value cannot be
established are stated at cost.

Income, net of investment expenses,
is distributed on the unit method.
Unrestricted investmentincome is
recognized as revenue when
received and restricted investment
income is recognized as revenue
when itis expended for its stated
purpose. Realized and unrealized
gains and losses are attributed to
the principal balance of the funds
involved.

Contracts and Grants

Revenues earned on contracts and
grants are recognized as related
costs are incurred. Beginning with
fiscal 1978, the Institution has nego-
tiated with the federal government
fixed rates for the recovery of
certain indirect costs. Such recover-
ies are subject to carryforward
provisions that provide for an
adjustment to be included in the
negotiation of future fixed rates.

Gifis

Gifts are recorded in the applicable
funds when received. Noncash gifts
are generally recorded at market
value on the date of gift although
certain noncash gifts for which a
readily determinable market value
cannot be established are recorded
at a nominal value of $1 until such
time as the value becomes known.
Unrestricted gifts are recognized as
revenue when received and
restricted gifts are recognized as
revenue as they are expended for
their stated purposes.

Plant

Plant assets are stated at cost.
Depreciation is provided at annual
rates of 2% to 8 1/2% on buildings,
31/3% on Atlantis ll and 5% to 33
1/3% on equipment. Depreciation
expense on Institution-purchased
plant assets amounting to
$1,208,950 in 1986 and $1,090,686
in 1985 has been charged to operat-
ing expenses. Depreciation on
certain government funded facilities
(Atlantis Il, Laboratory for Marine
Science and the dock facility,
amounting to $261,814 in each year)
is accounted for as a direct reduc-
tion of the plant asset and invested
in plant fund. Title to the research
vessel Atlantis | is contingent upon
its continued use for oceanographic
research.

The Institution consolidates avail-
able cash from the plant fund with
other cash in the current fund for
investment purposes.

Reclassifications

Certain accounts in the 1985 finan-
cial statement presentation have
been reclassified to conform with
the 1986 presentation.

1930

B. Endowment and Similar Fund Investments:

The cost and market value of investments held at December 31, 1986, and 1985,
are as follows:

December 31,1986 December 31,1985
Cost Market Cost Market
Government and
government
agencies.......... $15,374,873 $16,123,155 $13,766,881 $15,143,553
Convertible bonds . .. 1,170,903 1,332,750 945,900 1,021,125
Corporate bonds . . .. 7,048,912 7,387,932 6,096,258 6,479,728
Commonstocks .. ... 35,659,364 45,857,353 29,213,055 41,080,060
Other .............. 1,722,750 1,722,750 897,732 897,732

$60,976,802 $72,423,940 $50,919,826 $64,622,198

Total investments ...

C. Investment Units:

The value of an investment unit at December 31,1986, and 1985, was $1.7144
and $1.5343, respectively. The investment income per unit for 1986 and 1985 was
$.0761 and $.0819 respectively.

1986 1985
Unitvalue beginningofyear ................ ... .. .. $1.5343  $1.2652
Unitvalueendofyear ................................ 1.7144 1.5343
Net changefortheyear........ ... ... ... ... ... 1801 2691
Investment income perunitfortheyear. . ........ ... ... .0761 .0819
Totalreturnperunit ............ ... ....... ... . ..... $.2562  $.3510
D. Endowment and Similar Fund Income:
Income of endowment and similar funds consisted of the following:
1986 1985

Dividends.............. .. $1,059,090  $1,127,993
Interest ... ... . . 2,868,373 2,861,294

3,927,463 3,989,287
Investment managementcosts ................ ... (383,672) {331,685)
Net investmentincome ... ... ... .. ... .. .. .. ... .. $3,543,791  $3,657,602

E. Retirement Plan:

The Institution has a noncontributory defined benefit trusteed retirement plan
covering substantially all full-time employees. The Institution’s policy is to fund
pension cost accrued which includes amortization of prior service costs overa
30-year period. Retirement plan costs charged to operating expense amounted
t0 $2,249,026 in 1986 and $2,329,000 in 1985, including $262,026 and $221,000,
respectively, relating to expenses of the retirement trust. Accumulated plan
benefits and net assets available for plan benefits as of January 1, 1986 (the
most recent valuation date), with comparative totals for January 1, 1985, are as
follows:

Janvary 1
1986 1985
Actuarial present value of
accumulated plan benefits:
Vested .. ... ... i $26,975,044  $23,978,594
525,316 1,292,780

Total actuarial present value of

accumulated planbenefits . ........ ... .. . ... $27,500,360 $25,271,374

Net assets available for plan benefits .. ... ..., .. $46,216,924 $35,726,839

The assumed rate of return used in determining the actuarial present value of
accumulated plan benefits was six and one-half percent compounded annually.

F. Post-Retirement Health Care Benefits:

In addition to providing pension benefits, the Institution provides certain health
care benefits for retired employees and their spouses. Substantially all of the
Institution’s employees may become eligible for the benefits if they reach normal
retirement age (as defined) or elect early retirement with certain time in service
limitations. The cost of retiree health care is recognized as an expense when
paid. These costs totaled $143,144 in 1986 and $119,300in 1985.




Clockwise from top left:
RV Knorr at the Institution
pier; deployment of Sea-
duet during a summer RV
Knorr cruise; RV Atlantis Il
in rough seas; bollards on
R.M.5. Titanic photo-
graphed by DSV Alvin dur-
ing @ July cruise; Mound
of tube worms ot cold seep
on West Florida Escarp-
ment; coring device pre-
pared for launch; Bigelow
Loboratory as seen from
the Iselin Mall.

James Brodo
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Holger Jonnosch




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


