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The journal Arctic Research of the United
States is for people and organizations interested in
learning about U.S. Government-financed Arctic
research activities. It is published semi-annually
(spring and fall) by the National Science Founda-
tion on behalf of the Interagency Arctic Research
Policy Committee (IARPC) and the Arctic Re-
search Commission (ARC). Both the Interagency
Committee and the Commission were authorized
under the Arctic Research and Policy Act (ARPA)
of 1984 (PL 98-373) and established by Executive
Order 12501 (January 28, 1985). Publication of the
journal has been approved by the Office of Man-
agement and Budget.

Arctic Research contains

* Reports on current and planned U.S. Govern-

ment-sponsored research in the Arctic;

* Reports of ARC and IARPC meetings; and

« Summaries of other current and planned

Arctic research, including that of the State of
Alaska, local governments, the private sector
and other nations.

Arctic Research is aimed at national and inter-
national audiences of government officials, scien-
tists, engineers, educators, private and public
groups, and residents of the Arctic. The emphasis
is on summary and survey articles covering U.S.
Government-sponsored or -funded research rather
than on technical reports, and the articles are in-
tended to be comprehensible to a nontechnical
audience. Although the articles go through the

normal editorial process, manuscripts are not ref-
ereed for scientific content or merit since the jour-
nal is not intended as a means of reporting scien-
tific research. Articles are generally invited and
are reviewed by agency staffs and others as appro-
priate.

As indicated in the U.S. Arctic Research Plan,
research is defined differently by different agen-
cies. It may include basic and applied research,
monitoring efforts, and other information-gathering
activities. The definition of Arctic according to the
ARPA is “all United States and foreign territory
north of the Arctic Circle and all United States ter-
ritory north and west of the boundary formed by
the Porcupine, Yukon, and Kuskokwim Rivers; all
contiguous seas, including the Arctic Ocean and
the Beaufort, Bering, and Chukchi Seas; and the
Aleutian chain.” Areas outside of the boundary are
discussed in the journal when considered relevant
to the broader scope of Arctic research.

Issues of the journal will report on Arctic topics
and activities. Included will be reports of confer-
ences and workshops, university-based research
and activities of state and local governments and
public, private and resident organizations. Unsolic-
ited nontechnical reports on research and related
activities are welcome.
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COV€ V' The USS L. Mendel Rivers during the most recent deployment of an SSN-637 class submarine to the Arctic.
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With the recent retirement of the USS L. Men-
del Rivers, our nation bade farewell to the last of
the Navy’s “fully Arctic-capable” nuclear subma-
rines—the SSN-637 Class. This event marks the
passing of a significant platform capability, not
only for the Navy, but for the Arctic research com-
munity as well.

It is appropriate therefore to pause and recall
briefly the history of submarine data collection in
the Arctic Ocean, note how the SCICEX Program
emerged, identify some of the science achieve-
ments it enabled, and look at the prospects for the
future operation of submarines for research in the
Arctic.

Data collection by nuclear submarines operat-
ing under the Arctic Ocean sea ice started with the
deployment of the USS Nautilus into the western
Arctic Ocean in 1957. At that time, and for the
next twenty or so years, all submarine deploy-
ments to the Arctic were classified. Information as
to submarine location and time when deployed
was rarely discussed outside Navy circles, let
alone released to the general public. The Navy did
collect some Arctic environmental data for its own
use in understanding the Arctic and in fulfilling
government/Navy research and development
(R&D) data needs. Perhaps the most significant
early data release was in 1976, when the USS
Gurnard collected ice profile data north of Alaska
to support the Arctic Ice Dynamics Joint Experi-
ment (AIDJEX).

In the 1980s, stimulated by the Cold War,
classified submarine deployments to the Arctic
increased. Occasionally a researcher would be
successful in gaining Navy approval for collecting
data for a specific science need. Those data were
usually declassified at some subsequent date.

It was in 1988 that the U.S. Global Climate
Change Program was established, which involved
all agencies in the Federal Government having
environmental interests. The program created a

The Science Ice Exercise Program
History, Achievements, and Future of SCICEX

heightened public awareness of the need for envi-
ronmental data. And in no area of the world was
there a greater need for environmental data than in
the Arctic.

Later in the decade of the 1980s, it became clear
that the Cold War was ending. The Soviet Union
was in serious and worsening financial condition, a
situation that extended right through their military
forces. This stimulated them to develop some
unique fundraising ideas. They made offers to any
and all that nuclear submarines could be available
for science—at a price. During the period 1989—
1993 there was much discussion about the “Victor
Project,” a concept that would make a Soviet Victor
Class SSN available to the science community for
data collection in the Arctic Ocean. This offer
included the opportunity for civilian researchers
to ride the submarine during each science deploy-
ment.

As interest in these events surged about the U.S.
Arctic science community, the Arctic Research
Commission (ARC), led by the author (who at that
time was a Commission advisor), was attempting
to stimulate the U.S. Navy to accept the concept of
conducting civilian science from submarines. The
Navy was cool to the concept. However, what the
Navy did accept was the lessening of the Cold War
and with that a concomitant decrease in the need
(and funding) for Arctic R&D to enhance its Arctic
(under-ice) warfare capability. Lacking a clear-cut
military R&D requirement, the justification could
be made for the performance of pure civilian sci-
ence in the Arctic. With the submarine community
facing reduced Cold War operational commitments,
the Navy was able to support occasional deploy-
ments for the performance of pure civilian science
in the Arctic.

It was early in 1989 that the Navy agreed to
collect Arctic Ocean water samples for a civilian
researcher during a spring deployment. The endea-
vor was intended to create a degree of accommo-



USS Cavalla during ~ dation among all those involved. Successful exe-
SCICEX '95.  cution of this small-scale data collection was also
intended to provide the Navy new information and
understanding of Arctic Ocean currents that it
would otherwise not acquire.

The collection of water samples during ICEX
1-89 went smoothly. A second collection was
requested for a deployment in 1990. The Navy
agreed to continue the effort. Concurrently the
ARC and NSF continued to address the more com-
prehensive idea of dedicated Arctic Ocean science
deployment(s) by an SSN. In 1990 the University
National Oceanographic Laboratory System
(UNOLS), which coordinates the U.S. academic
community’s research fleet, requested that the
UNOLS Fleet Improvement Committee study the
potential uses of a nuclear submarine for Arctic
oceanographic research.

In early 1991 the ARC and NSF agreed that in
order to accomplish the needed Arctic Ocean
research, a dedicated cruise or series of cruises by
a submarine would be required. The collection of
data for science in small quantities, as was done
with the water samples, was simply inadequate
and impractical in the face of the emerging scien-
tific interest in the Arctic Ocean and the gross lack
of understanding of the area. Even if a scientist
were to accompany every operational deployment
the Navy made to the Arctic, such a program

would never produce the integrated, interdisciplin-
ary data sets needed by science. A dedicated science
cruise fully committed to ocean data collection
became the objective. Better yet, and clearly justi-
fiable in the minds of the science community,
would be a series of cruises.

Coincident with the development of the con-
cept of dedicated cruise(s), the reduction of mili-
tary forces began, as the Cold War abruptly ended.

In 1991 the ARC and NSF’s Office of Polar Pro-
grams co-chaired a meeting with five prominent
“Arctic” oceanographers and Navy representatives
from the aviation, submarine, and “ice-camp”
communities. The meeting was intended to start
active discussions between science and the Navy
concerning science’s data needs and the Navy’s
ability to fulfill them.

In October the ARC prepared a point paper
addressing the use of an SSN as an Arctic research
vehicle, describing advantages to the Navy as well
as to science.

In December 1991 the ARC met at the U.S.
Naval Postgraduate School in Monterey, Califor-
nia. The theme of the meeting focused on the
Navy’s ability to support civilian Arctic Ocean
research and data collection. The ARC responded
positively to the presentations and embraced the
concept as a major Commission activity.

In January 1992 the UNOLS report called Scien-



tific Opportunities Onboard a Nuclear Submarine
(quickly dubbed the “SOONS” report) was pub-
lished. The chair of UNOLS sent a copy to the Secre-
tary of the Navy for comment and received a reply
that the Navy was not interested in using an opera-
tional submarine for science. The response further
stated that UNOLS should investigate the use of
NR-1, an experimental, small, Navy-owned, nucle-
ar research submarine. The reply neglected to note
that NR-1 must be towed to its operations area by a
surface vessel and is not capable of operating
under ice.

By 1992 Navy interest in the project began to
grow. At the same time the Navy defined the data
collection area for science operations. To avoid
diplomatic problems, the area was pointedly defined
well clear of the established exclusive economic
zones of all Arctic rim nations except the U.S.

In January 1993 the Navy was ready to plan an
expanded (dedicated) science cruise. The planning
for the first Science Ice Exercise (SCICEX) began
with a committee of twelve prominent Arctic Ocean
scientists and experts from the U.S. Navy’s Arctic
Submarine Laboratory (ASL), located in San
Diego, California.

The first scientific cruise took place in Septem-
ber and October 1993 aboard the USS Pargo and
proved to be a watershed event. On 21 November,
drawing on the success of the Pargo cruise, the
ARC convened a meeting of senior officials of
the Navy and Federal science agencies to discuss
where to go next. At this meeting were representa-
tives of the Office of Naval Research (ONR), NSF,
the National Oceanic and Atmospheric Administra-
tion (NOAA), the U.S. Geological Survey (USGS),
the ARC, and the Chief of Naval Operations (CNO)
staff. It was agreed to continue the program.

Early in 1994 the CNO’s staff, ONR, and the
ARC drafted a Memorandum of Agreement (MOA)
to ensure continuation of the program over several
years. NSF, NOAA, the USGS, and ONR, as partici-
pating science agencies, together with the Assistant
Chief of Naval Operations and the Commanders of
the Atlantic and Pacific Submarine Fleets, signed
the agreement on August 17, 1994.

The first formal SCICEX cruise under the MOA
departed from Pearl Harbor, Hawaii, aboard the
USS Cavalla on March 8, 1995. It concluded with
a port call near Victoria, British Columbia, on
May 23, 1995. During the interim between the
Pargo and Cavalla cruises, the Navy increased
the unclassified operating depth of submarines
from 400 to 800 feet and the unclassified speed

from 20 to 25 knots. These unprecedented changes
in Navy security restrictions were the first since
World War 11, and they allowed the submarine to
collect unclassified data over the full extent of the
surface mixed layer in the Arctic Ocean. At the
same time the Navy declassified both the name of
the vessel and the sailing date for the 1995 cruise
well before the beginning of the exercise. This was
another unprecedented action, which greatly bene-
fited cruise planning. These steps were taken by
the Navy to increase the value and utility of the
SCICEX Program.

During the five years of the active SCICEX Pro-
gram, the science community has benefited from
an enormous infusion of data. Each submarine that
was deployed was fitted with at least 8 and as
many as 13 ocean data collection systems. On the
last two cruises, the USS Hawkbill carried the Sea-
floor Characterization and Mapping Pods
{SCAMP), the largest and most expensive civilian
research system ever installed aboard a submarine.

The SCICEX submarines collectively spent 211
days in the data collection area and cruised over
95,000 km collecting data under sea ice. Not only
was the data take huge (conservative estimates
claim a doubling of the data available on the Arc-
tic ocean in the seven-year period), there were not-
able and unique scientific achievements, most of
which were only made possible from a submarine.
They include (at this writing):

» Unequivocally superior access to the Arctic
Ocean—in all seasons, in all weather, to all
areas—on a platform that was quieter, more
stable, and at least five times faster than any
other Arctic Ocean data collection platform
ever employed;

* Six synoptic views of the Arctic Ocean with
co-registered data sets, achievements that no
other platform had accomplished;

+ Confirmation of significant warming of the
core Atlantic water in the Arctic and abrupt
movement of the Atlantic/Pacific front into
the western Arctic Ocean basin;

* Determination that the Arctic sea ice pack has
thinned by as much as 40% in this decade;

» Sub-bottom profiles heralded as the highest
quality ever observed (because of the sub-
marines’ quietness);

* First-ever swath bathymetry surveys (in the
1998 and 1999 cruises) of critical areas of the
Arctic ocean (Chukchi Cap, Northwind Rise,
Lomonosov Ridge, and Gakkel Ridge), add-
ing over 25 million soundings to the existing,
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USS Cavalla surfaced for
a science station during
SCICEX ‘95. Note the
warming hut at the left.

all-source database of approximately 1 mil-
lion, thus creating a new picture of the ocean
bottom; and

e Irrefutable information, provided using SCAMP,

about a massive Arctic ice sheet, the presence
of huge icebergs, and sea floor volcanism, all
of which will have great impact on the earth’s
geologic and climatic history.

Clearly SCICEX has motivated numerous revi-
sions in what science had previously thought of
the Arctic—and there remains much more data to
be analyzed.

In addition to the at-sea science, other notable
events have taken place during the past five years
that are worth noting.

In October 1998 NSF and ONR jointly spon-
sored a workshop entitled SCICEX 2000. That

meeting, attended by representatives of the gov-
ernment’s science agencies, the academic commu-
nity, and the Navy, attempted to define the future
of SCICEX when all SSN 637 Class submarines have
been retired in late 2000. The outcome was clearly
mixed; a new understanding of the Arctic was
described, but the prospects for continuing a regular
series of dedicated cruises were stated as remote.

Then in May 1999 the U.S. Navy stepped for-
ward and offered the USS L. Mendel Rivers, the
last of the 637 Class, as a shared military—science
community submarine for about 8 years (when her
reactor core will be exhausted). Unfortunately suf-
ficient resources were not available to pay for the
science community’s half of the project.

So where does science go next? The Navy is
supportive of the need but also realistic about the



availability of assets for any dedicated cruises. The
Navy raised the prospect of a dedicated period of
time for science, 2-3 years in the future. However,
to ensure that such an event occurs, the Navy
requested that the science community prepare a
Jjustification of its needs for data and dovetail the
suggested science with Navy science needs. Regu-
lar dialogue between both parties in the months
and years ahead was assured. Certainly this recent
discussion is a good sign, given the alternatives.

At the same time, the science community, its
appetite whetted by the new discoveries in the Arc-
tic, seeks more information on the Arctic, sooner
rather than later. Interest in data from the SCAMP
system is considered of particular value. To that
end Arctic scientists and science administrators
met on March 28, 2000, to identify all possible
data collection avenues to be examined and pur-
sued in an effort to obtain a suitable platform.

Six possible “roads ahead” were discussed, the
last five being subordinate to the first.

The first option is obviously to continue a dia-
logue with the Navy for the use of a Navy nuclear
submarine for dedicated cruises in the Arctic. At
the SCICEX 2000 Workshop the Navy indicated
that a dedicated cruise could be conducted if a
satisfactory justification were submitted. The fre-
quency and duration of such a dedicated cruise
remains undefined.

If it is not possible to continue the use of Navy
submarines, the most satisfactory alternative may
be the construction of a high-endurance autonomous
underwater vehicle (AUV) for surveys under the
Arctic sea ice. Such an AUV would be a major step
upward in the capabilities of AUVs. An endurance
on the order of 10,000 km for under-ice survey is
required, and the vehicle would also have to support
the power demands of SCAMP or a SCAMP-like sys-
tem for bottom mapping. Battery power is insuffi-
cient for this task, and unmanned nuclear-powered
systems are considered unacceptable. This leaves
the kind of air independent propulsion (AIP) sys-
tems now under development or in operation by vari-
ous European submarine manufacturers. In addition,
the unattended, automated operation of SCAMP is
far from reality, and a considerable development
effort will be required for such a system. The time
horizon for successful deployment is estimated to
be 8-10 years. An AUV workshop will be conducted
in Monterey.

The third alternative identified was the use
of an AIP submarine from another nation. The
Swedish Navy approached the Swedish science
community about their interest in such a platform.
Similarly Germany is working on the design of
an AIP submarine system, and discussions will
be initiated with the Alfred Wegener Institute in
Bremerhaven, Germany. Either of these oppor-
tunities will require a major reorganization of
the program to take into account the international
implications.

Another alternative is the use of nuclear sub-
marines from other nations. The possibility of
using a Russian submarine has been discussed,
but many concerns remain about utility and safety.

The fifth possibility is the development of a
nuclear research submarine by the Japanese. The
Japanese have communicated with U.S. scientists
about their plans and have provided the concept
design.

The sixth possibility is the development of
NR2, a follow-on to the small nuclear research
submarine NR-1 but possessing advanced capabil-
ities. This is still in the planning stages, and sev-
eral Arctic scientists have had input. This option is
over a decade away.

Because the prospect of dedicated science
cruises has diminished greatly, the Navy has
offered to use portions of classified Arctic mis-
sions to collect high-priority scientific data. The
mechanism for conducting these “accommoda-
tion” cruises was included as an element in the
new MOA signed in May 2000. The first contribu-
tion to this effort was made by the USS L. Mendel
Rivers late in 2000, with the data due to be
released in January 2001.

In conclusion it is important to note that in the
course of six SCICEX deployments, the total body
of unclassified data available to science on the
Arctic Ocean has been conservatively estimated to
have more than doubled. Yet the advantages of
employing an SSN for science have not yet been
fully exploited. It remains critical that an ongoing
dialogue be continued between the Navy and the
science community. Significant challenges were
overcome to create the SCICEX Program. A similar
approach to the future of the concept of Arctic
Ocean data collection remains the most logical
approach.



Background

Interactions between sea ice, the ocean, and the
atmosphere in the polar regions strongly affect the
earth’s climate. Global climate models project that
the largest greenhouse warming will be in the
polar regions. This high-latitude sensitivity dis-
played by climate models has been attributed to
positive feedback involving surface albedo, air tem-
perature, and reduced sea ice extent and thickness.

The area covered by sea ice varies significantly.
During the winter, sea ice covers approximately 7
million square kilometers of the Arctic Ocean. By
the end of a typical summer, melt reduces that
coverage to approximately 5 million square kilo-
meters. The areal extent and thickness of the sea
ice cover are sensitive to small changes in heat
input or climatic warming because the ice is rela-
tively thin—approximately three meters thick on
average. Variations in sea ice extent, in turn, have
the potential to amplify small changes in climate,
in part because sea ice has a high albedo (that is, it
reflects a relatively high proportion of the incom-
ing solar radiation) and because it insulates the
underlying ocean from the cold atmosphere.

Sea ice moves, largely in response to the wind,
creating openings and closings of the ice cover
and variability in ice thickness. In the winter,
openings, called leads, expose the relatively warm
ocean to the atmosphere. Through these openings,
the heat flux to the atmosphere could be up to two
orders of magnitude higher than over areas of
thicker ice. Salt rejected by ice growth in these
openings forms a cold dense brine, which sinks
and affects the salt balance of the upper ocean.
During closing events, sea ice is piled up or rafted
to form ridges with deep keels. The thickness distri-
bution of the ice cover is a record of the interplay
between dynamical processes (lead formation,
ridging, and advection) and thermal processes (ice
growth and melt). The mechanical behavior of the
ice cover also depends on the spatial variability of
its thickness. Thus, thickness distribution of sea
ice is an essential descriptor of the Arctic Ocean
sea ice mass and heat balance.

Monitoring Sea Ice Thickness from Space

Our knowledge of the Arctic ice thickness dis-
tribution is derived largely from analyses of sonar
data from submarine cruises. Preliminary evidence
from analysis of ice draft data from submarine
cruises shows that the ice cover has thinned by
more than a meter over the past two to four dec-
ades. Moored upward-looking sonars have also
been used to sample the thickness distribution at
fixed locations. However, these observations do
not provide a complete spatial picture or allow
continuous monitoring of the thickness distribu-
tion.

This article describes a procedure for deriving
the thickness of the seasonal ice created in the
openings and closings of the ice cover using sea
ice motion derived from sequential synthetic aper-
ture radar (SAR) data. The procedure is now being
used routinely to estimate the seasonal ice thick-
ness over a large part of the Arctic Ocean. The
results provide fine resolution of the seasonal end
of the thickness distributions, which is the crucial
range that produces the most ice growth, the most
turbulent heat flux to the atmosphere, and the most
salt flux to the ocean.

Viewing the Arctic Ocean
with Synthetic Aperture Radar

Spaceborne SAR provides high-resolution im-
agery of the earth’s surface. It does not depend on
solar illumination, so it provides day and night
coverage of the Arctic Ocean, and the data are rel-
atively free from contamination by atmospheric
effects. The image on the next page is a mosaic of
a large part of the Arctic Ocean, constructed using
Radarsat SAR imagery. The satellite was launched
in November 1995 into a 24-day repeat cycle, an
orbit configuration that provides near-repeat cov-
erage of the high latitudes at three-day intervals.
The C-band radar (with a wavelength of approxi-
mately 5 cm) has an imaging mode that illumi-
nates a wide swath (460 km) and is well suited to
large-scale mapping of the earth’s surface.

SAR provides an amazingly detailed look at



Mosaic of the western Arctic Ocean constructed from Radarsat imagery. The images were processed at the Alaska SAR Facility,
University of Alaska Fairbanks. Each pixel covers an area of 100 x 100 m. At this resolution it takes almost a billion samples to
cover the entire Arctic Ocean ice cover. Other spaceborne remote sensing instruments that provide regular coverage of the Arctic
Ocean have resolutions more than ten times poorer than that of the SAR. Insets show the details of the actual data. (Imagery

copyright CSA 1997.)

sea ice cover, but the level of detail is so great that
it is not at first apparent how to utilize the data for
improving sea ice data sets and models. Sea ice
motion is readily observable in SAR imagery and
is derived by tracking common features in time-
sequential image frames. In the Northern Hemi-
sphere, drifting buoys have provided a substantial
base of knowledge of large-scale (over 300 km)
ice motion in the central Arctic Ocean, but gaps

need to be filled, particularly in regions that have
been sparsely sampled by buoys. High-resolution
SAR ice motion reveals deformation of the ice
cover at the kilometer scale. When the ice cover
deforms, the material yields along cracks that are
then filled with open water or ridged ice. Typi-
cally, these thin cracks (usually a few kilometers
wide) are long linear features that could extend for
hundreds of kilometers. Dense spatial sampling is



Time series observations of one Lagrangian element
(initially enclosed by a 10- x 10-km square) in Radarsat
imagery. a) The deformation of a cell over a period of
41 days beginning on November 8, 1996. The area of the
cell stays fairly constant until Day 338, when a lead
opens. The same lead continued to open between Days
341 and 345, contributing new ice area and ice catego-
ries to the cell. At the end of the 41-day period, the area
of the thin ice occupies more that 50% of the total cell
area; b) The history of the area of the cell; ¢) The thin-
ice categories occupying the new areas created since
Day 312. The largest thin-ice category was created be-
tween Days 341 and 345.
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therefore important for understanding small-scale
processes because the motion tield is spatially dis-
continuous. With the repeat coverage from the
Radarsat satellite, we now have the ability to
derive ice motion over the entire Arctic Ocean.

In addition to the measurement of ice motion, we
have devised a novel approach for estimating the
seasonal ice thickness distribution using the small-
scale deformation described by the ice motion
from high-resolution radar.

The computational procedures for extracting
ice motion and estimating ice thickness are imple-
mented in a system called the Radarsat Geophysi-
cal Processor System (RGPS). It uses over 100
wide-swath radar images of the Arctic Ocean
every three days and produces estimates of ice
motion, deformation, and thin-ice thickness distri-
bution (0-2 m). We have acquired repeat coverage
of the Arctic Ocean since November 1996. Over a
24-day repeat cycle of the satellite, we have close
to eight observations of the western Arctic Ocean
within the ASF reception mask in Fairbanks,
Alaska. The repeat coverage of the Eurasian Basin
is less frequent, only six days. We expect to con-
tinue this acquisition process over the life of the
Radarsat mission. The goal is to build a data set
that could support large-scale studies of the geo-
physical processes of the Arctic Ocean, and even-
tually a data set with a time span that is long
enough for climate research.

Deriving Seasonal Ice Thickness

The approach to estimating ice thickness
depends on repeated observations of material ele-
ments or cells of sea ice in sequential SAR imag-
ery. The figure to the left shows the time series
of observations of one 10- X 10-km cell within a
matrix of such cells, strain ellipses describing the
deformation, graphs of the history of the cell area,
and the thin-ice coverage within that cell at the
end of a 41-day period. Line segments connecting
the four vertices of a cell define its boundaries.
The drift and deformation of a cell over time are
obtained by tracking the displacement of its verti-
ces in sequential SAR imagery. The underlying de-
formation of the cell evolved from a circle through
a series of increasingly eccentric ellipses showing
the directions of maximum stretch and compres-
sion as a lead opens. Note the steady evolution of
the ellipse. This sequence of observations demon-
strates that lead ice controls the mechanical behav-
ior of the ice cover through its orientation and

yield strength. This orientation of the weakest ice
(the thin ice in leads) gives the ice cover a marked
anisotropic character, or directional dependence in
its mechanical behavior.

Ice thickness distributions during the winter
are produced from intermediate estimates of ice
age. The age histogram of the ice within a cell
is computed from the temporal record of area
changes. An age histogram of sea ice specifies the
fractional area covered by ice of different chrono-
logical ages. Every time the area defined by a cell
is imaged by the radar, if the area increases com-
pared to an earlier observation, we interpret it as
the creation of an area of open water. New ice is
assumed to grow over this area immediately after
opening. The uncertainty of the ice age occupying
this area depends on the time interval between
observations. This age range is recorded as a new
age category in the histogram. At the same time a
new category is introduced, existing age catego-
ries are “aged” by the same time interval. In the fig-
ure this procedure created five ice age categories
from the sequence of positive area changes (diver-
gence) since Day 335. A decrease in area (conver-
gence) is assumed to have ridged the youngest ice in
the cell, reducing its area. The assumption here is
that once ridging starts, the deformation tends to be
localized in the recently formed thinner and weaker
ice in leads. This area of ridged ice is tracked as a
separate category in the age histogram. Ice age is
converted to ice thickness using an empirical air-
temperature-dependent ice growth formula, with
the temperature taken from fields derived from
surface measurements. Volume is conserved when
ice is ridged. We assume that all ridged ice is five
times its original thickness and occupies a quarter
of the area.

Complete coverage of the Arctic takes approxi-
mately 70,000 cells. The thickness distribution of
an individual cell evolves independently based on
its deformation history and the near-surface air
temperature. The thickness distribution keeps
track of all the seasonal ice created by the defor-
mation of the cells over the entire winter. The ice
thickness distribution of the ice cover at the begin-
ning of the season is not known.

Ice Motion, Deformation, and
Thickness, Winter 199697

Over an ice growth season, the products from
the RGPS system provide temporal records of the
following properties of each 10- X 10-km cell: its

11
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Divergence of cells over a six-week period from November 10 through December 21, 1996. The spatial character of the deformation of the ice cover shown here is

sampled by more than 37,000 cells.

geographic location, its deformation history, and
its thickness histogram. Here we examine some of
these properties to illustrate the detailed character
of the ice cover as revealed by 35,000 cells cover-
ing an area of approximately 3.5 million square
kilometers over the Arctic Ocean.

The temporal and spatial variability of cell area
change over three 14-day periods in November
and December 1996 is shown in the figure above.
Between November 10 and 23, the high concentra-
tion of convergent cells in the eastern Beaufort
Sea above 75°N adjacent to the Canadian Archi-

Cumulative motion and deformation of the ice cover between November 1996 and March 1997. a) Divergence (fractional cell area change). b) Vorticity (clockwise
rotation in blue and counterclockwise rotation in red; units in radians). ¢) Magnitude of shear. d) x-component of motion (red is to the right of the page; units in
kilometers). e) y-component of motion (red is to the top of the page; units in kilometers). f) magnitude of the motion vectors (units in kilometers).

12
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Ice thickness distribution at the end of March 1997 (top) and evolution of the thickness distribu-
tion between November 1996 and March 1997 (bottom).

pelago and Greenland coast indicates extensive
pressure ridging of the ice cover. In contrast, the
eastern Arctic toward Siberia has a more divergent
character. Because of the convergence, the sam-
pled ice cover lost approximately 3.5% of the

area over this period. The next period, November
24 through December 7, shows very distinctive
diamond-shaped intersecting lead patterns over the
ice cover. Except for the regions near the ice mar-
gin, all the deformation is localized along leads
while the rest of the ice cover remains unaffected.
The length of some of the leads is quite remark-

able; several leads can be seen to span a large
fraction of the Arctic Ocean. The entire ice cover,
except for the openings along the margin of the
Beaufort Sea, stayed fairly quiescent, with mini-
mal lead activity during the last period, Decem-
ber 8 to 21. The area of the sampled ice cover
increased by 2% and 1% during the latter two
periods, respectively.

The cumulative displacement and deformation
of the ice cover are shown in the figure on the bot-
tom of p. 12. Most of the divergent cells (cells
with an area increase) are located next to the Alas-
kan and Siberian coasts. The cells in the central
Arctic in general have smaller cumulative diver-
gence. The ice cover west of the Canadian Archi-
pelago, an area of extensive pressure ridging, has
the largest cumulative convergence (blue). The
Beaufort Gyre, a clockwise motion feature in
the large-scale general circulation of the ice
cover, shows up very distinctly as a blue region in
the vorticity field and as alternating colors (red-
yellow-blue) in the x- and y-component motion
fields. At the center of the Beaufort Gyre, there is
an area of low shear corresponding to the center of
the rotating field. The other general circulation
feature, the Transpolar drift stream that transports
ice from the Siberian coast to Fram Strait, is also
captured as large negative displacements in the
y-component motion field.

The figure to the left shows the ice thickness
distribution (0—1.6 m) at the end of March 1997
and the fractional coverage of each cell by each
thickness category. Approximately 1%, 2%, and
1% of the area are covered by sea ice between 0
and 20 cm, 20 and 40 cm, and 40 and 60 cm in
thickness, respectively. The spatial distribution of
the thinnest ice category is a record of the most
recent divergence in the ice cover. Only sea ice in
the openings of the Arctic Ocean that has not
ridged in convergent events can survive to grow
into the thicker undeformed ice. At the end of
March, approximately 10% of the area is covered
by ridged ice formed in the intervening five
months. The chart of the evolution of the seasonal
ice thickness distribution shows the growth of sea-
sonal ice in different thickness cateogories over
time. Thin ice (between 0 and 20 cm) covers 1—
2% of the ice cover over the entire period. In the
winter the highest heat flux from the ocean to the
atmosphere and the most salt flux to the ocean are
from the areas covered by this category of ice.

The volume of sea ice produced by deformation
between early November 1996 and the end of

13



14

1200
1000 |
Total Volume
~ 800 7
E
=
2 600 e
_g_ Ridge Ice Volume/
o
>
400 /
D00 e __Thin lce Volume
0 T "”"om"f\mm§
0 YT O N - O MmN -
5983588 ¥E83eBER

Day of Year

Volume of sea ice produced between November 4, 1996 and
March 28, 1997. The volume is computed from the thickness
distribution estimates.

March 1997 is shown in the figure above. The ice
volume production is computed directly from the
thickness histograms. In the five months more
than 1000 km3 of seasonal sea ice was produced
over the 3.5 million square kilometer area, with
approximately equal volumes stored in ridges and
undeformed ice. The maintenance of a stable Arc-
tic sea ice cover depends on a balance between the
seasonal ice growth, melt, and import/export of
sea ice. The estimated volume is useful for under-
standing the ice cover mass balance and serves as
a baseline for detecting long-term changes in the
Arctic Ocean.

Conclusions

The Arctic has undergone measurable change
this decade in several key indicators of climate
warming. The four-year time record from Radarsat
is fortuitously timed to potentially provide indica-
tors of climate change through ice motion and age/
thickness derivations that can be used to determine
the surface heat and mass balance of the Arctic
Ocean. The RGPS deformation measurements offer
an unprecedented level of spatial and temporal
coverage and detail for all seasons of the year. We
have, for the first time, extensive measurements of

the ice motion that can be used in concert with a
variety of ice models for verification studies, for
driving the models as forcing fields, and in data
assimilation procedures. The ice production rates
estimated with RGPS can be compared to those
computed by models driven by the geostrophic
wind and a force balance approach. The ice motion
measured with RGPS can be used directly as a forc-
ing field for an ice model, and the uncertainty in
the ice motion can thus be reduced. Finally, the
RGPS ice displacement measurements can be
assimilated directly into an ice/ocean model so
that ice trajectories in the model can be made to
match the observed trajectories. The value of these
uses for the RGPS products will increase as the
observational record becomes longer and a greater
variety of seasons are recorded. We have already
seen preliminary results for two winter seasons—
1996 and 1997—and they show that the ice in
those two years evolved in markedly different
manners. Ultimately a long record of the ice defor-
mation and ice production rates can be developed
that will contribute to the assessment of the cli-
mate of the Arctic Ocean.
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A current goal of the Office of Naval Research
(ONR) is to create a new version of the Polar Ice
Prediction System (PIPS) model, which will
improve ice forecasting capabilities by including
better representations of ice movement, ice thick-
ness distribution, and atmospheric and oceanic
forcing of the ice cover. Climate studies show that
thermodynamic processes that control the surface
heat budget and mass balance of the sea ice cover
can’t be separated from the effects of ice dynam-
ics. Thus, sea ice modeling projects by the National
Aeronautics and Space Administration (NASA), the

Observational and Theoretical Foundation
for Improving Arctic Sea Ice Models

Department of Energy (DOE), and the National Sci-
ence Foundation (NSF) that are motivated by the
influence of the Arctic on global climate change are
converging to have the same modeling interests as
the ONR project.

The PIPS model is being improved by including
recent advances in understanding the fundamental
processes that govern ice motion. These advances
are based on satellite observations,
in-situ observations from drifting buoys, and
high-resolution numerical modeling. Taking full
advantage of improvements in computational effi-
ciency to produce models with spatial resolutions
of 10 km (a ten-fold improvement over previous
models) significantly enhances the impact of direct
observations on model formulation. Coarser-
resolution models were incapable of incorporat-
ing these advances in the understanding of sea
ice processes.

The importance of understanding sea ice pro-
cesses on spatial scales of 10-500 km was high-
lighted at an Arctic Sea Ice Dynamics workshop
held in Seattle, Washington, on March 1-2, 2000.
The workshop, attended by 28 investigators from
around the world, was successful in summarizing
recent research results and model capabilities and
establishing recommendations for models of sea
ice dynamics.

Key to understanding sea ice dynamics are
sequential SAR images, used to estimate ice
motion on scales of 5-10 km over a 100- to 1000-
km? area. This is equivalent to placing thousands
of drifting buoys on the ice. These ice motion
investigations have revealed the presence of long
linear discontinuities or sliplines in the velocity
fields. Although individual Arctic ice floes are about
1 km across, they form aggregates of solid body
motions separated by sliplines 30—150 km apart,
similar to a granular plastic material.

To understand the theory of regional ice pro-
cesses, a very-high-resolution granular model of

Example of the very-high-resolution model pack on November 1, 1997, after 24 hours of defor-
mation. The dark areas denote regions where the ice has failed via the formation of a lead.
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the Arctic pack, composed of thousands of discrete
floes in a 100- x 100-km area, has been employed.
Each modeled floe has its own ice thickness distri-
bution. Interactions between floes are modeled using
parameterizations of pressure ridging and fracture.
Currently the results from the recent Surface Heat
Budget of the Arctic (SHEBA) experiment are
being used to further develop and test the model.
The model has been driven by wind stress mea-
surements from the SHEBA experiment and bound-
ary kinematics derived from satellite imagery of
the pack surrounding SHEBA. At the beginning of
a simulation the ice floes completely fill a square
domain and are frozen together. Deformation of
the model pack is driven by boundary floes with
motions that are kinematically defined from satellite
imagery. Deformation causes the floes in the interior
of the domain to be pushed together to form pres-
sure ridges and pulled apart to form leads. The ice
thickness distribution within the floes changes in
response to air and water temperatures and radia-
tive fluxes. The simulation results are being com-

pared with SHEBA field measurements of ice
stress, strain, and thickness.

A major question considered at the workshop
was whether the current generation of continuum
sea ice models is capable of modeling sea ice at
the 10- to 75-km scale. The answer is yes, with
some additional considerations. The continuum
models were originally designed to represent
basin-scale processes, which were hypothesized
to be plastic in nature. Examples of more recent
continuum models with 10- to 15-km numerical
resolution were shown at the workshop.

Comparing these results with SAR data, it is
clear that transitioning the continuum models to a
tool that can be used to represent finer-scale pro-
cesses is not simply a matter of increasing the
numerical resolution of the model. While the basic
idea of sliplines is evident in the higher-resolution
models, the damage zones are too wide and the sec-
ondary shear zones are not prevalent compared with
SAR data. Having a multiple ice category represen-
tation as well as high resolution appears important.



Ecosystem Responses to Weather Patterns in the
Southeastern Bering Sea

This report was prepared
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The southeastern Bering Sea, the Alaska main-
land, the Alaska Peninsula, and sampling cov- \
erage of the southeastern Bering Sea shelf from \
1997 to 1999. Shown are the SEBSCC hydro- \
graphic lines (||||), moorings (flags), transects
near the Pribilof Islands, and the Inner Front
cross-frontal survey areas (rectangles: Nunivak
Island, Cape Newenham, Port Moller, and Slime
Bank). The width of the rectangles represents multiple
transects across the front and the length represents the
offshore distance of the longest transect. The depth con-
tour around the Pribilof Islands is 30 m.

Global climate models predict that global
warming will have its greatest impacts at high lati-
tudes. In particular, regions with seasonal ice
cover may show large changes in the extent and
duration of sea ice, such as is occurring in the Ber-
ing Sea and Arctic Ocean. For the North Pacific
Ocean and the Bering Sea, U.S. GLOBEC (a multi-
disciplinary study of the effects of climate change
on ocean productivity) in 1996 provided
a series of predictions of how weather and ocean
conditions might change with climate warming.
Among the results were predictions that surface
air and sea temperatures and storm frequencies
would increase (as observed in 1997-98 and 1998-

IO 6800 16000

99, respectively) and that the average strength of
the wind and sea ice extent would decrease (as
observed in 1997 and 1998). The information
acquired during our research provides insight into
how the southeastern Bering Sea ecosystem might
function in a warmer climate and demonstrates the
speed and magnitude of its responses to changes
in atmospheric forcing.

The Bering Sea is important not only because it
affects events in the Arctic, but also because it is a
region of major biological production. The Bering
Sea is located in the northernmost part of the
North Pacific Ocean, and its broad eastern conti-
nental shelf constitutes approximately 44% of its
area. Because water from the Pacific Ocean must
pass through the Bering Sea before entering the
Arctic, climatic events in the Bering Sea affect the
transport of heat and materials to the Arctic. The
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broad eastern shelf region contributes over half of
the U.S. fishery production, with a commercial
catch of king crab, walleye pollock, and salmon
worth one billion dollars in 1997.

Two of the scientific programs that have been
active in the Bering Sea in the late 1990s are the
Inner Front Project (IFP), sponsored by the
National Science Foundation’s Office of Polar
Programs, Arctic Natural Sciences Section, and
the Southeastern Bering Sea Carrying Capacity
(SEBSCC) program, sponsored by the National
Oceanic and Atmospheric Administration’s Coastal
Oceans Program. The IFP focused on the coastal
portions of the Bering Sea and the mechanisms at
the inner front that could sustain prolonged produc-
tion and promote trophic transfer to upper-trophic-
level organisms. The SEBSCC program focused on
the middle and outer shelf regions and constituted
a mix of monitoring and process-related studies.
Since the two programs shared many principal
investigators in common and were complementary
in scientific goals, there was extensive collabora-
tion between the two groups of investigators.

Between 1995 and 2000 the southeastern Ber-
ing Sea experienced anomalies that included an
unusually delayed ice retreat (1999), higher-than-
normal sea surface temperatures (1997 and 1998),
an elevated heat content of the water column
(1998), strong cross-shelf transport in spring 1998
and summer 1999, a deep draw-down of nutrients
(1997), major blooms of coccolithophores (1997—
2000), an increase in copepods on the inner shelf
(1997 and 1998), salmon returns to western Alas-
kan rivers far below predited numbers (1997 and
1998), emaciation of shearwaters (1997 and 1998)
and an unusually high rate of shearwater mortality
in 1997, and the presence of baleen whales in
greater numbers in waters of the middle shelf than
previously reported (1997 and 1998). There were
also large variations in the timing and magnitude
of storm events, the extent and duration of seasonal
ice cover, and the timing and magnitude of primary
production. Some of these anomalies appear to be
related to unusual weather patterns, while the causes
of others remain unknown. Here we focus on:

» How variation in the timing of ice retreat and
the cessation of winter winds interact to deter-
mine the timing of springtime primary produc-
tion;

» How events in 1998 interacted to enhance the
export of warm, calcium-carbonate-laden water
from the southeastern Bering Sea shelf to the
Arctic Ocean.

* The occurrence of a bloom of a species of
phytoplankton, the coccolithophore Emiliania
huxleyi, that has never before been documented
blooming in the southeastern Bering Sea; and

* Changes in the abundance of zooplankton over
the inner shelf of the southeastern Bering Sea.

Our observations provide insight into how the
southeastern Bering Sea ecosystem might function
in a warmer climate and demonstrate the speed
and magnitude of its responses to changes in
atmospheric forcing.

The Southeastern Bering Sea Shelf

Waters of the southeastern Bering Sea shelf
are differentiated by hydrographic and current
domains associated with characteristic bottom
depth ranges. Waters of the coastal domain (less
than 50 m deep) typically are either weakly strati-
fied or well mixed as a result of tidal currents and
winds. Over the middle shelf domain (between 50
and 100 m deep), the mixing energy is not suffi-
cient to stir the entire water column, resulting in a
warm, wind-mixed surface layer and a tidally
mixed bottom layer. Thus, during summer a
strongly two-layered water column insulates the
bottom layer. These deeper waters usually pro-
vide a reservoir of nutrients. The region separat-
ing the middle shelf and coastal domains is called
the inner or structural front. Transition zones (mid-
dle front and shelf break front) also separate the
middle shelf from the three-layered outer shelf
(between 100 and 180 m deep) and the outer shelf
from the slope waters.

Water in the coastal domain is a mixture of
flow from Unimak Pass, river discharge, and
saline oceanic water. Because adequate mixing
energy exists, little or no vertical structure is
present. Waters over the middle shelf are two-
layered, with a wind-mixed surface layer (1040
m deep) and a tidally mixed lower layer (approxi-
mately 40 m deep). The upper mixed layer readily
absorbs heat in spring and summer. The estimated
rate of heating is 2-2.5°C per month in the upper
layer and approximately 0.5°C in the lower layer,
compared to approximately 1.5°C per month
in coastal waters. The temperature difference
between the upper and lower layers can be greater
than §°C. During summer, changes in temperature
dominate changes in salinity and hence are critical
to determining the stability of the water column
and its resistance to mixing by storms.
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Profiles of temperature over time at Mooring 2. The dark colors in February and March are the
result of cold meltwater being mixed into the water column. In 1997 this cold water was mixed to
the bottom, in 1998 it was mixed to less than 40 m. The scale is in °C. The yellow trace in each

panel is fluorescence from chlorophyll in the water.

During summer a marked transition exists in
vertical structure in the vicinity of the 50-m iso-
bath; a structural front often less than 10 km wide
separates weakly stratified coastal waters from more
strongly stratified middle shelf waters. This feature
is evident along the entire southeastern shelf to
north of Nunivak Island. A similar feature exists
around the Pribilof Islands. The dynamics of the
front are not well understood. A limited set of
observations suggest a lack of cross-front advection
and minimal horizontal fluxes of heat and salt.

Sea Ice Retreat, Winter Winds, and
the Timing of Production

The changes in the timing of ice melt in the
spring and the shift from the strong winter winds
to the generally lighter winds of summer have
important implications for the timing and duration
of primary production. When the ice melts in Feb-
ruary or early March, as was the case in 1998,
there is not sufficient light to support high rates of
primary production. Therefore, the spring bloom is
delayed until sufficient daylight is available, the
sun heats the upper water column, and thermal
stratification stabilizes it. This stabilization pre-
vents the mixing of phytoplankton cells deep into
the water where there is insufficient light to sup-
port photosynthesis. Thus, when there is no ice,
or ice retreats from the southeastern shelf by mid-
March, the bloom is delayed until May or June.

When the ice melts in April or May, there is
sufficient light in the upper water column to sup-
port high rates of photosynthesis. If the winds are
sufficiently light so that stratification can occur,
there is an ice-associated bloom. The density struc-
ture of the water column in spring is primarily the
result of thermal stratification, which in May can
be weak. When spring winds are sufficiently
strong to mix below this weak thermocline, the
result is prolonged, moderate spring production,
as occurred in 1998.

These results suggest a paradox: an early retreat
of the winter ice cover (before mid-March) usually
results in a later spring bloom than when the ice
retreats late in the spring. They also explain why
scientists working in the mid-1970s on the Outer
Continental Shelf Environmental Assessment Pro-
gram (OCSEAP) emphasized the importance of
an ice-edge bloom as the source of primary pro-
duction in the southeastern Bering Sea, whereas
those working in the Processes and Resources of
the Bering Sea Shelf (PROBES) program empha-
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sized the importance of a late-spring open water
bloom. During the OCSEAP studies in 1976 and
1977, winters were long and cold, and the ice
remained into April or even May. Thus, there
were ice-associated blooms in those years. In
contrast, in 1979-1981, ice retreat came much
earlier, and the bloom occurred in open water in
May. Since the mid-1990s, both ice-associated
and open water blooms have occurred.

The duration and extent of ice cover also affect
water temperatures on the shelf. The water temper-
ature in spring is important because it influences
which of the food webs in the marine ecosystem
will benefit most by that spring’s primary produc-
tion. Scientists working in the PROBES program
hypothesized that the fate of production in the
southeastern Bering Sea is influenced by water
temperature because the growth of phytoplankton
is less sensitive to water temperature than is the
growth of zooplankton. Thus, when water temper-
atures are low, zooplankton development will be
retarded, and there will be few zooplankton avail-
able to consume the primary production. As a
result, much of the production will sink to the bot-
tom and support a benthic food web that includes
clams, crabs, and near-bottom-dwelling fishes.

In contrast, when water temperatures are higher,
zooplankton growth will be accelerated, and zoo-
plankton will be able to crop a larger proportion
of the production. The zooplankton will then be
available to support a pelagic food web that
includes mid-water fishes.

Sea Ice and Water Column
Heat Content

The extent, duration, and timing of seasonal sea
ice over the eastern Bering Sea shelf affects both
physical properties and biological processes. In win-
ter, ice is formed in the northern Bering Sea and is
advected southward over the shelf by northerly
winds. At the leading edge, ice is continuously
melting and releasing cold, relatively fresh water,
which is then mixed into the water column by the
moving ice and strong winds. This mixing of cold
water throughout the water column facilitates the
formation of a cold bottom layer that becomes iso-
lated from the upper mixed layer when spring and
summer heating warms the surface.

In 1997, ice was present in March and early
April, and typical cooling of the water column
occurred. Weak stratification followed spring
warming. A strong storm in late May mixed the

water column to 65 m or more, largely eliminating
density differences between the warm upper layer
and the colder water at the bottom. Weak winds
following the storm produced a shallow mixed
layer, and subsequent summer heating created
exceptionally high surface temperatures. Late
summer and fall storms mixed the layers, and heat
was transferred to the bottom layer through the
weak pycnocline. Consequently the winter of
1997-98 began with a relatively high heat content
in the bottom layer.

In contrast to 1997, ice in 1998 was present
over the southeastern shelf for only a brief period
in February. Winds were insufficient to mix the
cold, low-salinity water to the bottom. Thus, the
depth-averaged temperature was higher, and the
spring of 1998 began with unusually warm water
at depth. This residual heat, coupled with summer
warming, resulted in the water column over the
middle shelf having unusually high heat content in
the summer of 1998.

The northward movement of this warm water
in 1998 could be traced in SeaWiES (sea-viewing
wide field-of-view sensor) images by its associa-
tion with a bloom of the coccolithophore Emiliania
huxleyi (described in detail below). The export of
heat to the surface waters of the Arctic Ocean
increases ice melt and sea-surface—-atmosphere
heat exchange in the Arctic. Although we did not
measure the temperature of water flowing from
the eastern Bering Sea into the Arctic, average
temperatures on the shelf were approximately 2°C
above normal. When the average heat content of
eastern Bering Sea shelf waters becomes elevated,
the typical northward flow of this water could
affect the heat content of the Arctic Ocean. A
change of this nature has important implications
for global ocean circulation and heat budgets.

The Coccolithophore Bloom

Coccolithophores are small (5-20 pm) phyto-
plankton surrounded by calcium carbonate plates
(called coccoliths). Because they contain dimethyl
sulfide (DMS), they are important in the sulfur
cycle of the ocean. And because DMS when air-
borne serves as a nucleus for the formation of con-
densation, coccolithophores may affect the reflec-
tivity (albedo) of the earth and thereby global heat
budgets. Coccolithophore blooms are common in
the North Sea, Gulf of Maine, and coastal eastern
North Pacific, and they characteristically occur in
nutrient-depleted waters with a warm, shallow



SeaWiFS images from

18-25 September 1997, 20
July 1998, and 12 September
1999 showing the coccolitho-
phore bloom over the shelf of
the eastern Bering Sea. Note
that in 1998 the bloom was
being transported northward
into Bering Strait.

21



22

upper mixed layer. Most coastal blooms are on the
order of 10,000 km? and last less than 40 days.
High densities of coccoliths result in whitening of
the water detectable by satellite. Although coccoli-
thophore blooms have not been documented in the
eastern Bering Sea, there have been satellite images
of “white” water from there.

Aquamarine water, indicative of a coccolitho-
phore bloom, was first observed on 3 July 1997 in
the middle domain of the southeastern Bering Sea.
By early August the bloom was at least 200 km
wide, and by early September it covered much of
the middle shelf and parts of the inner shelf. Sea-
WIiFES imagery from 18-25 September 1997
showed pale water covering an area of approxi-
mately 210,000 km?2, and traces could be detected
as late as October. This event was unusually large
and prolonged when compared with most coastal
blooms of coccolithophores. The maximum con-
centrations were in the top 15 m, and the densities
were as great or greater than those reported from
North Atlantic blooms.

The coccolithophore bloom greatly reduced
light penetration and visibility in the water. Near
Nunivak Island, the depth of the 1% light level,
often taken as the maximum limit for net photo-
synthesis, shoaled from 18-33 m in June to 5-15
m in September in the bloom. At Slime Bank, out-
side the bloom, the depth of the 1% light level
remained the same in spring and fall (27 m).
Underwater videos taken near the Pribilof Islands
documented cloudy bloom water ranging in depth
from 7 to 44 m and extending to the bottom in
several locations.

In 1998 the bloom was detected in SeaWiFS
imagery as early as February, although it was not
obvious from vessels until July. The bloom was
still evident in October, a duration of about nine
months. Its location was the middle shelf region,
and in April the bloom was centered over the
southeastern shelf. However, by July it was farther
north than the bloom in 1997, with its center
between Nunivak Island and St. Lawrence Island.
In contrast to the 1997 bloom, which began in a
well-stratified water column with a very warm
upper mixed layer and nutrient depletion, the
1998 bloom began early in the year, when nutrients
were still plentiful and the water column was almost
unstratified. Thus in 1997 the coccolithophore
bloom followed the spring diatom bloom, but in
1998 the coccolithophore bloom was coincident
with and may have even preceded the diatom
bloom. In both 1999 and 2000 the coccolithophore

bloom was first detected by satellite remote sens-
ing early in the year and later became visible at
sea. Both of these years were cold and windy, and
conditions were uncharacteristic of the situations
in which blooms of E. huxleyi usually occur. It will
be interesting to see how these blooms affect the
trophic structure of the southeastern Bering Sea.

Zooplankton Abundance

In 1997 and 1998, acoustic and net sampling of
the inner shelf regions of the southeastern Bering
Sea revealed significant changes in the absolute
and relative abundances of zooplankton taxa. In
1997 and 1998, copepods were one to two orders
of magnitude more abundant compared to estimates
from the mid-1970s and early 1980s. We do not
know the cause(s) of the increase in copepods,
although reduced predation pressure due to a north-
ward shift in pollock populations is a possibility.

Since the early 1990s the biomass of jellyfish
in the waters of the southeastern Bering sea shelf
has increased greatly. The cause of this increase is
not known, but it comes at a time when the popu-
lations of small forage fishes have declined. It is
possible that some of the zooplankton formerly
consumed by these fishes are now supporting
jellyfish. The forage fishes are small species, or
the young of larger species, that provide an impor-
tant link in the food web between zooplankton and
top predators such as large fishes, marine mam-
mals, and seabirds. Few species of large fish or
marine mammals eat jellyfish, though they do
form a small part of the diets of some marine
birds. However, for the most part, the large jelly-
fish that have become extraordinarily abundant
over the eastern shelf have no predators. It remains
to be seen how this new pathway for energy will
affect the rest of the ecosystem.

Higher Trophic Levels

Short-tailed shearwaters nest in Australia and
migrate to the North Pacific Ocean and Bering Sea
during the austral winter. In the southeastern Ber-
ing Sea, previous studies have indicated that these
shearwaters relied almost exclusively on adult
euphausiids (krill) (Thysanoessa raschii) for their
diets. In both 1997 and 1998, shearwaters were
emaciated, and in 1997, shearwaters died in high
numbers, apparently of starvation. It is likely that
reduced availability of surface swarms of T. raschii
was at least in part responsible for the emaciation



of shearwaters in 1997 and 1998. Warm water tem-
peratures inhibit the swarming of a related species of
euphausiid in Japan, and water temperatures in the
summers of 1997 and 1998 were well above those
at which swarming is likely to cease. Also, the tur-
bidity of the water caused by the high densities of
calcium-carbonate-covered coccolithophores
would have obscured all prey aggregations except
those near the very surface of the water. Two fac-
tors may have helped to avert another die-off in
1998. In 1998, shearwaters included fish in their
diets, and the availability of abundant age-0 wall-
eye pollock just offshore of the inner front may
have provided a critical food source not available
in 1997. Also, in 1998, winds were of normal
strength, and shearwaters were able to use ener-
getically inexpensive dynamic soaring. In contrast,
in 1997, winds for much of the summer were calm,
and shearwaters had to resort to energetically expen-
sive flapping flight in their search for prey.

In 1997 and 1998, returns of sockeye salmon
to Bristol Bay, the world’s largest wild sockeye
salmon fishery, were considerably lower than in
recent years and well below forecast levels of
return. These fish spawn in fresh water, and after
a year of development there they go to sea for two
to three years. While at sea they forage widely
across the North Pacific Ocean and Bering Sea.
For the month before they return to the rivers to
spawn, their major food in the southeastern Bering
Sea is euphausiids. Since other species of salmon
that also feed in the open North Pacific as well as
over the shelf had poor returns in 1997 and 1998, it
has been suggested that the failure of these salmon
runs to meet forecasts may have been affected by
a lack of food in the ocean.

Overview

Predicting what will occur with future global
change can be facilitated by a combination of time-
series studies that reveal correlations between atmo-
spheric forcing and biological responses, and process
studies that elucidate the causal linkages between
aspects of physical forcing and the responses of
marine ecosystems. The late 1990s provided the
opportunity to study the Bering Sea in a period of
unusually wide variation in ice cover, storminess, and
water temperatures. The Inner Front Project and the
Southeastern Bering Sea Carrying Capacity pro-
gram examined how components of the inner shelf
ecosystem responded to the unusually warm years
of 1997 and 1998 and to the cold year in 1999.

In winter the strength and duration of cold,
northerly winds determines the amount of ice melt
available for cooling waters over the shelf. Winds
in spring and summer determine the timing and
strength of stratification and thus the timing and
duration of the spring bloom. These winds also
influence cross-shelf transport of biota and the
advection of water to the Arctic. The water tem-
perature over the shelf influences how plentiful
zooplankton will be in spring. The coccolitho-
phore blooms of 1997 and 1998 coincided with
anomalously warm years, but those in 1999 and
2000 did not. We learned much about the factors
that make the difference between survival and
starvation for a marine bird dependent on near-
surface aggregations of prey.

In this paper, we related how the ecosystem
of the southeastern Bering Sea responded in
anomalously warm and cold years. Although it
seems unlikely that the warm years represented
the beginning of another oscillatory decadal-scale
change in the ecosystem (for example, a “regime
shift” to a warmer condition) or were part of a
longer-term secular change, they did provide an
indication of how a warmer Bering Sea might
function. We now have evidence of the magnitude
and rapidity of ecosystem responses to changes in
water temperature and wind forcing in the south-
eastern Bering Sea.
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The southeastern Bering Sea
and western Gulf of Alaska,
where FOCI conducts ecosys-
tem research. Most research
is concentrated on the conti-
nental shelves north of the
Aleutians and in the vicinity
of Shelikof Strait. Site 2 is the
location of a biophysical
mooring and focus for ship-
board sampling.

The Pacific Marine Environmental Laboratory
(PMEL), part of the National Oceanic and Atmo-
spheric Administration’s Office of Oceanic and
Atmospheric Research (NOAA/OAR), conducts
fisheries oceanography and ecosystem studies in
the Bering Sea and Gulf of Alaska. The principal
research program, Fisheries-Oceanography Coor-
dinated Investigations (FOCI), is a cooperative
venture between PMEL and the National Marine
Fisheries Service’s Alaska Fisheries Science Cen-
ter. Additional funding comes from a variety of
sources, including the National Ocean Service’s
Coastal Ocean Program, the International Arctic

Research Center, and the North Pacific Marine
Research Program. This funding has enabled aca-
demic partnerships with researchers at the Univer-
sity of Alaska, University of Washington, and Uni-
versity of California. FOCI’s goals are to increase
understanding of the Alaskan marine ecosystem,
specifically examining the role of walleye pollock
as a nodal species in the ecosystem. Pollock are an
important economic commodity and play a pivotal
role in the bioenergetic balance, preying on zoo-
plankton and being themselves the food for other
fish, marine mammals, and seabirds. FOCI scien-
tists research the character and dynamics of the
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Principal currents contribut-
ing to circulation of the Ber-
ing Sea. (ANSC is the Aleu-
tian North Slope Current;
BSC is the Bering Slope Cur-
rent.) Water flows into the
Bering Sea through passes in
the Aleutian Islands and out
of the Bering Sea through
Kamchatka Strait and, to a
lesser degree, Bering Strait.
Circulation is cyclonic in the
basin and northwestward on
the eastern shelf.
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biophysical environment through field and labora-
tory experiments, computer simulations, and con-
ceptual models.

Understanding the southeastern Bering Sea is
particularly important because it is the most pro-
ductive marine ecosystem in the U.S. and one of
the most productive in the world. In both the Ber-
ing Sea and Gulf of Alaska regions, research con-
centrates on long-term environmental variability
and decadal shifts that influence the ecosystem, as
well as physical and biological processes that sup-
port the first few months of pollock life. It is dur-
ing this brief period that most mortality occurs. In
the Bering Sea, pollock spawn over a vaster area
and longer interval than in Shelikof Strait, where
spawning is confined to a small location at the
southwestern end of the Strait and a few weeks
during March. Another significant difference
between the Bering and Gulf systems is the pres-
ence of sea ice over the southeastern Bering Sea
shelf. The extent and duration of sea ice, for exam-
ple, are controlling factors in the annual spring
bloom that feeds the zooplankton that are prey for
pollock larvae.

Bering Sea

In the Bering Sea, FOCI has refined our under-
standing of Bering Sea circulation, documented
the stock structure of walleye pollock, determined
the biophysical processes leading to the survival
of young pollock, monitored interannual ecosys-
tem variability (including near-shelf-wide blooms
of coccolithophores during the last four summers),
and demonstrated that seasonal pack ice directly
affects the primary productivity of the shelf. From
these and other findings, FOCI is developing a pre-
dictive ability for Bering Sea pollock.

General Circulation

The general circulation over the deep basin is
characterized by a cyclonic gyre. There are three
well-defined, distinct currents: the Kamchatka
Current along the western boundary; the Bering
Slope Current (BSC) along the eastern boundary;
and the Aleutian North Slope Current (ANSC) con-
necting inflow from the Alaskan Stream through
Amukta Pass and Amchitka Pass with the BSC.
Transport within the gyre can vary by more than
50%. Modeling studies have simulated such large



Current velocities at 40 m
deep derived from satellite-
tracked drifters, showing
the dominant currents of
the Bering Sea basin.

changes in transport and identified the causes to be
fluctuations of the Alaskan Stream inflow and/or
changes in the wind-driven transport within the
basin. Circulation in the Bering Sea basin may be
more aptly described as a continuation of the
North Pacific subarctic gyre. Circulation on the
eastern Bering Sea shelf is generally northwest-
ward. The net northward transport through the
Bering Strait, while important to the Arctic Ocean,
has virtually no effect on the circulation in the Ber-
ing Sea basin. It does, however, play the dominant
role in determining the circulation on the northern
shelf. The currents of the Bering Sea have been
examined principally through inferred baroclinic
flow and to a lesser extent by satellite-tracked
drift buoys, current meter moorings, and models.
Satellite-tracked buoys led to the discovery and
characterization of the ANSC by PMEL’s FOCI sci-
entists. It is best documented between 174°W and
167°W by hydrographic surveys, satellite-tracked
drifting buoys, and more recently, current meter
records.

The general northwestward circulation over
the eastern shelf is important to the distribution
of eastern Bering Sea pollock. Most spawning

occurs in the southeastern sector near the conti-
nental slope and on the shelf. Larvae are slowly
transported northwestward, and most juveniles are
found on the northern shelf, many in Russian waters.
Despite the transport of pollock to other areas of the
Bering Sea, they appear to return to their birth areas
to spawn. Genetic analysis of pollock has shown
that the stocks on the east and west sides of the
Bering Sea are discrete. Although the basin is rich
in nutrients, it has relatively poor supplies of the
zooplankton on which larval pollock prey, com-
pared to the shelf. It is not likely that there is a
spawning stock of pollock indigenous to the basin.

Eddies

As elsewhere in the world’s oceans, eddies are
ubiquitous in the Bering Sea. They occur on hori-
zontal scales ranging from approximately 10 to
200 km. Proposed mechanisms for the creation of
these eddies include instabilities, wind forcing,
strong flows through the eastern passes, and topo-
graphic interactions. Every year, eddies form in
the southeastern corner of the Bering Sea basin
and northward along the shelf break. These eddies
coincide with an area known as the Green Belt, a
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Average maximum sea ice
extent and duration in weeks
for cold (1972-1976), warm

(1976-1989), and weaker

cold (1989-1998) regimes

and the entire 1972—1998
record. Site 2 is marked by a

dot in each panel; the shelf
break is indicated by a
dashed line.
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region of high productivity and biological diver-
sity. Evidence supports the hypothesis that eddies
play an important role in prolonging production,
and they are important contributors to the trans-
port of nutrient-rich basin water to the shelf.

In more than one instance, eddies detected by
satellite-tracked drifters have coincided with

5
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above-average abundance patches of pollock
larvae.

Sea Ice

A defining characteristic of the eastern Bering
Sea shelf is the annual advance and retreat of sea
ice. Beginning in November, ice is formed along



a

Temperature

FOCI Biophysical Platform
site #2 .
ﬁ
il
s AMP & PROTEUS 20
oy e — — — “{Argos transmitters ol P -‘g
Anemometer § e
Radiometer = o e 5
[) SPAAM Thermometers (air) § 40 4 0 g
Seacat/Florometer H-102
+4 2
NBIS CM Internal
NTR MTR (Miniature Temperature Recorder) ok
ACM (Acoustic Current Meter) S P A
MTR Seacat i ;
SPMM(Smm'AbSOfbanCGMQle” 11l L L L L L LB L L LAY B L L EEE EL L
m CHLAM(Ch'DfOphy“AbSOmBMB‘Qf) A‘oﬂ\Illllll!|[f‘llll|lll[i'lllfllfl(lllllllll'|l|||‘l.l|‘1lr32‘5
ADCP (Acoustic Doppler Current) (?E -C ice .
o 30 s §
E L &
>
:: 20+ {320 €
5 F 3
o
5 0 .
5 -
™ N AT b L L
% 75 T 25 30 =% 0 5 70 F3 30 538
MAR APR MAY

the leeward sides of islands and coasts. It is ad-
vected southward, freshening and cooling the
water column as it melts at its leading edge. The
maximum ice extent typically occurs in late
March, and ice can remain over areas of the south-
eastern shelf into June. The extent and duration of
ice cover vary with climatic regime shifts such as
the Pacific Decadal Oscillation. For example, the
period from 1972 through 1976 was cold, and ice
often covered the shelf out to and over the upper
continental slope, arriving in January and retreat-
ing in May. From 1977 to 1988—a warm period—
ice did not extend as far seaward, and its residence
time was typically 2—4 weeks less than during the
cold period. Since 1989 there has been a return to
a weaker cold period, and sea ice has been more
extensive than in the warm period but not as
extensive as in the early 1970s.

The extent and timing of sea ice cover over the
eastern Bering Sea shelf dramatically affect the
time and space characteristics of primary and sec-
ondary production and thus food for larval pol-
lock. In years when ice is not present, the spring
bloom typically occurs as late as May or even
June. When ice is present over the southern shelf

Mooring diagram and data from the deployment of a FOCI biophysical platform at site
2 during 1995. Water temperature and velocity to 60 m deep indicate rapid cooling of
the water column as sea ice arrived and melted at site 2 during the last two weeks in
March while winds vertically mixed the water column. Because of strong density gradi-
ents established by solar heating of the upper layer during spring, the bottom layer
(cold pool) remained below 1.2°C through August. Ice presence, salinity, and chloro-
phyll at 7 and 44 m show that when ice overlay the mooring site, the water freshened
as the ice melted, and an early spring bloom began at the same time as ice arrived.

after mid-March, it induces an early spring bloom
of phytoplankton. This early bloom strips the
upper layer of nutrients, precluding a later spring
bloom. Because zooplankton may not be present
in sufficient abundance to graze the early bloom,
most of it settles to the bottom, enriching the
benthic community. Such was the case in 1997.
An early, ice-associated spring bloom depleted
the upper-layer nutrients, and a late May storm
mixed nutrients from the lower layer to the upper
layer, where they were rapidly depleted. The
warmed, nutrient-depleted water was not the
proper environment for typical Bering Sea shelf
phytoplankton. Instead, a vast coccolithophore
bloom occurred that summer and has recurred
each summer since. Although sediment analysis
suggests that coccolithophores may have occurred
sometime in the past, the present blooms are
unprecedented.

The maximum annual extent of sea ice also
has other biological effects. For example, it deter-
mines the size of the cold pool of bottom water
on the shelf. Because Bering Sea pollock are can-
nibalistic, with adults preying on juveniles, their
distribution and survival are partly determined by
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variations in production, standing stock, and distri-
bution of plankton have a significant impact on the
growth and survival of the larvae. Some larvae are
carried offshore through the Shelikof Strait sea
valley, where they are swept away by the fast-

Cape __ moving, nutrient-poor Alaskan Stream. Others
Kekurnoi

remain on the continental shelf in nursery waters
that are more suited to their survival. By summer
the pollock have developed into free-swimming
juveniles and are no longer at the mercy of cur-
rents. After this period we know little about their
life history until they enter the fishery (recruit-
ment) and become sexually mature at age 2.

The physical environment in which pollock live
varies on many scales. Decadal climate changes
PRI such as the “regime shift” that occurred in the late

Islands 1970s have profound effects on abundance. On a
smaller scale, larval survival may be enhanced by
incorporation into eddies with lifetimes of days to
weeks. Finally, larval survival may be determined
by a single storm.

FOCI forecasts Shelikof Strait pollock recruit-
Locations where pollock  the extent of the cold pool. When the cold pool is ment from relationships of fish survival to phe-

spawn at the same time and —Jarge, juvenile pollock are crowded to the outer nomena of various scales: baroclinity, transport,
place each spring in Shelikof  5o1tion of the shelf, where they are subject to pre-  wind mixing, and climate forcing. In FOCI’s con-
Strait. After hatching, the ; . :
dation by adults. ceptual model of recruitment, all environmental
larvae are advected by local -
currents. Some are lost to the conditions must be favorable for a pollock to
Alaskan Stream; oth advance from one life stage to the next. Processes
askan Stream; others Gy lIf of Alaska aovante o8 =< .
HEHIEOn the continental identified with pollock survival are ocean climate,
Shf}llf ”’d’”" ie’y ,Wta”f’ g W’,‘le’ ¢ FOCI research in the Gulf of Alaska began in circulation, wind mixing, and eddy potential.
eveLop nto juv . . . % . 5
@ p o JUVentes- 1984 and is focused on the early life history of Although FOCI scientists understand conceptually
walleye pollock in Shelikof Strait. Adult fish how these environmental conditions affect sur-
return to spawn in the coastal water and Alaska vival, research remains to be completed to under-
Coastal Current (ACC) at the southwest end of stand what mechanisms actually come into play
Shelikof Strait during March and April each year, and how they operate. Using time series associated
Abundance of first-feedin with each female producing about one-half million  with the processes identified in the conceptual
of first-feeding p g p P
pollock larvae (blue bars)  eggs. The dense, localized spawning pattern cre- model, FOCI has forecast recruitment of Shelikof
“"d'W’I"g‘g ;P%d (lbl‘wk I‘Ze) ates large patches of eggs that develop over about  Strait pollock since 1992.
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survived to be sampled were L . . . ”
most abundant during peri- ~ and rise into the mixed layer, where they drift the Shelikof Strait system. The model merges

ods of relatively calm winds. ~ southwestward with the ACC. Physically mediated  three components: a three-dimensional hydrody-
namic model to determine ocean circulation,
a spatially explicit nutrient—phytoplankton—
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FOCI’s conceptual model
of the processes that affect
survival of Shelikof Strait
pollock from one life stage
to the next.

over the past few decades, many phenomena are
not understood, primarily because observations
are limited or nonexistent. Processes on a variety
of scales—from climate to microstructure—must be
investigated to supply answers to questions about
these ecosystems. Some are more easily addressed
than others, but in all cases there is the need to mon-
itor critical ecosystem factors at appropriate periods
and locations. That a vast percentage of the Bering
Sea lies within the domains of two nations has not
facilitated research programs that could provide
the needed observations. Further, while the eastern
continental shelf continues to have ongoing research
programs, and interest in the role of physical pro-
cesses over the western shelf is growing, the deep
basin remains largely unexamined.

While it is recognized that flow through the
Aleutian passes is a primary source of circulation
within the basin, many questions remain regarding
the current systems of the Bering Sea. Particularly
needed is information on spatial and temporal
variability in the Kamchatka, BSC, and ANSC.
Dynamic processes within these currents provide
nutrients to the euphotic zone and are responsible
for the region of prolonged biological production
known as the Green Belt. While the processes are
unknown, the results of their interactions are evi-
dent. The continental shelf of the Bering Sea exhi-
bits extremely high productivity, and this richness

applies throughout the food chain. Not only are
there vast quantities of commercially valuable
species, but the eastern shelf is the summer feeding
ground for numerous marine bird and marine mam-
mal populations of the North Pacific Ocean. The
eastern Bering Sea provides an ideal location to
examine exchange mechanisms between slope
water of an eastern boundary current and a conti-
nental shelf. Because the coast and its inherent
topographic and coastal convergence processes are
far removed from the slope, the processes involved
in shelf/slope exchange should provide a clear sig-
nal. The continental shelf of the western Bering
Sea is bounded by a typical western boundary cur-
rent, so studies of contrasts of processes between
the eastern and western shelves should be fruitful.
In the Gulf of Alaska, too, questions remain to
be answered. Fundamentally, why is the northwest-
ern shelf so productive? The basis for this produc-
tion is enigmatic, given that downwelling winds
prevail throughout most of the year and that the
shelf receives a massive coastal influx of nutrient-
poor fresh water. The ACC is a crucial habitat for
young-of-the-year pollock and other species. Phys-
ical processes within the ACC could enhance the
aggregation of zooplankton and therefore be criti-
cal to recruitment success. What are the upstream
physical and biological conditions that precondi-
tion Shelikof Strait as an adequate feeding environ-
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ment for larval pollock? FOCI research in the Gulf
of Alaska has been generally restricted to Shelikof
Strait and its exit region to the southwest. Because
advection is the most important feature of the cir-
culation, what happens upstream is important. What
are the mechanisms that cause mortality to first-feed-
ing pollock larvae during high wind conditions?
Dilution or dispersal of prey, reduction of prey pro-
duction, and larval behavior (reduced feeding suc-
cess, avoiding upper-layer turbulence) are factors
that could be involved. Eddies seem to be condu-
cive to enhanced larval condition and survival, but
again the mechanisms are unclear. Is greater prey
production, diminished predator abundance, or
increased retention in near-shore waters involved?
Our knowledge of climate and how it affects
marine ecosystem dynamics must also advance.
In the last decade we have become aware of regime
shifts that are North-Pacific-wide changes in multi-
decadal, quasi-stable states of climate and ecosys-
tems. What causes these alterations and how are
the changes in climate transferred through the bio-
logical environment? Future studies that focus on
how the extant physical phenomena affect marine
populations offer the best opportunity to enhance
our understanding of ecosystem dynamics. This, in
turn, could lead to management strategies aimed at
sustainable production to ensure a rich ecosystem
for our future generations. The observational data-
base is not adequate in spatial and temporal cover-
age to answer most of the questions noted above.
In addition to further observations, modeling efforts
need to be improved, especially for the Bering
Sea. A primitive equation basin-shelf model that
couples both outflow through Bering Strait and
exchange in the North Pacific Ocean is a likely
starting place. Once the model provides accurate
simulations of the physical features, then biophysi-
cal processes and rates can be incorporated. Some
of the questions that must be addressed to under-
stand the ecosystem are best investigated by mod-
eling efforts.
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Estimating the Impacts of Oil Spills on Polar Bears
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age,

Study area, place names used
in the text, and offshore
petroleum exploratory and
extraction sites along the
southern Beaufort Sea coast.

The polar bear is the apical predator and uni-
versal symbol of the Arctic. They occur through-
out the Arctic marine environment wherever sea
ice is prevalent. In the southern Beaufort Sea,
polar bears are most common within the area of
the outer continental shelf, where they hunt for
seals along persistent leads and openings in the
ice. Polar bears are a significant cultural and sub-
sistence component of the lifestyles of indigenous
people. They may also be one of the most impor-
tant indicators of the health of the Arctic marine
environment. Polar bears have a late age of matur-
ation, a long inter-birth period, and small litter
sizes. These life history features make polar bear
populations susceptible to natural and human per-
turbations.

Petroleum exploration and extraction have been
in progress along the coast of northern Alaska for
more than 25 years. Until recently, most activity
has taken place on the mainland or at sites con-
nected to the shore by a causeway. In 1999, BP
Exploration—Alaska began constructing the first
artificial production island designed to transport
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oil through sub-seafloor pipelines. Other similar
projects have been proposed to begin in the next
several years.

The proximity of oil exploration and develop-
ment to principal polar bear habitats raises concerns,
and with the advent of true off-shore development
projects, these concerns are compounded. Contact
with oil and other industrial chemicals by polar
bears, through grooming, consumption of tainted
food, or direct consumption of chemicals, may be
lethal. The active ice where polar bears hunt is
also where spilled oil may be expected to concen-
trate during spring break-up and autumn freeze-
up. Because of this, we could expect that an oil
spill in the waters and ice of the continental shelf
would have profound effects on polar bears. As-
sessments of the effects of spills, however, have
not been done. This report describes a promising
method for estimating the effects of oil spills on
polar bears in the Arctic marine environment. It
uses enough real data to illuminate necessary cal-
culations and illustrate the value of the methods.
The results and conclusions presented here are
only examples of possible scenarios resulting from
a new estimation method. Final assessment of the
potential impacts to polar bears of an oil spill
remains a work in progress.

Methods

Oil Spill Trajectories

We are using hypothetical oil spill scenarios
created by the Minerals Management Service
(MMS) with modifications of their Oil Spill Risk
Analysis (OSRA) model. Based on a review of oil
spills in similar environments, MMS predicted that
oil spills resulting from catastrophic events might
range in size between 102 and 1580 barrels. MMS
predicted that spills under the sea ice could be as
large as 2956 or even 5912 barrels if all detection
and prevention devices failed for extended peri-
ods. These large accumulations of oil under the ice
could behave as catastrophic releases when the ice
melted in spring. In this example, we will focus on
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worst-case scenarios and present a method to evalu-
ate the effects on polar bears from oil spills of
2956 and 5912 barrels. Although such large spills
may be possible only through undetected chronic
releases, we will treat them as if they were instan-
taneous discharges. We also make the conservative
assumptions that weathering and clean-up do not
occur.

We hypothesized that the effects of an oil
spill would be most severe during summer and
autumn. Summer (22 August — 30 September) is
the period of open water, when we hypothesize the
spread of spilled oil would be greatest. Polar bears
are at their lowest near-shore densities at that time.
Nonetheless, many bears could be affected because
of the potentially great spread of oil. During autumn
(1 October-9 November), when broken ice is
prevalent, polar bears are at their highest near-
shore densities. Oil spread might be hampered by
ice but still could travel great distances, and risks
to polar bears, we hypothesize, would be highest.

The behavior of oil on water can be thought of
as a plume or fan-shaped pattern spreading over
the surface. The characteristics of the plume are
determined by winds and currents. MMS simulated
oil spills by modeling the movements of hundreds
of particles pushed by winds and currents and
impeded by ice. In this approach to oil spill model-
ing, we convert those linear particle paths to aerial
coverages by treating each particle as a disk of oil
on the water. Studies have shown that oil on water
will spread only until reaching a terminal thick-
ness. That terminal thickness, along with the vol-
ume of oil spilled, determines the diameter of each
disk. We refer to these disks of oil as spillets.
Available wind and current data would allow up
to 500 independent spills, or trajectories, each
month. Each trajectory is composed of 500 spil-
lets. Spillets are assumed to describe a continuous
path, and each path of a spillet can be viewed as a
swath with a width specified by the spill size.
Here, we develop examples to show how such
spill trajectories might interact with polar bears.

Two general circulation models were used to
simulate the movement of oil. Within the shorefast
ice (within the 20-m bathymetric contour), wind
was the only determinant of oil movement. There,
ocean currents were simulated with a two-dimen-
sional hydrodynamic model that incorporated bar-
rier islands and coastline. Wind data were derived
from the TIROS operational vertical sounder, or
TOVS (NOAA-operated satellites). Trajectory paths
beyond the 20-m bathymetry contour were simu-

lated using a three-dimensional coupled ice—ocean
hydrodynamic model. Offshore trajectory motion
is based on ocean currents and wind when ice con-
centration is below 80%. When ice concentration
exceeds 80%, trajectory motion is determined by
ice movement only.

Estimation of Polar Bear Numbers

Research scientists with the USGS Alaska Bio-
logical Science Center have captured polar bears
in the Chukchi and Beaufort Seas since 1967 as a
part of ongoing polar bear ecological studies.
Between 1985 and the present, we deployed satel-
lite radio collars, or platform transmitter terminals
(PTTs), on female polar bears for investigations
of movements, maternal dens, and survival. PTTs
employ an ultra-high-frequency (UHF) signal that
is received by polar-orbiting satellites and pro-
cessed by the Argos Data Collection and Location
System (ADCLS). Argos data include the geo-
graphic location of the bear, its activity, and the
temperature of the collar it wears. We also obtained
Argos data collected by the Canadian Wildlife Ser-
vice in the southern Beaufort Sea.

We generated a population distribution grid of
polar bears based on PTT locations and estimates
of population size in the Chukchi, southern Beau-
fort, and northern Beaufort Seas. This estimate of
the polar bear population size was distributed
within the grid. The number of bears apportioned
to each cell of the grid was determined by smooth-
ing and scaling the actual radio-tracking locations
in each cell, that is, cells with many radio loca-
tions had a greater proportion of the population
than cells with few radio locations. Hence, the dis-
tribution of polar bears in the study area was not
uniform.

We defined our study area as a grid that included
the area that could potentially be affected by oil
originating from off-shore production islands near
Prudhoe Bay. This grid was 1024 x 256, or 262,144
total cells, where each cell was 1000 m on a side
(1 km?2). This grid extended west to Wainwright,
Alaska, and east to Tuktoyaktuk, Canada. To esti-
mate the seasonal distribution of polar bears in the
grid, we first determined how many bears might
be present there at any time. We then extracted a
data set of polar bear satellite radio locations that
fell within the grid. The distribution of bears with-
in the study area was determined by smoothing
and scaling radio locations. The product was a grid
of polar bear distribution that included x- and y-
coordinates, bear density, and standard error (SE)



Procedure used to convert a
linear oil spillet path to a
Jootprint that can be over-
lapped with a grid depicting
polar bear numbers.

of density for each cell. This grid was converted to
an ARC/INFO raster coverage of estimated bear
density and SE.

Because oil spillet paths were estimated to have
a maximum spread diameter of 47 m (for the larger
of the two spill sizes we modeled), only a small
proportion of any 1-km? density cell would be
intersected by the narrow spillet path. Thus, we
felt it would be unreasonable to count an entire
1-km? density cell as oiled when a spillet path
intersected it. To prevent an overestimation of
oiled bears, we subdivided the grid twice so that
the proportion of a cell, rather than the entire cell,
might be counted as oiled. We first generated a
grid in which each 1-km?2 cell was divided into
400 cells (50 X 50 m, or 2500 m?2) and a second
grid where 1-km? cells were divided into 1600
cells (25 X 25 m, or 625 m?). These subdivided
cells corresponded with spillet diameters of the
two sizes (25 and 50 m) of spills we wanted to
evaluate in this exercise.

Recall that the oil-spill trajectories provided by
MMS were linear paths showing how wind and
current patterns moved each spillet. Also recall
that spillets represented a volume of oil (either

2956 or 5912 barrels). Because of this, we con-
verted line coverages of oil spill trajectories from
linear paths to GIS raster (grid) coverages with
cells that were either 25 or 50 m wide. Bear den-
sity and SE values were assigned to trajectory grid
cells by matching each trajectory grid cell with the
closest cell center from the bear density or SE
grid. These cells were considered “oiled.” A cell
could be oiled only once per trajectory. Therefore,
if a spillet path doubled back and re-crossed a cell,
or if multiple spillet paths crossed the same grid
cell, the number of bears oiled remained unchanged.
Bears estimated to populate each oiled grid cell
were considered killed. Therefore, we allowed no
sub-lethal effects of oiling. Cells surrounded by
spillet paths, but not touched by a spillet, were not
counted as oiled. One estimate of the number of
polar bears impacted by an oil spill resulted from
each overlap of a spill trajectory grid with a polar
bear density grid. Because each trajectory was
simulated under different and independent weather
and sea state conditions, each trajectory could be
regarded as a simple random sample of oil spills
from a larger (infinite) population of oil spills that
might occur in the future.
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Results

We utilized 10,913 satellite radio observations
of 289 polar bears to determine the distribution of
polar bears in the Beaufort Sea and adjacent areas.
Of those, 255 observations of 69 polar bears were
used to estimate the distribution of polar bears in the
study area during summer. Another 322 observa-
tions of 95 polar bears were used to generate the
autumn distribution of polar bears. This distribution
was not uniform during either time; however, polar
bears generally were more scattered in summer than

Hypothetical example of five summer and five
autumn oil spill trajectories, number of bears
estimated to be oiled, and total area oiled. Data
were derived by matching grids of bear density
to grids of 5912 barrel oil spill trajectories.

Number of Number of Area
Trajectory bears oiled cells oiled  oiled (km?)
Summer
A 228,746 571.87
B 11 381,373 953.43
C 453,844 1,134.61
D 3 157,633 394.08
E 1 51,984 129.96
Autumn
A 32 235,499 588.75
B 11 82,045 205.11
C 29 158,366 395.92
D 51 499,470 1,248.68
E 60 472,832 1,182.08

they were in autumn. Pockets of relatively high den-
sity in summer reflected areas where polar bears fre-
quent beaches and broken ice in northern reaches of
the study area. Peak autumn densities occurred just
offshore of Prudhoe Bay and Kaktovik and were
nearly an order of magnitude greater than in sum-
mer. Overall, near-shore densities of polar bears
were two to five times greater in autumn than in
summer.

For example, here we match five trajectories
with bear density cells, resulting in as few as one
bear oiled or as many as 24 during summer. The
area affected by trajectories ranged between 130
and 1135 km2. During autumn, five trajectories
showed a range of less than 11 to as many as 60
bears oiled and 205-1249 km? affected. This sam-
ple provides a glimpse of what we may expect
from this kind of analytical approach. A full under-
standing of the potential effects of oil spills on
polar bears, however, will be achieved only after
analyses of hundreds of simulated oil spills and
thousands of spillet paths with statistical estimates
of likelihood included.

Discussion

Proposed industrial developments in wild areas
require assessment of how that action could affect
wildlife populations. Prevention and mitigation
procedures depend on an understanding of what
can be expected if problems occur. To proceed
with an assessment, the first step is to develop
effective and reliable techniques. We have outlined
a practical method for determining how oil spills



in the Arctic marine environment may affect the
population of polar bears in the southern Beaufort
Sea of Alaska. Qur procedure makes use of the best
available information on oil spill response in the
lagoons and near-shore waters of the Beaufort Sea.
It also takes advantage of current knowledge of
polar bear movements and population size to
develop a density distribution within the region of
interest. By merging two data types—-oil spills and
bear density—we have a means of forecasting the
range of scenarios that could result should a cata-
strophic oil spill occur.

The example computations suggest that the
response of oil on the lagoons and offshore waters on
the Beaufort Sea will be highly variable. Winds and
currents, in addition to possible sea ice conditions,
can generate very different patterns of oil spread
within and among seasons. The number of polar
bears that encounter oil clearly will be determined
by a multitude of spill possibilities and the seasonal
distribution of bears. Investigation of the effects of
oil spills on polar bears, using the methods described
here, will provide an important component of the
assessment of risks of offshore oil developments.
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Policy Comminer

Background

Section 108(b) of Public Law 98-373, as amended
by Public Law 101-609, the Arctic Research and Pol-
icy Act, directs the Interagency Arctic Research
Policy Committee (IARPC) to submit to Congress,
through the President, a biennial report containing a
statement of the activities and accomplishments of
the TARPC. The IARPC was authorized by the Act
and was established by Executive Order 12501,
dated January 28, 1985.

Section 108(b)(2) of Public Law 98-373, as
amended by Public Law 101-609, directs the
IARPC to submit to Congress, through the Presi-
dent, as part of its biennial report, a statement
“detailing with particularity the recommendations
of the Arctic Research Commission with respect to
Federal interagency activities in Arctic research and
the disposition and responses to those recommen-
dations.” In response to this requirement, the
IARPC has examined all recommendations of the
Arctic Research Commission since February 1998.
The required statement appears in Appendix A.

Activities and
Accomplishments

During the period February 1, 1998, to January
31, 2000, the IARPC has:

o Prepared and published the fifth biennial revi-
sion to the United States Arctic Research Plan,
as required by Section 108(a)(4) of the Act.
The Plan was sent to the President on July 7,
1999.

¢ Published and distributed four issues of the
journal Arctic Research of the United States.
These issues reviewed all Federal agency Arc-
tic research accomplishments for FY 96 and 97
and included summaries of the IARPC and Arc-
tic Research Commission meetings and activ-
ities. The Fall/Winter 1999 issue contained the

full text of the sixth biennial revision of the
U.S. Arctic Research Plan.

Consulted with the Arctic Research Commis-
sion on policy and program matters described
in Section 108(a)(3), was represented at meet-
ings of the Commission, and responded to
Commission reports and Recommendations
(Appendix A).

Continued the processes of interagency coop-
eration required under Section 108(a)(6), (7),
(8), and (9).

Provided input to an integrated budget analy-
sis for Arctic research, which estimated
$185.7 million in Federal support for FY 98
and $221.5 million in FY 99.

Arranged for public participation in the devel-
opment of the fifth biennial revision to the
U.S. Arctic Research Plan as required in Sec-
tion 108(a)(10).

Continued to maintain the Arctic Environ-
mental Data Directory (AEDD), which now
contains information on over 400 Arctic data
sets. AEDD is available on the World Wide
Web.

Continued the activities of an Interagency
Social Sciences Task Force. Of special con-
cern is research on the health of indigenous
peoples and research on the Arctic as a unique
environment for studying human environmen-
tal adaptation and sociocultural change.
Continued to support an Alaska regional
office of the Smithsonian’s Arctic Studies
Center in cooperation with the Anchorage
Historical Museum to facilitate education and
cultural access programs for Alaska residents.
Supported continued U.S. participation in the
non-governmental International Arctic Sci-
ence Committee, via the National Research
Council.

Participated in the continuing National Secu-
rity Council/U.S. Department of State imple-
mentation of U.S. policy for the Arctic. U.S.
policy for the Arctic now includes an expanded



focus on science and environmental protec-
tion and on the valued input of Arctic residents
in research and environmental management
issues.

Participated in policy formulation for the
ongoing development of the Arctic Council.
This Council incorporates a set of principles
and objectives for the protection of the Arctic
environment and for promoting sustainable
development. IARPC supports the contri-
butions being made to projects under the
Council’s Arctic Monitoring and Assessment
Program (AMAP) by a number of Federal and
State of Alaska agencies. IARPC’s Arctic
Monitoring Working Group serves as a U.S.
focal point for AMAP.

Approved four coordinated Federal agency
research initiatives on Arctic Environmental

Change, Arctic Monitoring and Assessment,
Assessment of Risks to Environments and
People in the Arctic, and Marine Science in
the Arctic. These initiatives are designed to
augment individual agency mission-related
programs and expertise and to promote the
resolution of key unanswered questions in
Arctic research and environmental protection.
The initiatives are intended to help guide
internal agency research planning and priority
setting. It is expected that funding for the ini-
tiatives will be included in agency budget
submissions, as the objectives and potential
value are of high relevance to the mission and
responsibilities of IARPC agencies.

Convened formal meetings of the Committee
and its working groups, staff committees, and
task forces to accomplish the above.
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Section 108(b)(2) of Public Law 98-373, as
amended by Public Law 101-609, directs the
IARPC to submit to Congress, through the Presi-
dent, as part of its biennial report, a statement
“dealing with particularity the recommendations
of the Arctic Research Commission with respect to
Federal interagency activities in Arctic research
and the disposition and responses to those recom-
mendations.” In response to this requirement, the
JARPC has examined all recommendations of the
Arctic Research Commission since January 1998.
The previous JARPC report, submitted in January
1998, responded to Commission recommendations
through 1997. Many of these recommendations
deal with priorities in basic and applied Arctic
research that ongoing agency programs continue
to address.

The following recommendations are from the
Arctic Research Commission report “Goals and
Opportunities for United States Arctic Research”
(1999). Commission statements and recommenda-
tions are highlighted in boldface.

Recommendations for
Agencies

At the request of the IARPC agencies we are
including specific recommendations for these
agencies and interagency groups in order to
make clear to them our view of the opportunities.

National Science Foundation

The National Science Foundation Arctic Sci-
ence Section in the Office of Polar Programs
has made great strides in recent years in their
interest in and efforts on behalf of research in
the Arctic. We are pleased with several develop-
ments in recent years, including the partner-
ship with the Commission in support of the
ARCUS Logistics Study, the participation of the
Section’s staff on the Commission’s field trips
to Greenland and Arctic Canada, and the

Foundation’s support for the swath bathymetric
mapping system deployed in 1998 as part of
the SCICEX Program. Nevertheless, there still
remains a substantial disparity between support
for research in the Antarctic and in the Arctic.
A new era is about to dawn in Arctic research
because of the arrival in 2000 of the new Coast
Guard icebreaker Healy. Healy has the potential
to become the most important ship for Arctic
research ever launched. On the other hand,
it may languish at the dock making only occa-
sional forays into the Arctic. The National Sci-
ence Foundation has committed to Healy by
ending its support for the ARV design activity
conducted by the University National Oceano-
graphic Laboratory System. Healy will be the
principal U.S. resource for surface studies of
the Arctic Ocean. Having committed philosoph-
ically to Healy it is essential that NSF find the
resources to operate Healy as a research vessel
with a minimum operating schedule of approxi-
mately 200 days per year. Without sufficient
operating support, the NSF commitment to
Healy will be a hollow one. The FY 99 budget
for the Foundation contains a substantial
increase in funding for Arctic Logistics needs.
NSF appreciates the Commission’s comments
on the great strides in recent years by the Arctic
Science Section, Office of Polar Programs, on
behalf of research in the Arctic. NSF’s commitment
to supporting Arctic research in all areas remains
strong, but NSF is not the sole Federal sponsor for
Arctic studies. As the Commission is aware, both
NSF and the Office of Polar Programs must contin-
ually find the appropriate balance of support for a
wide variety of disciplines and activities. In the
specific case of supporting research that requires
the use of the Healy, NSF’s FY 00 budget request
included funding for initial testing for scientific
applications of the Healy. In FY 00 the Foundation
also hopes to support limited research on the Healy
during the science system testing cruises.
Long-term planning (FY 01 and beyond)



includes continued support for research on the
Healy. Support for up to 100 operating days is
planned, although it is unclear whether the amount
required to fully fund 200 operating days, includ-
ing science costs, would be available for this pur-
pose from NSF. NSF will work with other user
agencies to develop mechanisms for science sup-
port for the Healy.

Department of Defense

A number of activities fall under the Depart-
ment of Defense. Chief among these is the SCI-
CEX Program of the Department of the Navy.
The 109th Airlift Wing of the New York Air
National Guard provides L.C-130 support for
both Arctic and Antarctic research operations.
In addition, DOD is conducting a program enti-
tled Arctic Military Environmental Coopera-
tion (AMEC) jointly with the Norwegian and
Russian ministries of defense. The Commission
encourages the Department of Defense to con-
tinue to provide support for Arctic research
and environmental studies and to communicate
with the Commission on any new programs.

The level of interest in Arctic research con-
tinues to wane at the Office of Naval Research.
The fact that the Arctic Ocean is no longer con-
sidered an area of strategic threat is due to the
decrease in tensions with Russia. The result has
been a precipitous decline in funding for Arctic
studies at the Office of Naval Research. The
Commission believes that the decrease in Arctic
operations is a reason for maintaining research
levels in the Arctic in order to maintain the
national capability in the region. Research is
generally much less expensive than operations
and the knowledge base created and main-
tained by research in the region may be of vital
national interest in the future, particularly as
access to the Arctic Ocean improves, a fact
made likely through the observed thinning of
Arctic sea ice. Reduced military activities in the
region do not justify reduced research efforts
and may be an excellent justification for main-
taining and even increasing research.

With this in mind, the Commission com-
mends the efforts of the Navy in carrying out
the SCICEX cruises. The Commission notes the
substantial effort made by the Navy to support
this program in the face of shrinking resources
and facilities. These expeditions into the Arctic
Ocean aboard operational fast attack nuclear
submarines show an extraordinary interest in

the support of science by the Navy. The ques-
tion of the continuation of these cruises after
1999 and the retirement of the last of the Stur-
geon Class submarines is of great concern to
the Commission, and the Commission recom-
mends that the Navy explore with the scientific
community the means to continue this invalu-
able access to the Arctic Ocean.

The SCICEX Program began in 1998 to col-
lect swath bathymetric data in the Arctic for
the first time from a submarine. This instru-
ment, known as the Seafloor Characterization
And Mapping Pods (SCAMP), has been made
possible by the enthusiastic support of the
National Science Foundation’s Office of Polar
Programs. These data collected by SCAMP will
be of great value for students of the region from
many disciplines. The regions surveyed in 1998
and 1999 will comprise only a moderate frac-
tion of the area of the deep water portion of the
Arctic Ocean. The means to continue gathering
swath bathymetry with the SCAMP system
should be developed for the future, preferably
using Navy nuclear submarines. This recent
development in submarine capability is a rein-
forcing reason to continue the SCICEX Pro-
gram. A corollary issue is the declassification of
archived bathymetry data collected on previous
operations. These data are a valuable resource
for the research community. A continuing pro-
gram should be established to bring these data
out from the classified realm respecting the
security concerns, which may surround the
collection of these data. The construction of
the new U.S.—Russian Arctic Ocean Atlas CD
shows that these difficulties may be overcome.

As a further indication of the utility of Navy
nuclear submarines for research in the Arctic
Ocean, the Commission also notes the coopera-
tion of the Navy in attempting to carry out a
test of the submarine as a receiving ship for
seismic refraction measurements. This test,
when completed, will indicate the suitability of
the submarine for such experiments, and the
Commission encourages further investigation
of this concept. The Commission also notes the
cooperation of the Navy in the declassification
of bathymetric and ice profile data collected by
Navy nuclear submarines in the Arctic. The
value of these data is indicated by the impor-
tance attached to the bathymetric data by the
international community in connection with the
update of the GEBCO chart of Arctic Ocean
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bathymetry. Navy data will at least double the
data base available for this update.

Finally, the Commission recommends that
the Navy cooperate fully in a study of the costs
and benefits of retaining a Sturgeon Class sub-
marine as an auxiliary research platform for
worldwide use by the civilian science commun-
ity as discussed above.

The Army Cold Regions Research and Engi-
neering Laboratory (CRREL) in Hanover is a
national treasure. In the current climate of bud-
get stringency the pressure on Army labs is
growing. The Commission wishes to be on
record in support of the vital national resource
that exists at CRREL. Serious reductions at
CRREL might be helpful in the short term but a
detriment to the national welfare over the long
term. The Commission encourages continued
support for CRREL.

The Commission has recently discussed with
CRREL the importance of understanding the
effects of global climate change on the perma-
frost regime. The Commission looks forward to
CRREL’s plans for further study of climate
change and permafrost, supports the concept
and encourages support for these studies by all
of the IARPC agencies.

The Department of Defense invests in R&D pri-
orities consistent with mission requirements and
resources. First and foremost, the Science and Tech-
nology investments within DoD are undertaken
to ensure that warfighters today and tomorrow
have superior and affordable technology to support
their missions and to give them revolutionary war-
winning capabilities. Thus, the DoD S&T invest-
ment is directly linked to the assessment of current
and future security threats. While the interest of the
Department of Defense and the Office of Naval
Research in Arctic research and environmental
studies remains strong, the prioritization of S&T
funding is subject to the fiscal realities and must
consider present strategic and operational require-
ments. The Department remains committed to fund-
ing Arctic research at a level commensurate with the
mission requirements. Contrary to the Commission’s
assertion, the decrease in military operations in the
Arctic is not a rationale for maintaining or expand-
ing departmental S&T efforts in the region.

From an S&T perspective, the Department of
Defense supports the Navy’s ongoing examination
of the feasibility of continued Arctic research using
Navy submarines. Such analysis is taking into
account DoD’s national security mission, the

national security requirements for submarine oper-
ations, downsizing of the operational fleet, and the
life-cycle costs of implementation of an extension
of the SCICEX research program. Further, the Navy
is cooperating with NSF and its contractors in an
ongoing study of the costs and benefits of retaining
a Sturgeon Class submarine as an auxiliary re-
search platform for civilian science applications
operated on a reimbursable basis.

National Oceanic and
Atmospheric Administration

NOAA has been the leading U.S. agency for
AMAP. In this role, NOAA has supplied both
staff efforts and funding to the AMAP. These
efforts have been largely conducted on a good-
will basis without organized programs or a sat-
isfactory funding base. NOAA deserves great
credit for these efforts and the Commission
commends and supports their efforts. NOAA has
conducted an Arctic Initiative beginning in 1996
at a funding level of approximately one million
dollars. The Commission supports this initiative
and recommends that it continue in the coming
fiscal year and eventually becomes an ongoing
part of the NOAA program.

NOAA appreciates the recognition by the Com-
mission of its role as U.S. lead agency for the Arc-
tic Monitoring and Assessment Program (AMAP).
Itis NOAA’s intention to continue its participation
in AMAP, to coordinate interagency AMAP projects
in a partnership effort, to increase outreach
to impacted Alaskan communities, and to promote
greater involvement in AMAP activities by Alaskan
people and organizations at both local and state-
wide levels.

NOAA also appreciates the Commission’s sup-
port of the Arctic Research Initiative (ARI), a peer-
reviewed research effort that we have administered
jointly with the Cooperative Institute for Arctic
Research at the University of Alaska Fairbanks.
After a start at the $1.0 million level in FY 97, the
ARI received $1.5 million in FY 98 and $1.65 mil-
lion in FY 99. NOAA intends to continue this pro-
gram, and the President included support for the
ARI as part of NOAA’s base budget request for
FY 00. NOAA completed a report on the first three
years of the ARI and provided copies of the report
to the Commission.

As the Commission is doubtless aware, in FY 00
NOAA is combining ARI funds with International
Arctic Science Center funds in a joint announce-
ment of opportunity. This announcement was



released to the Arctic science community on Aug-
ust 18, 1999. 1t invites proposals on global change
and its effects on the Arctic, including detection;
interactions and feedback; paleoclimates, Arctic
haze, ozone and UV; contaminants; and impacts
and consequences of change. The announcement is
available on the IARC web page at http://www.
iarc.uaf.edu and on the CIFAR web page at http://
www.cifar.uaf.edu.

In order to focus our Arctic research efforts more
sharply, we have established an Arctic Research
Office within NOAA’s Office of Oceanic and
Atmospheric Research.

The National Undersea Research Program
(NURP) has had a long and perilous history.
Only occasionally has it appeared in the Presi-
dent’s budget. The Commission believes that
NOAA-NURP can be a valuable asset to the
research community. In particular, the Com-
mission takes note of the report of the “Blue
Ribbon Panel,” which spelled out a new para-
digm for NURP. The Commission’s interests in
NURP’s activities in the Arctic include the use of
unmanned and autonomous underwater vehi-
cles in the Arctic as well as the employment of
the Navy’s nuclear submarine assets under the
SCICEX Program noted above. The Commis-
sion believes that the time has come for an
organic act for NURP that will establish it as an
ongoing activity with a structure based largely
on the recommendations of the “Blue Ribbon
Panel.” As part of their mission NURP should
undertake to fulfill the commitment made in
the SCICEX MOA to support the research infra-
structure costs of the SCICEX Program.

Following the reinvention of the National Under-
sea Research Program (NURP), which began in
1997, the program has been included in the Presi-
dent’s budget each year at increasing levels. The
Blue Ribbon Panel report was taken into account
in the restructuring of the program, and an organic
act supporting the reinvention is under review by
the Administration.

Regarding the SCICEX program, the Director
of NURP serves on the National Science Founda-
tion’s Study Steering Committee to examine and
analyze the costs and benefits of employing a U.S.
Navy nuclear submarine dedicated to global oceano-
graphic science. This would be a follow-on to the
SCICEX program. Based on the results of this
study and future budget levels, NURP will deter-
mine its contributions to support infrastructure and

research costs in any follow-on to the SCICEX pro-
gram.

NOAA operates a suite of National Data Cen-
ters including the National Snow and Ice Data
Center, the National Oceanographic Data Cen-
ter, the National Geophysical Data Center, and
the National Climate Data Center. These data
centers are charged with the responsibility for
data rescue in the former Soviet Union. The
Commission recommends that the national data
centers communicate the nature of their data
rescue activities to the Commission and expand
them as necessary to collect data vital to our
understanding of the Arctic, especially the dis-
persal of contaminants in the region.

The NOAA National Data Centers (NNDC) con-
tinue their long history of cooperative data
exchange with counterpart institutions in the
former Soviet Union (FSU). The following sum-
mary highlights some of the oceanographic, meteor-
ological, and geophysical data sets recovered and
made public in the past few years as a result of
this cooperation. While these data are significant
contributions to our knowledge of Arctic regions,
our FSU colleagues indicate there are enormous
holdings still in manuscript form or on outdated
magnetic tapes. Reasonable estimates to acquire
these additional data and make them available far
exceed the resources available to NNDC.

The National Oceanographic Data Center
(NODC) has an active, proposal-driven program of
“data archaeology and rescue” for oceanographic
and ancillary meteorological data for the world
ocean. These activities are funded by NOAA’s
Office of Global Programs and by the NOAA/
NESDIS Environmental Services Data and Infor-
mation Management program. As a result of this
project, substantial amounts of data for the sub-
Arctic and Arctic have been made available inter-
nationally without restriction on CD-ROM as part
of “World Ocean Database 1998” (WOD98) and
the “Climatic Atlas of the Barents Sea 1998: Tem-
perature, Salinity, Oxygen” products. The majority
of these rescued data are from Russian institutions.
There are an estimated 500,000 Russian Nansen
casts from the Barents Sea and surrounding areas
still not available, many of these data being in
manuscript form.

The Ocean Climate Laboratory of NODC also is
working with the Murmansk Marine Biological
Laboratory to construct and publish a “Plankton
Atlas of the Barents Sea.” A second atlas on the
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physical properties of the Barents Sea will be
expanded to include the Kara and White Seas.
Russian institutions have expressed interested in
developing atlases, databases, and joint research
projects, mainly for the sub-Arctic. For example
the Arctic and Antarctic Research Institute (AARI)
of St. Petersburg is proposing to prepare such pro-
ducts for the Greenland—Norwegian Sea region. If
funding becomes available, AARI and the Ocean
Climate Laboratory will co-develop this database
and analyses.

Recently, Arctic and sub-Arctic oceanographic
data from Sweden, Poland, the U.S., and Canada
were added to WOD98, and more data are being
processed for future updates.

The National Geophysical Data Center (NGDC)
has several ongoing data rescue and exchange
programs with Russian counterparts to rescue,
digitize, and render available geophysical data
from Russia. Most of these are part of larger data
exchange programs. Likewise, the National Snow
and Ice Data Center (NSIDC), in collaboration
with NGDC, has been involved in extensive Rus-
sian and former Soviet Union data rescue activities.
The NOAA/NESDIS Environmental Services Data
and Information Management program has funded
most of these activities. A list of rescued data sets
at NSIDC is available to the Commission. Many
more data sets are in need of rescue and publica-
tion. These include ice station seismic refraction
stations, borehole temperature measurements, and
additional years of sea ice data.

Since 1989 the National Climatic Data Center
has been exchanging meteorological and climate
data on an annual basis with the All-Russian
Research Institute for Hydrometeorological Infor-
mation (RIHMI) under the “U.S.—Russia Agree-
ment on the Cooperation in the Field of Protection
of the Environment and Natural Resources.” Data
exchanged include three- and six-hourly synoptic
weather reports (since 1966), daily temperature
and precipitation (since 1884), daily snow (since
1874), daily snow in heavily wooded areas (since
1996), monthly total precipitation (since 1890),
and upper air data (since 1960).

In 1996 a project was initiated with RIHMI to
rescue synoptic weather observations contained
on 10,000 magnetic tapes at risk of being lost due
to age and deterioration. The data from approxi-
mately 80 observing sites from 1891 to 1935, 700
stations from 1936 to 1965, 1300 sites from 1966 to
1984, and 2000 sites from 1985 to the present were
copied to new media. In addition, daily precipita-

tion data were extracted from the observations and
provided to the National Climatic Data Center for
the preparation of a U.S.~Russian precipitation
data set for research.

During 1999 a cooperative project was initiated
to make available to NCDC the upper air data from
the Russian Arctic drifting stations (data beginning
during the 1950s).

Environmental Protection Agency

The Environmental Protection Agency’s
Office of Research and Development (ORD) has
shown little interest in the study of the special
environmental concerns in the Arctic. Although
the EPA-ORD was closely engaged in the Arctic
and a principal support for the activities of the
Arctic Environmental Protection Strategy up
until 1994, subsequent involvement has been
minimal. This has left the United States com-
mitted to programs under the Arctic Environ-
mental Protection Strategy, particularly in
AMAP, for which the appropriate agency (Envi-
ronmental Protection) refrained from provid-
ing support. The Commission considers this
to have been a short-sighted decision and rec-
ommends strongly that the EPA-ORD make a
substantial effort in the study of contaminants
in the Arctic. The U.S. has been judged an
underachiever by the international community
involved in the AEPS and the current discussion
on the future of AMAP under the Arctic Council
has become very difficult given that there are
no plans for EPA-ORD to directly support
AMAP efforts.

The Commission notes the workshop held in
Fairbanks in the summer of 1996. The Commis-
sion also notes that the intention, announced at
the 1996 Meeting by the Head of the Office of
Research and Development, to establish an Arc-
tic baseline study station at Denali National
Park fails to understand that the Park is not in
the Arctic, that experimental opportunities in a
National Park are extremely limited, and that
there are a number of superior sites in Alaska,
notably Toolik Lake and the Barrow Environ-
mental Observatory, which would provide a
superior site where EPA could take advantage
of ongoing studies by many scientists.

The ability of EPA to interact with the Native
residents of the Arctic is compromised by the
application of their risk assessment paradigm.
This paradigm has led to the conclusion that
the U.S. Arctic population is not of high prior-



ity because of its small size, This ignores the
closeness of the relationship of these people to
their environment (roughly 50 % of their annual
caloric intake comes from native plant and ani-
mal species), the environmental stresses on vil-
lage life (almost 50% of Alaskan villages use the
“honey bucket” system for human waste dispos-
al), and their vast and ancient store of tradi-
tional knowledge of the Arctic environment.

There are important efforts in the Arctic
sponsored by the EPA’s Office of International
Programs. EPA’s Office of International Activi-
ties (OIA) has supported the study of contami-
nants in umbilical cord blood samples from
Arctic residents. This AMAP-sponsored pro-
gram was ignored during the AMAP initial
assessment activities but has been resurrected
with the assistance and support of EPA-OIA.
EPA-OIA has proposed other activities in the
Arctic including projects to assess and reduce
sources of mercury and PCBs. The Commission
commends EPA-OIA for their efforts and urges
support for their activation and expansion.

The Arctic Research Commission expressed
appreciation for ongoing research sponsored by
the Office of International Activities (OIA) on con-
taminants in cord blood of Native infants, and
strong concerns about the lack of investment by
the Office of Research and Development (ORD).
Below are responses to these concerns, and a brief
outline of EPA’s relevant activities.

Support of AMAP

EPA’s decision to withdraw from the AMAP pro-
cess in 1994 was based on issues other than recog-
nition of the importance of this activity. EPA has
re-engaged with AMAP by directly supporting the
Heavy Metals workgroup and conducting other
work relevant to contaminant issues in the Arctic.

In March 1999 the Office of Research and Devel-
opment (ORD) agreed to chair the Heavy Metals
Team during AMAP Phase II. To that end, EPA
organized and sponsored a workshop “Heavy
Metals in the Arctic” in September 1999 to pro-
duce a final AMAP Phase II heavy metals research
plan and to establish an international heavy metals
team. ORD has committed to producing a Phase II
report in 2003 that includes unreported U.S. data
from Phase I and new data from Phase II. The eco-
system-level risk assessment process will serve as
the conceptual framework for organizing research
results. EPA’s ability to launch major new research
programs to fulfill AMAP research plans is prob-

lematic. Available funds will have to be used stra-
tegically to focus on the most essential portions of
the AMAP Phase Il plan. For success, efforts will
be made to find matching funds through partner-
ships and coordination.

AMAP is targeting “effects” and plans a special
workgroup on combined effects during Phase I1.
The ORD has also targeted this as an issue and is
planning a combined symposium and workshop
for multiple stressors and combined effects on the
Arctic Bering Sea during FY 00. Workshop results
will be framed by the risk assessment process and
offered to AMAP as an alternative approach for ad-
dressing this scientific challenge.

Arctic Research

The Denali National Park Demonstration Inten-
sive Site Project under the Environmental Moni-
toring and Assessment Program was designed to
establish an air quality station with UV-B monitor-
ing capability. Data collected there can and do
provide very useful information about changes in
UV-B radiation in northern regions as well as long-
range transport of airborne contaminants from
parts of the world very remote from Alaska. How-
ever, EPA agrees that the Denali National Park
research station is outside of the Arctic and recog-
nizes the need for additional Arctic research. To fur-
ther development of an Arctic research program,
ORD established an Arctic Program office in
Anchorage, Alaska. Program staffs are directly
involved in AMAP and the Bering Sea Regional
Geographic Initiative (see “Risk Assessment”
below).

The Office of International Activities (OIA) has
been a lead in supporting basic research with inter-
national implications characteristic of Arctic envi-
ronmental concerns. OIA, in partnership with the
ORD National Effects Research Laboratory and
in coordination with NOAA and DOE, installed
a new state-of-the-art mercury Tekran speciation
monitoring unit at the NOAA research station in
Barrow, Alaska. The equipment became opera-
tional in January 1999 and confirmed the “Arctic
Sunrise” phenomenon this spring. In addition, OIA
has continued its support of the Alaska Native
Cord Blood Monitoring Program. The program is
designed to monitor the levels of selected heavy
metals (including mercury) and persistent organic
pollutants (including PCB congeners) in umbilical
cord and maternal blood of indigenous groups of
the Arctic. The study will generate 180 infant—
mother specimen pairs and will include two
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groups of infants, those previously tested (includ-
ing infants from the Faroe Islands, Greenland, and
Canada) and infants recruited from the Alaska
Native American populations. Other OIA activities
include the Multilateral Cooperative Pilot Project for
Phase-Out of PCB Use, and Management of PCB-
Contaminated Wastes in the Russian Federation.

EPA Region 10 continues to support contami-
nants research through a new partnership with the
Sea Otter Commission to expand efforts in moni-
toring persistent, bioaccumulative, and toxic pol-
lutants (PBTs) in subsistence foods in Alaska. The
Traditional Knowledge and Radionuclides Project,
conducted in partnership with the Alaska Native
Science Commission, is ongoing.

Risk Assessment

Risk assessment has a varied history of devel-
opment and use in EPA. Within the last 10 years,
the process and its application have broadened
dramatically from single-stressor-driven assess-
ments to complex integrated ecosystem assess-
ments for multiple stressors and combined effects.
While it is true that EPA tends to target most
resources toward environmental issues impacting
areas of greater population density, this is a priori-
ty setting exercise rather than an application of the
risk assessment process.

EPA has found the broadened risk assessment
approach to be very effective in bringing together
scientific research and management strategies.
Specifically it allows communities to use available
scientific information (and, particularly in the Arc-
tic, traditional knowledge) to better understand
what complement of stressors may be causing
undesirable change in important values, key scien-
tific questions that need to be investigated, and
alternative problem solving strategies designed to
achieve environmental results.

It is within this broader frame of reference that
EPA is focusing resources and time in the Arctic.
The risk assessment process involves multiple steps,
including planning (establishing shared goals), prob-
lem formulation (using available knowledge to
develop conceptual models), analysis (exposure
and effects data), and risk characterization (estab-
lishing relationships). The Bering Sea Regional
Geographic Initiative, sponsored by Region 10
and ORD, is focused on planning and problem
formulation to help make sense of the enormous
amount of available data and to give direction to
future research in the Bering Sea. The Traditional
Knowledge and Radionuclides Project sponsored

by Region 10 is helping redefine the risk manage-
ment process with tribes and may offer new ways
to re-frame how risk assessment is used in the
Arctic. In a similar vein, ORD has begun planning
and problem formulation for the Pribilof Islands in
partnership with the people of St. Paul to develop
a demonstration case study of the process within a
Native community. Risk assessment will also pro-
vide the conceptual framework for reporting on
heavy metals for AMAP Phase I1.

These activities will provide significant lessons
within the Arctic about how to establish manage-
ment direction, identify data gaps and research
opportunities, link research to management con-
cerns, and provide a legitimized use of traditional
knowledge.

Department of State

The Department of State is responsible for
the negotiation and operation of our interna-
tional agreements in the Arctic. The Depart-
ment seeks input from the IARPC agencies and
others through the Arctic Policy Working
Group, which meets monthly with the Polar
Affairs Section at State. Over the years a dis-
connect has occurred between the Department
and the officials in other agencies making the
vital decisions affecting our participation and
performance in international programs. This
stems principally from the lack of coordination
between what the agencies will actually do and
the policies expressed in these programs. The
most obvious case was the failure of the United
States to participate in the AMAP health study
of contaminants in umbilical cord blood. While
endorsing this program and its goals on the one
hand, no samples were actually sent for analy-
sis even though samples existed. The result is
that the United States has been viewed with a
certain amount of scorn in AMAP meetings (the
Commission notes that this program has finally
begun under the auspices of the EPA Office of
International Activities). The cure for this is
certainly not simple. The most important step,
however, is that the Department of State must,
in the future, meet with Agency policy officials
to review their recommendations, spell out the
equivalent commitments to action by agencies,
and modify their positions accordingly. These
meetings must be carefully prepared so that
the issues to be discussed are clearly spelled
out and that the nature of the commitment
required from the agencies is understood well



beforehand so that the agencies can come to the
table prepared to make commitments.

The complexity of this problem can be seen in
the state of affairs in October 1998. In October
the United States took over the chair of the Arc-
tic Council. At the same time, agency budget ap-
propriations were passed for FY 99 but virtually
no specific budget commitments were identified
as supporting investigations relevant to Arctic
Council needs. Many relevant activities occur in
agency programs which could demonstrate U.S.
commitment to the Arctic Council but there is
no system to collect results and report on rele-
vant U.S. activities to the Council and no finan-
cial support for these activities. This problem
needs to be addressed immediately for FY 00
and beyond.

The Department of State is puzzled by the Arctic
Research Commission’s recommendations for the
Department with regard to facilitation of U.S. Arc-
tic Research. The entire first paragraph is, verba-
tim, what was reported in their “Seventh Biennial
Report to Congress,” which was submitted last
year and which covered the period of February 1,
1996 to January 1, 1998. The incident that they
highlight as an example of an “interagency discon-
nect” that resulted in “complete failure” of the
United States to participate in an Arctic Council
program occurred in 1996 and involved a Federal
agency outside of the control of the State Depart-
ment. From the perspective of the Department, it
appears that the Arctic Research Commission has
not seen our response to this same evaluation last
year. In that initial response, we explained in detail
what the State Department’s role is with regard to
facilitating U.S. research in the Arctic and the form-
ulation of U.S. Arctic policy. It appears that the Arc-
tic Research Commission has failed to take this
into consideration. With regard to the additional
language that the Commission has submitted this
year, the Department would like to emphasize that
all queried Federal agencies, with the exception of
one, offered general support for the U.S. chairman-
ship of the Arctic Council. While we are not in a
position to comment on the contents of the budgets
of other agencies with regard to support for the
U.S. chairmanship, we note that the Department
received financial support in the amount of
$250,000 for its Arctic Council chairmanship in
FY 99 and has requested financial support for the
Arctic Council in its FY 00 budget request. We also
note that a number of other agencies, among them
the Departments of Commerce/National Oceanic

and Atmospheric Administration, Energy, Interior/
Fish and Wildlife Service, and Environmental Pro-
tection Agency, have committed both financial
resources and staff time to assist with chairing the
Arctic Council. We also note that the Department
of State has been generally pleased with the level
of participation and leadership from the aforemen-
tioned U.S. agencies and others within the Arctic
Council’s working groups.

U.S. Coast Guard

The U.S. Coast Guard is the principal pro-
vider of research time on icebreakers for U.S.
scientists not collaborating with other nations.
In the past, the lack of an open system for solic-
iting participants and planning cruises has pro-
duced friction and disagreement as well as
some important successes. With the advent of
Healy, the new Coast Guard icebreaker, a new
system must emerge. The dialog between the
scientific community which will be using Healy,
Coast Guard designers, and ship builders has
been substantially improved. The formation of
the Arctic Icebreaker Coordinating Committee
has been successful and has led to substantial
improvements in the design of research facili-
‘ties aboard Healy. In the near future the need
for liaison and coordination will change from
the construction team to operations. The Com-
mission anticipates that the Coast Guard will
work closely with the AICC drawing upon the
U.S. academic community’s substantial level of
experience in oceanographic operations gener-
ally and in Arctic studies in particular.

The AICC and the closer cooperation in
which it is participating will not help to pro-
duce the potential for a new era of U.S. Arctic
research unless a commitment to operating
funds for icebreaker utilization is forthcoming.
The Commission has recommended to the
National Science Foundation that it provide
funds for full utilization of Coast Guard ice-
breakers at up to 200 operating days per year
as appropriate depending on funding. The
Coast Guard should support NSF in its efforts
to provide these funds.

The Coast Guard will depend heavily on the
Arctic research community to participate in deter-
mining scheduling priorities for Healy. The UNOLS-
Ship Time Request System will be the primary
mechanism for fielding and sorting requests for ship
access. There is a clear need for subsequent schedul-
ing meetings to occur. A specific plan for arbitrat-
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ing competing scheduling demands has yet to be
defined. A discussion of how this process should
work is an agenda item for the January 2000 Arc-
tic Icebreaker Coordinating Committee meeting.
The Coast Guard envisions a process where it
provides information on ship availability and
operational access to specific areas and where the
science community takes responsibility for priori-
tizing research goals that will result in actual ship
access for investigators. Input from the Arctic
Research Commission, the National Research
Council, and the National Science Foundation will
be key to developing an equitable system that
meets the national research requirements.

Interagency Task Force on Oil Spills

There is a substantial dearth of knowledge
about oil spills in Arctic conditions. The Com-
mission has long recommended a substantial
research program on the behavior of oil in ice-
infested oceans based in part on the research
agenda spelled out in Appendix I. In addition,
the Commission has had substantial discussions
with the Qil Spill Recovery Institute. The Com-
mission, in collaboration with the Alaska Clean
Seas Association and others, has recommended
test burns in the Arctic Ocean to study the vari-
ety of questions associated with this highly
effective method of disposing of oil on the sea.
The Commission recommends that the Inter-
agency Task Force commence such a program
soon, before the question is made imperative by
an accident in the Arctic.

The Coast Guard supports the ARC in its rec-
ommendation to commence a research program on
the behavior of oil in ice-covered waters, although
no funds are currently available to support such a
program. The Coast Guard continues to endorse
the preparedness and response efforts of the Emer-
gency Preparedness Prevention and Response
Working Group of the Arctic Council, as well as
individual national research.

The task force was established as the Coordi-
nating Committee on Oil Pollution Research
(CCOPR) under Title VII of Public Law 101-380,
otherwise known as the Oil Pollution Act of 1990.
The Committee has not been funded since FY 95.
As a result the Coordinating Committee has focused
on ensuring that the research and development
projects of its member agencies are discussed and
the results of that research and development are
shared with Federal, state, local, and private sector
researchers. The Coordinating Committee has

been unable to initiate any research not already
approved by an agency as part of the agency’s
mission-specific activities. Thus, a proposal for
the Committee to initiate and manage a research
and development program to study methods of
disposing of oil in Arctic waters is not viable at
this time. The Arctic Research Commission may
wish to propose meeting with the Coordinating
Committee to discuss proper research foci with
attendant partnership funds to the individual agen-
cies that comprise the Coordinating Committee.

National Aeronautics and
Space Administration

The Commission has been briefed on the
programs undertaken by NASA in the Arctic or
having a substantial component in the Arctic.
These programs are clearly of a high caliber.
The Commission notes, however, that these pro-
grams are poorly publicized outside of the com-
munity of NASA Principal Investigators. The
Commission recommends that NASA carry out
a program of outreach to the Arctic Research
Community to publicize these programs and to
encourage broader participation. NASA is
always at risk for the engineering side of their
programs to overwhelm scientific uses and
needs. The Commission believes that by broad-
ening the participation of the research commu-
nity in their programs, NASA can benefit from
the resulting community support.

The Commission also notes that NASA is a
participating agency in the International Arctic
Research Center and supports the Alaska Syn-
thetic Aperture Radar Facility at the University
of Alaska. The Commission supports these efforts
and looks forward to their continuation and
expansion.

NASA welcomes the support of the Arctic
Research Commission for its Arctic research pro-
gram. NASA is sympathetic to the need for out-
reach of its programs within the broader scientific
community. NASA has established procedures by
which it seeks to inform the broader community of
its goals and vision.

NASA publishes a Science Implementation Plan
for the Earth Science Enterprise, which includes
Arctic research. This document is reviewed outside
NASA and provides an opportunity for scientists to
understand the scope of planned activities and
their relationship to overarching science goals.
NASA has invested in the development of effective
user interfaces at its Data Active Archive Centers,



realizing how important these are to the productive
use of mission data. In continued recognition of
this, NASA initiated a National Research Council
Polar Research Board review of its polar geophysical
products during 1999, with a view to obtaining inde-
pendent and science-driven advice on how best to
provide data sets for Arctic researchers. Further-
more, through this review, NASA seeks to develop
a strategy for broader use of its polar data sets by
the research community.

In recognition of the important role that the Arc-
tic plays in global climate, NASA will continue to
support Arctic research. The Alaska SAR Facility
and the International Arctic Research Center each
have important roles to play in encouraging inno-
vative and collaborative Arctic research.

National Institutes of Health

Under the Arctic Environmental Protection
Strategy the United States has become involved in
programs concerning the health of Arctic resi-
dents, particularly the indigenous people of the
region. In particular, the AMAP health study has
been focused on environmental effects on health
in the region. When the United States undertook
to sign the AEPS Declaration (and subsequently
the Arctic Council Declaration) the message to
agencies was that there would be no new money
requested or appropriated for these activities.
As a result, the U.S. effort in the AMAP health
program has been paltry. It is clear that the
responsibility for the national effort in this
regard falls to the National Institutes of Health,
particularly the National Institute for Environ-
mental Health Studies. Unfortunately, the NIH-
NIEHS effort has been virtually nonexistent.
"The Commission recommends that NIH immedi-
ately organize an Arctic Environmental Health
Study focused primarily on the measurement
program outlined by the Arctic Monitoring and
Assessment Program. In addition, the study of
incidences and trends in the major causes of
morbidity and mortality in the Arctic should
be included in Arctic Council activities, perhaps
as an initiative in sustainable development. The
effects of both communicable diseases such as
tuberculosis, systemic diseases such as diabetes
and cancer, and external causes of illness and
death such as alcoholism and accident have pro-
found effects in the Arctic.

The NIH should undertake to become the
focal point for Arctic Council health studies in
both AMAP and the sustainable development

activities of the Council. To this end NIH should
provide secretariat support for U.S. Arctic
Council health-related activities and take on the
responsibility to see that the myriad relevant
efforts at NIH and elsewhere are collected and
reported to the Arctic Council as the U.S. contri-
bution. This activity should alse include a pro-
gram, in collaboration with relevant State of
Alaska agencies and institutions, to synthesize
these results and return them to the Arctic com-
munity in understandable language along with
their implications for life in the Arctic.

The Arctic Research Commission observed that,
despite the agreement that the United States partici-
pate in the Arctic Environmental Protection Strat-
egy (AEPS) and subsequently the Arctic Council,
no new monies were requested or appropriated.
U.S. efforts in AMAP (Arctic Monitoring and
Assessment Program) were considered paltry.

The ARC recommended that the National Insti-
tutes of Health (NTH), particularly its component,
the National Institute of Environmental Health Sci-
ences (NIEHS), organize an Arctic Environmental
Health Study, focused on AMAP measurements. A
study of the major causes of morbidity and mortal-
ity was suggested to be included in Arctic Council
activities (but perhaps as part of Sustainable Devel-
opment), and the NIH should become a focal point
for reporting health studies to the Arctic Council,
including informing the Arctic community of
implications for life in the Arctic.

The NIH, and its sister agencies within the
Public Health Service (PHS), namely the Centers
for Disease Control and Prevention (CDC) and the
Indian Health Service (IHS), are pleased to note con-
siderable progress in supporting several programs
under the Arctic Council, including both AMAP/
Human Health and Sustainable Development.

AMAP Monitoring Program

Although the initial focus of AMAP was on the
exposures to, and effects of, anthropogenic pollu-
tion, there has been a broadening of its sphere of
interest, especially among the Human Health expert
group, to include ancillary aspects that are related
to the central focus.

The Alaska Native Tribal Health Consortium,
which derived from, and closely affiliates with,
the Indian Health Service, is sponsoring the Alaska
Native Cord Blood Monitoring Program, with the
additional financial and moral support of many
other Federal, state, and local organizations. Such
a monitoring program comprised a “‘core activity”

49



50

of AMAP in its first phase, during which the U.S.

was not able to participate. Now, however, during
the second phase of AMAP, the U.S. is a full part-
ner in the Arctic region monitoring efforts.

AMAP Biomarkers Conference

It is evident that there would be tremendous
value in utilizing more sensitive indicators of
exposure to, and of the possible adverse effects
of, the various anthropogenic pollutants found in
the Arctic environment. Applicability of very sen-
sitive “biomarkers” based on genetic or biochemi-
cal tests could be expected to advance the research
agenda considerably if properly understood and
applied. With this in mind the National Institute of
Environmental Health Sciences, NIH, is sponsor-
ing the International AMAP-2 Biomarkers Confer-
ence, in Anchorage, Alaska, in early May 2000.
The conference will bring together Arctic health
researchers and experts on the use of biomarkers,
with the purpose of achieving cross fertilization of
ideas and identifying opportunities.

Emerging and Re-emerging Infectious Diseases

The Arctic Investigations Program of the Centers
for Disease Control and Prevention is contributing
to the Human Health research agenda through its
program to study emerging and re-emerging infec-
tious diseases in the Arctic. This is especially
apropos because of the suspected relationship of
the adverse health effects of pollution on an indi-
vidual’s resistance to infections (e.g. due to an
impaired immune response), especially in new-
borns, infants, and youth.

Arctic Environmental/Health Database

Under consideration is a proposed computer-
ized database that would incorporate traditional
environmental/health knowledge from indigenous
Arctic populations as well as available data entries
in the National Library of Medicine (NLM, NIH)
Medline database. The challenge is how to acquire
and codify such traditional knowledge in a machine-
readable format. If the project can be implemented,
it would include education and training of Arctic
populations on the access to, and use of, the data-
base, which would also provide a means of dis-
seminating the activities of the Arctic Council
AMAP, Sustainable Development, and other working
groups.

Arctic Telemedicine
In support of the Sustainable Development ini-

tiative proposed by the State of Alaska, the PHS,
which chairs the White House Joint Working Group
on Telemedicine, is providing input to the Tele-
medicine Initiative. NIH components that will be
involved include the National Library of Medicine
(extramural grants support program) and the NIH
Clinical Center (intramural telemedicine project).

Department of the Interior

The U.S. Geological Survey has led the effort
by IARPC agencies in the assembly of a data
structure for Arctic research. Unfortunately,
there has never been a satisfactory funding base
for this program. In the past, many IARPC agen-
cies have contributed to this effort but these
contributions have faded. Only NSF continues
to provide support. The Commission recom-
mends that the USGS and the Department of
the Interior accept that this program belongs
to them and should be fully supported. The
USGS should have the full support of the other
IARPC agencies. It is particularly important
that an effort be staged to save important earth
science data from the former Soviet Union.
Much useful data is collected in old paper
records which are even more vulnerable now
that fuel has become scarce in many places.
The Commission has recommended that the
NOAA National Data Centers undertake a data
rescue project coordinated with the USGS.

The Commission is correct in stating that the
data collection effort by the U.S. Geological Sur-
vey is not a funded effort. Consequently the U.S.
Geological Survey is able to continue this work
only as a collateral effort. The latest budget infor-
mation indicates that this picture will not improve
in the foreseeable future. However, the USGS
intends to continue this work as best it can and
will continue to seek partners to help support the
program.

The USGS Water Resources Branch has
recently reduced the number of hydrologic
monitoring stations in the Arctic. Data from
these stations are urgently needed for testing
and improving the predictions of large-scale of
freshwater runoff in the Arctic. In addition,
freshwater runoff affects the stratification of
the Arctic Ocean and the distribution of nutri-
ents, tracers, and contaminants brought to the
Arctic Ocean from the land. The World Cli-
mate Research Program - Arctic Climate Sys-
tem Study maintains an Arctic Runoff Data



Base for these purposes. The Commission rec-
ommends that the USGS rebuild a strong pro-
gram of Arctic hydrologic measurements.

The measurement of Arctic rivers and streams
has never enjoyed sufficient funding, so there are
just two rivers that flow directly into the Arctic that
have stream gages in operation. The cost of main-
taining a stream gage on an Arctic river that requires
helicopter access is prohibitive. Consequently, unless
the budget picture improves significantly, it is
unlikely that the U.S. Geological Survey can
increase the density of gages in the Arctic. How-
ever, the USGS will continue to gather as much
information as possible and also promote coopera-
tion with other interested parties whenever possible.

Members and staff of the Commission have
visited the National Park Service research logis-
tics housing facility at Nome, Alaska. The Park
Service is to be commended for this effort and
other agencies should consider the Park Ser-
vice’s example as a model to follow.

The Department thanks the Commission for its
continuing endorsement of the National Park Ser-
vice program.

The Fish and Wildlife Service of the Depart-
ment has been a stalwart in the work of the
Arctic Council’s working group on the Conser-
vation of Arctic Flora and Fauna. The Commis-
sion recommends that other divisions of the
Department follow the example of the Fish and
Wildlife Service in their support of Arctic Coun-
cil Activities.

The Department thanks the Commission for its
continuing support for the Fish and Wildlife Ser-
vice’s Arctic Council activities.

Department of Energy

The energy needs of Arctic villages in Alaska
are extreme. Poor transportation to remote
villages, small communities unable to take
advantage of the economies of scale usually
associated with municipal energy systems, a
mixed economy with only modest cash flow, and
the lack of a sophisticated technical infrastruc-
ture all make the provision of adequate energy
resources in the Arctic difficult. The Commis-
sion has no specific programs to recommend but
will undertake a review of DOE’s village energy
programs in FY 99. This study will lead to a
Commission Special Report with specific rec-
ommendations for research and development of

appropriate technology for the Arctic.

The State of Alaska faces many unique chal-
lenges in helping to ensure that its citizens have
access to affordable and reliable electric power.
These challenges are particularly evident in rural
areas of the state, where electricity is primarily
produced by small, expensive, and difficult to oper-
ate and maintain diesel power plants. At present the
cost of electricity for rural customers is eased
somewhat by the availability of the Power Cost
Equalization (PCE), an electric rate subsidy pro-
gram administered by the Alaska Department of
Community and Regional Affairs (DCRA). How-
ever, funds for the PCE are derived from the sale
of oil from Prudhoe Bay and are projected to be
exhausted in 2000 or 2001, and when that occurs,
electricity rates in rural areas could rise substan-
tially. Faced with higher electricity costs, and the
potential danger of environmental damages related
to the use of petroleum energy in a fragile Arctic
ecosystem, various Alaskan entities are now explor-
ing ways in which renewable sources of energy can
aid in the production of electric power. To better
understand the role that renewable energy can play,
the DOE’s Wind Energy Program is engaged in col-
laborative efforts with a number of Alaskan organi-
zations at the state and local levels to explore ways
in which wind can make a greater contribution in
the production of electric power.

The Department of Energy has been an
important source of technology transfer to the
Russian nuclear power reactor program. Unfor-
tunately, budget reductions threaten this vital
activity. The Commission is concerned that the
future of U.S. participation is in jeopardy and
that in the future nuclear energy production
particularly in the Russian Arctic may proceed
without the support of the Department of Energy.
The budget for interaction with Russia on
nuclear power systems should be supported
and reinforced.

The concerns of the Commission are noted.
The Department agrees that nuclear safety in the
Russian Federation remains an important focus of
international concern.

The Commission fully supports the activities
in the Arctic under the Agency’s Atmospheric
Radiation Measurement (ARM) Program. The
ARM Program is an important research effort
and is also an outstanding example of close
cooperation between researchers and Native
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communities and stands as an example for other
research programs.

The Department thanks the Commission for its
continuing endorsement of the ARM Program.

Interagency Arctic Research

Policy Committee (IARPC)

Unfortunately, the current budget stringency
has caused the IARPC agencies to become hesi-
tant about Arctic research in the face of the
many other demands on their scarce resources.
At the same time, however, the national commit-
ment to activities in the Arctic has grown. This is
particularly true in the case of the Arctic Coun-
cil. The Commission recommends that the NSF,
in its role as lead agency for Arctic research, call
together the IARPC Seniors to agree on a plan of
research to support U.S. participation in the
Arctic Council which goes beyond the current
rhetoric and demonstrates the national commit-
ment to carry on the goals of the U.S. Arctic Pol-
icy expressed by the President on 29 September
1994. Since the appropriation of new money to
meet these commitments depends on timely con-
sideration of the nation’s participation in the
Arctic Council, which we currently chair, and
the submission of budget requests to allow agen-
cies to meet their responsibilities as member and
chair of the Council, it is imperative that the
IARPC agencies come to the table with the inten-
tion to request and redirect resources to carry
out this task.

The biennial revision to the U.S. Arctic Research
Plan for 2000-2004, as approved by the IARPC,
includes a multiagency focused initiative that is
intended to support U.S. participation in the Arctic
Council. The Department of State is the lead agency
for the Arctic Council. The Department of State has
assigned personnel and resources to support the Arc-
tic Council secretariat, although no separate resourc-
es were requested to support the research program.
Several agencies are conducting research that sup-
ports Arctic Council priorities.

On another front, the United States agencies
need to update the IARPC plan for a compre-
hensive study of the Arctic Ocean. While cur-
rent experiments are important and of high
quality, there is no current plan for the study
of the Arctic Ocean which provides context for
these studies. The National Science Foundation
has commissioned the formulation of a strategy
for the study of the Arctic Ocean. The other
TIARPC agencies with responsibilities for
research in the Arctic Ocean include Navy,
NOAA, USGS, USCG, EPA, NASA and parts
of several others. IARPC should organize an
interagency meeting of the principal agencies
responsible for Arctic Ocean research. The
Commission has recommended such a plan in
the past and feels even more strongly that an
organized effort is needed given the increasing
evidence for rapid and substantial change in
the Arctic Ocean. The Commission recom-
mends that IARPC update the 1990 IARPC
report “Arctic Oceans Research: Strategy for
an FY 1991 U.S. Program” on a multi-agency
basis and that this program be submitted to the
Office of Management and Budget and the
Office of Science and Technology Policy for
consideration on a budget-wide basis.

The biennial revision to the U.S. Arctic Research
Plan for 2000-2004, as approved by the IARPC,
includes a multiagency focused initiative on Arctic
Marine Sciences. This is IARPC’s update of the 1990
IARPC report “Arctic Oceans Research: Strategy for
an FY 1991 U.S. Program.”

The Commission also notes their recommen-
dation above that IARPC publish an annual
report on Bering Sea research.

The IARPC biennial report of agency accom-
plishments, to be published in the IARPC journal
Arctic Research of the United States (Spring/Sum-
mer 2000), will highlight Bering Sea research.
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Dr. Rita Colwell, IARPC Chair and Director of
the National Science Foundation, convened the
meeting at the National Science Foundation in
Arlington, Virginia.

Arctic Policy Review

Dr. Colwell called on Raymond Arnaudo,
Department of State, to provide an update on U.S.
Arctic policy. Mr. Arnaudo also provided an over-
view of the Arctic Council’s activities. He stated
that the Arctic Council was established as a vehicle
for international cooperation. This is the second
year in which the U.S. chairs the Arctic Council.
He noted that the Arctic Council has proposed sev-
eral major initiatives, including:

* An Arctic Climate Impact Assessment;

* An action plan to remediate environmental

problems; and

» Sustainable development projects such as

» cooperation in telemedicine.
Mr. Arnaudo reported on the Arctic Monitoring
and Assessment Program (AMAP), one of the orig-
inal pillars of Arctic cooperation.

Comments from the Arctic Research
Commission

George Newton, chair of the Arctic Research
Commission (ARC), provided an update on ARC
activities. The ARC is preparing its biannual report
on goals for Arctic research. The ARC recently
adopted a new timetable for this report, so it will
be available in draft by summer 2000 and circu-
lated for comment in Alaska and the science com-
munity. Priorities to be recommended for Arctic
research include:

» Study of the Bering Sea ecosystem,;

» Study of global change in the Arctic; and

* Study of Arctic health.

Discussion of Letter from Science Advisor

Dr. Colwell referred to the October 5, 1999,
letter from Neal Lane, Assistant to the President
for Science and Technology, to the IARPC. The
letter urged the IARPC to carry out the U.S. Arctic
Research Plan, particularly in areas where the Plan
included multi-agency efforts that relate to the U.S.
global change research program. Dr. Colwell sug-
gested that one program, the Study of Environ-
mental Arctic Change (SEARCH), appeared to be
ready for increased agency attention. She called on
Dr. James Morison, University of Washington, to
provide background information on the SEARCH
project.

Presentation on Arctic Environmental Change

Dr. Morison reported that the Arctic is in the
midst of a major change involving impacts on the
atmosphere, oceans, land, ecosystems, and society.
Arctic change is connected to changes in the atmo-
spheric circulation of the Northern Hemisphere.
The future course of the change is unknown, but
change in the Arctic may be a fingerprint of global
warming. To study these changes, long-term pro-
grams in observation, analysis, and modeling will
be required.

Dr. Morison shared several charts and graphics
describing the changes in the Arctic and concluded
that there is a need for a coordinated program of
long-term observations in the Arctic. There is a
need for modeling and process studies to under-
stand Arctic change.

Action Items
Dr. Colwell requested that the IARPC review
two proposed action items:

RESOLVED, that the Interagency Arctic
Research Policy Committee authorizes the
establishment of a Working Group on the Study
of Environmental Arctic Change (SEARCH).
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David Evans noted that NOAA was prepared to
chair a Working Group on SEARCH. Dr. Colwell
requested support for the resolution to formalize
the working group. This resolution was approved.

RESOLVED, that the Interagency Arctic
Research Policy Committee authorizes the
Working Group on the Study of Environmen-
tal Arctic Change (SEARCH) to develop a
multi-agency research program and a coor-
dinated approach to implementation.

Dr. Colwell asked the IARPC to approve the second
draft resolution. This resolution was approved.

Information ltems

Arctic Climate Impact Assessment. John Calder,
NOAA, reported on the Arctic Climate Impact
Assessment (ACIA), sponsored by the Arctic
Council and the International Arctic Science Com-
mittee (IASC). An ACIA steering committee has
been established, and ACIA intends to produce a
scientific document that describes what is known
about Arctic climate change. ACIA also will pre-
pare a policy document with recommendations for
government action. The U.S. has agreed to be the
international lead on the Arctic Climate Impact
Assessment.

New Icebreaker Healy. Commander George
Dupree, U.S. Coast Guard (USCG), provided an
update on the new Coast Guard icebreaker Healy.
He reviewed the characteristics of the ship, ship
control systems, personnel, and science labs. The
USCG is planning on operating the Healy 280

days per year as a dedicated Arctic research plat-
form. The first unrestricted science cruise is
scheduled for March 2001.

Dr. Colwell commended the Coast Guard. She
concluded that the Healy provides a tremendous
opportunity for Arctic research. Dr. Colwell noted
that the Healy was named for Captain Michael
Healy, an African-American captain who sailed in
the Arctic in the 1880s.

Barrow Area Research Support Workshop. Dr.
Tom Pyle, NSF, reviewed the NSF cooperative
agreement with the Barrow Arctic Science Con-
sortium (BASC). The agreement is for manage-
ment and logistics support for research in Barrow,
Alaska, and the North Slope. He shared recom-
mendations from the Barrow Area Research Sup-
port Workshop report along with a regional map
showing areas for research and specific projects in
the region. The need now is to determine agency
interests in Barrow and coordinate them with the
NSF research support and logistics program.

Alaska/Arctic Geospatial Data Clearinghouse
Network. Bruce Molnia, U.S. Geological Survey,
provided an update on the Alaska/Arctic Geospa-
tial Data Clearinghouse. The USGS proposes to
provide, through the Clearinghouse, tools to make
maps on demand to meet research needs.

Recognition of Staff

Dr. Colwell distributed certificates and letters
of appreciation to the IARPC staff in recognition
of their work on the U.S. Arctic Research Plan.
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