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The journal Arcric 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

Sockeye, pink, and chum salmon.

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.

Address correspondence to Editor, Arctic
Research, Arctic Research and Policy Staff, Office
of Polar Programs, National Science Foundation,
4201 Wilson Boulevard, Arlington VA 22203.



VOLUME I3

FALL/WINTER 1999

ARCTIC RESEARCH

OF THE UNITED STATES

Interagency Arctic Research Policy Committee

Department of Agriculture

Department of Commerce

Department of Defense

Department of Energy

Department of Health and Human Services
Department of the [nterior

Department of State

Department of Transportation
Environmental Protection Agency

Natiopal Aeronautics and Space Administration
National Science Foundation

Smithsonian Institution

Office of Management and Budget

Office of Science and Technology Policy

Arctic Research Commission

George B. Newton, Jr., Chairman
Arlington, Virginia
Richard K. Glenn
Barrow, Alaska

E. Lee Gorsuch
Anchorage, Alaska

John E. Hobbie
Woods Hole, Massachusetts

James A. Palmer
Anchorage, Alaska

Walter B. Parker
Anchorage, Alaska

John R. Roderick
Anchorage, Alaska

Rita R. Colwell, Ex Officio
Arlington, Virginia

Managing Editorial Committee

Charles E. Myers, National Science Foundation—Editor
John Haugh, Bureau of Land Management—Associate Editor

David W. Cate, Cold Regions Research and Engineering

Laboratory—Consulting Editor

Editing and production: Cold Regions Research and
Engineering Laboratory, Hanover, New Hampshire

Donna R. Valliere, Production Assistant

Introduction 3
Executive summary 4
1. Introduction 5
1.1 National needs, goals, and objectives 5
1.2 Budgetary considerations 7
1.3 Interagency coordination 8
1.4 International cooperation 8
1.5 Revision to the plan 10
2. Special Focus Interagency Research Programs 12
2.1 Arctic environmental change 12
2.2 Arctic monitoring and assessment 21
2.3 Assessment of risks to environments and people in the Arctic 31
2.4 Marine science in the Arctic 37
3. Agency Programs 52
3.1 New opportunities for Arctic research 52
3.2 Arctic Ocean and marginal seas 55
3.3 Atmosphere and climate 57
3.4 Land and offshore resources 59
3.5 Land—atmosphere—water interactions 61
3.6 Engineering and technology 62
3.7 Social sciences 64
3.8 Health 67
4. Research support, logistics, facilities, data, and information 71
4.1 Research support and logistics 71
4.2 Arctic data and information 77
5. Bibliography 81
Appendix A: Glossary of Acronyms g3
Appendix B: Seventh Biennial Report of the Interagency Arctic
Research Policy Committee to the Congress 87
Appendix C: Arctic Research Budgets of Federal Agencies 89
Appendix D: Federal Arctic Research Program Descriptions 92
Appendix E: Arctic Research and Policy Act, As Amended 98

Appendix F: Principles for the Conduct of Research in the Arctic 102
Appendix G: Acknowledgments 104



NATIONAL SCIENCE FOUNDATION
4201 WILSON BOULEVARD
ARLINGTON, VIRGINIA 22230

nsf
July 7, 1999

OFFICE OF THE
DIRECTOR

The President
The White House
Washington, D.C. 20500

Dear Mr. President:

I am pleased to transmit through you to the Congress the enclosed Biennia! Revision to
the United States Arctic Research Plan for years 2000 to 2004. This Plan is required
under Public Law 98-373, as amended by Public Law 101-609, the Arctic Research and
Policy Act.

The Plan describes scientific and engineering research to support implementation of
U.S. national policy objectives in the Arctic. It also includes research initiatives that
relate to understanding and protecting the Arctic environment. It is submitted on behalf
of the Interagency Arctic Research Policy Committee for which the National Science
Foundation serves as chair agency.

It is a distinct honor for the member agencies to serve on the Interagency Committee
and for the National Science Foundation to chair it.

Dl

Rita Colwell
Director

Enclosure



United States Arctic Research Plan
Biennial Revision: 2000-2004

Introduction

Lake Clark, Alaska.

The United States Arctic Research Plan published
in this issue of Arctic Research of the United States
was prepared by the Interagency Arctic Research
Policy Committee (IARPC). The Plan is a consensus
document that reflects the views of twelve TARPC
agencies. It responds to recommendations of the U.S.
Arctic Research Commission and to recommenda-
tions of scientists who provided advice to the IARPC
agencies.

The Plan includes four special focus multiagency
research programs agreed to by the Federal agencies
and includes multiagency cross-cutting issues such
as research support and logistics, facilities, inter-
national activities, and data and information. The Plan
describes high-priority research needs of the agen-

cies but does not include every possible Arctic re-
search idea that might be suggested. The Plan also
responds to environmental and strategic objectives
of U.S. Arctic policy.

The Plan is a living document. In accordance with
the Arctic Research and Policy Act, itis revised every
two years. Readers who have comments on the Plan,
or suggestions for improvement, are invited to sub-
mit their comments to: Arctic Research and Policy
Staff, Office of Polar Programs, National Science
Foundation, 4201 Wilson Boulevard, Arlington, VA
22230, or to the appropriate IARPC staff representa-
tive listed on the inside back cover of this issue of
Arctic Research of the United States.




United States Arctic Research Plan
Biennial Revision: 2000-2004

Executive
Summary

Background

The United States has substantial economic,
scientific, strategic, and environmental interests in
the Arctic. As required by the Arctic Research and
Policy Act of 1984 (Public Law 98-373),* a com-
prehensive Arctic Research Plan is prepared by the
Interagency Arctic Research Policy Committee
and submitted to the President, who transmits it to
Congress. Section 109(a) of the Act requires a
biennial revision to the Plan. This document, the
sixth biennial revision to the Arctic Research Plan,
updates the plan and elaborates on requirements of
Section 109(a).

United States research in the Arctic and this
biennial revision are governed by U.S. national
policy on the Arctic, research goals and objectives
agreed upon by the Interagency Committee, and
guidance provided by the Arctic Research Com-
mission.

It is in the national interest of the United States
to support scientific and engineering research to
implement its national policy objectives, includ-
ing:

» Protecting the Arctic environment and con-

serving its living resources;

* Promoting environmentally sustainable natu-
ral resource management and economic
development in the region;

* Strengthening institutions for cooperation
among the eight Arctic nations;

* Involving the indigenous people of the Arctic
in decisions that affect them;

* Enhancing scientific monitoring and research
on local, regional, and environmental issues
(including their assessment); and

* Meeting post-Cold-War national security and
defense needs.

The Arctic Research and Policy Act requires coop-
eration among agencies of the U.S. Government
having missions and programs relevant to the Arc-
tic. It established the Interagency Arctic Research
Policy Committee to “promote Federal interagency
coordination of all Arctic research activities” [Sec-
tion 108(a)(9)]. The Interagency Committee,
chaired by the National Science Foundation

* Amended on November 16, 1990 (Public Law 101-609): see
Appendix E.

(NSF), continues to provide the mechanism for
developing and coordinating U.S. Arctic research
activities.

Revision to the Plan

This sixth revision to the United States Arctic
Research Plan includes two major sections. The
first of these presents the Special Focus Interagency
Research Programs. For this biennial revision of the
plan, agencies agreed that the following four pro-
grams are ready for immediate attention as inter-
agency focused efforts:

* Arctic Environmental Change

* Arctic Monitoring and Assessment

* Assessment of Risks to Environments and

People in the Arctic

* Arctic Marine Sciences.

The second major section is the Agency Pro-
grams, which represent the objectives of Federal
agencies, focusing on the period covered by this
revision (2000-2004). They are presented in seven
major categories, and where common activities
exist they are presented as collective programs:

* Arctic Ocean and Marginal Seas

« Atmosphere and Climate

* Land and Offshore Resources

* Land—-Atmosphere—Water Interactions

* Engineering and Technology

* Social Sciences

» Health.

Since the passage of the Act, the Interagency
Committee, the Arctic Research Commission, and
the State of Alaska have addressed issues related
to logistics support for Arctic research. This revi-
sion considers issues related to surface ships, sub-
marines and ice platforms; land-based and atmo-
spheric facilities and platforms; coordination; and
data facilities.

Budgetary Consideration

Appendix C presents a summary of each
agency’s funding for the 1998-2000 period. The
total interagency Arctic budget estimate for FY 99
is $221.5 million; for FY 00 it is $220.3 million.
For some agencies, budgets for Arctic research are
projected to decrease. Program descriptions may
be assumed to reflect the general direction of
agency programs.



1. Introduction

1.1 National Needs, Goals, and Objectives

United States research in the Arctic and this
biennial revision are governed by U.S. national
policy on the Arctic (announced by the U.S.
Department of State, September 1994), the Decla-
ration on Establishment of the Arctic Council
(announced by the U.S. Department of State, Sep-
tember 1996), research goals and objectives agreed
upon by the Interagency Committee, and guidance
provided by the Arctic Research Commission.

1.1.1 National Needs and Problems

The national interest of the United States
requires support of scientific and engineering
research to implement its national policy objec-
tives, including:

« Protecting the Arctic environment and con-

serving its biological resources;

» Assuring that natural resource management
and economic development in the region are
environmentally sustainable;

» Strengthening institutions for cooperation
among the eight Arctic nations;

« Involving the Arctic’s indigenous people in
decisions that affect them;

« Enhancing scientific monitoring and research
on, and assessment of, local, regional, and
global environmental issues on Earth and in
near-Earth space; and

s Meeting post-Cold-War national security and
defense needs.

U.S. Arctic research uses the northern polar
region as a natural laboratory to study processes
that also occur at lower latitudes. Where appropri-
ate this research should be coordinated with the
efforts of state and local governments and the pri-
vate sector. The research should be carried out in a
manner that benefits from and contributes to inter-
national cooperation. Arctic research policy is sub-
ject to periodic review and revision. The role of
the Arctic in meeting national needs and address-
ing key policy issues is further highlighted below.

1.1.2 Nonrenewable Resources

The U.S. imports approximately 50% of its
hydrocarbon needs. Twenty-five percent of our
domestic production comes via the Trans-Alaska
Pipeline System from Prudhoe Bay in Arctic Alaska.
The best estimates are that at least 20% of the Na-
tion’s future reserves lie on the northern Alaskan

coastal plain and adjacent continental shelf. Also,
12% of the Nation’s gas reserves lie in the same
region, and there are plans for a gas pipeline to
transport this resource south. Gas hydrate reserves
have been estimated to range from 10! to 101
cubic meters in Alaska and its offshore region. In
addition to oil and gas, the Arctic has large coal
and peat resources. The U.S. Arctic has been esti-
mated to contain about as much coal as the remain-
der of the U.S. However, U.S. Arctic coal produc-
tion will be limited until the energy needs of
Alaska grow substantially or the Pacific Rim coun-
tries provide sufficient impetus for further coal
development.

Minerals are also important Arctic resources.
The Red Dog lead-zinc—silver mine, north of the
Arctic Circle, is one of the largest zinc-producing
mines in the world, producing 60% of the U.S.
zinc output. The Arctic shelves also contain min-
eral deposits. At least one offshore tin mine has
been brought into production in Russia. Dredging
for sand and gravel on the Arctic Ocean shelves
supports hydrocarbon development and other large
coastal and offshore construction projects.

1.1.3 Renewable Resources

Arctic and Bering Sea waters support some of
the most productive fisheries in the world. The
Bering Sea supplies nearly 5% of the world’s fish-
ery products. An estimated 4 million metric tons of
43 commercial species are caught every year by
fishermen from the United States, Russia, Japan,
and other nations. Since the passage of the Magnu-
son Fishery Conservation and Management Act in
1976, American groundfish operations in Alaska
have developed into an industry with an annual
product value estimated at $2.2 billion. Dutch
Harbor—Unalaska, Alaska, is the leading U.S. port
in the quantity of commercial fish landings. Alaska
leads all states in both total volume and total value
of fish landings.

Dramatic and unexplained fluctuations have
occurred in the catch of groundfish and shellfish
and the stocks of marine mammals. There is con-
siderable concern that the walleye pollock popula-
tion will “crash” as others have in the past. Manag-
ing for sustainable yields requires further research.

The impact on the coastal economy of Alaska
and other northwestern U.S. states is magnified by
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substantial capitalization in vessels, port facilities,
and processing plants and related income to a
broad sector of the economy. A sustainable, pre-
dictable fishery stock is fundamental to the viabili-
ty of this sector of the U.S. economy. Research on
Arctic marine ecosystems is essential for under-
standing and managing their resources.

1.1.4 Global Change

High latitudes may experience the earliest on-
set of global warming if a “greenhouse effect”
occurs on Earth. Global climate models suggest
that the amount of warming may be significantly
greater in northern high-latitude regions than in
lower latitudes, but the models do not agree on the
amount of warming to be expected at high lati-
tudes.

Furthermore, there is growing evidence that the
polar regions play a key role in the physical pro-
cesses responsible for global climate fluctuations
and in some circumstances may be a prime agent
of such fluctuations. For example, North Atlantic
deep water formation may be affected by a deli-
cate balancing in the amount of fresh water that is
exported from the Arctic Basin and that flows
from the East Greenland Current into the region
of deep vertical convection in the North Atlantic.
Heat flux through the variable ice cover of the
Arctic Ocean may have a profound effect on the
surface heat budget and the global climate.

Arctic biological processes can also affect glo-
bal processes and result in positive feedback on
CO; increase and warming. It remains unclear
whether Arctic ecosystems are functioning as
sources or sinks for excess CO,. For example, a
shift in vegetation from tundra to trees could have
significant effects on regional climate.

High-latitude warming may disturb the equi-
librium of Arctic ice masses and hence global
sea levels. Such events are preserved in the geo-
logic record, and polar regions are a natural repos-
itory of information about past climatic fluctua-
tions.

The Arctic ozone layer has exhibited signifi-
cant changes—concentrations are decreasing.
These are expected to deepen over the next dec-
ade, as atmospheric chlorine and bromine reach
high levels because of previous releases. Their
causes and implications will continue to be a subject
of research. Additional data may shed light on the
causes and effects of both catastrophic and evolu-
tionary global change. Arctic research provides a
critical component of virtually every science ele-
ment in the U.S. Global Change Research Program.

1.1.5 Social and

Environmental Issues

Arctic populations live in close contact with
their environment and are highly dependent on ma-
rine and terrestrial ecosystems. Contaminants pose
a potential threat to the health of Arctic residents
who rely on subsistence foods (fish, marine mam-
mals, moose, and caribou). Heavy metals, organ-
ochlorines, soot, and other pollutants accumulate at
high latitudes because of atmospheric and oceanic
circulation patterns and subsequent concentration in
food chains and organic soils. The effects of envi-
ronmental change, including climate changes, can
have enormous impacts on Arctic ecosystems, on
the response of wildlife to ecosystem productivity,
and on the human use of wildlife.

Other issues of importance to Arctic residents
include social and economic changes such as those
resulting from large-scale development and popula-
tion influx. Many of these changes are positive, such
as increased educational and employment oppor-
tunities, better medical care, and the use of modern
technology. Other changes, such as social and cul-
tural disruption, have been a cause for concern.
Research addressing the phenomena of rapid social
change, human—environment interactions, and the
viability of small subsistence-dependent communities
sheds light on the complex relationships between
environment, economy, culture, and society.

Recent studies have found that concentrations of
carbon dioxide and methane in Arctic haze layers
are elevated with respect to background levels.
Concentrations of these two gases are correlated,
suggesting a common anthropogenic source (fossil
fuel combustion) and subsequent transport into the
Arctic. Soot carbon has been traced for thousands
of kilometers across the Arctic, where it remains
suspended in a dry, stable atmosphere. Ozone
depletion in the polar vortex has enormous health
implications to the people of the entire Northern
Hemisphere.

High latitudes are also particularly susceptible
to adverse conditions in the space environment,
which can cause disruption of satellite operations,
communications, navigation, and electric power
distribution grids, leading to a variety of socio-
economic losses. These space environment effects,
generally referred to as “space weather,” are often
associated with transient phenomenon on the sun
that may cause geomagnetic storms on Earth, with
the occurrence of bright, dynamic auroral displays
and the development of intense ionospheric cur-
rents. These induced currents can cause massive
network failures in electric power distribution sys-
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tems and permanent damage to multi-million-dollar
equipment in power generation plants.

1.1.6 U.S. Goals and Objectives

in Arctic Research

Arctic research is aimed at resolving scientific,
sociological, and technological problems concern-
ing the physical and biological components of the
Arctic and the interactive processes that govern the
behavior of these components. The objectives
include addressing the needs for increased knowl-
edge on such issues as using the Arctic as a natural
laboratory, national defense, natural hazards, global
climate and weather, energy and minerals, transpor-
tation, communications, renewable resources, con-
taminants, environmental protection, health, adap-
tation, and Native cultures.

More specific long-term goals have been devel-
oped by the Interagency Committee to further
guide the revision of the Plan:

» Pursue integrated, interagency, and interna-
tional research and risk assessment programs
for the purpose of managing Arctic risks;

= Continue to develop and maintain U.S. scien-
tific and operational capabilities to perform
research in the Arctic;

« Promote the improvement of environmental
protection and mitigation technology and the
enhancement of ecologically compatible
resource use technology;

» Develop an understanding of the role of the
Arctic in predicting global environmental
changes and perform research to reveal early

signals of global changes in the Arctic and
determine their significance;

» Develop the scientific basis for responding to
social changes and the health needs of Arctic
people;

« Contribute to the understanding of the relation-
ship between Arctic residents and use of wild-
life and how this relationship might be affected
by global climate change and transported con-
taminants;

» Engage Arctic residents, scientists, and enginecrs
in planning and conducting the research and
report results to these individuals and the public;

o Continue to document and understand the role
of permafrost in environmental activities;

» Advance knowledge of the Arctic geologic
framework and paleoenvironments;

« Contribute to the understanding of upper atmo-
spheric and outer space phenomena, particu-
larly their effects on space-borne and ground-
based technological systems;

» Develop and maintain databases and data and
information networks; and

» Develop and maintain a strong technological
base to support national security needs in the
Arctic,

In addition to these goals and objectives for Arc-
tic research developed by the Interagency Commit-
tee, the Arctic Research Commission has provided
further guidance for U.S. Arctic research. This revi-
sion of the Plan is consistent with these Commis-
sion recommendations.

1.2 Budgetary Considerations

The Act does not provide separate additional
funding for Arctic research. Agencies are expected
to request and justify funds for these activities as
part of the budget process. Table 1 presents a sum-
mary of each agency’s Arctic research funding for
the 19982000 period. The total interagency Arctic
budget estimate for FY 99 is $221.5 million; for
FY 00 it is $220.3 million. Appendix C contains a
detailed listing of existing Federal agency programs
and budgets, divided by major subelements. The plan
contains the detailed agency budgets through FY 00.
For some agencies, budgets for Arctic research are
projected to decrease. These decreases reflect the
competitive budget environment. However, pro-
gram descriptions may be assumed to reflect the
general direction of agency programs.

Table 1. Arctic research budgets by individual
Federal agencies (in millions of dollars).

FYg8 FY99 FY 00
Agency Actual Budget Proposed
DOD 1553 20.7 7.8
DOI 42.0 48.3 43.0
NSF 49.0 67.0 67.5
NASA 33.7 33.9 41.8
NOAA 16.1 17.6 18.5
DOE 3.5 35 34
DHHS 16.1 16.5 17.6
Sl 0.5 0.5 0.5
DOT* 6.6 7.6 14.6
EPA 0.5 1.1 0.8
DA 3.4 4.8 4.8
DOS 0.0 0.0 0.0
Total 185.7 221.5 220.3
* plus icebreaker support 285 23.5 235




1.3 Interagency Coordination

The Arctic Research and Policy Act (Appendix
E) requires cooperation among agencies of the
U.S. Government having missions and programs
relevant to the Arctic. It established the Interagency
Arctic Research Policy Committee to “promote Fed-
eral interagency coordination of all Arctic research
activities” [Section 108(a)(9)]. The Interagency
Comnmittee, chaired by the National Science Foun-
dation (NSF), continues to provide the mechanism
for guiding and coordinating U.S. Arctic research
activities. The biennial revisions of the U.S. Arctic
Research Plan serve as guidance for planning by
individual agencies and for coordinating and
implementing mutually beneficial national and
international research programs.

Since the last revision of the Plan, significant
progress in implementing recommendations has
been made and accomplishments continue to be
identified. These include activities of the Inter-
agency Committee and the Arctic Research Com-
mission. Additional information can be found in
the journal Arctic Research of the United States
(Volume 12, Spring/Summer 1998), published by
NSF on behalf of the IARPC.

The Act mandates coordination of U.S. Arctic
research programs. Mechanisms for appropriate
levels of coordination continue to evolve. Three
levels of coordination and cooperation are needed
for an effective national Arctic research program:

* Individual agency, and independent investiga-

tor, research programs;

* National coordination; and

» International collaboration.

Each element requires a mechanism for internal
program development, review, and implementa-
tion, and each needs to be linked to the other two.
The national effort is performed through the Inter-
agency Committee. A staff oversight group of the
Interagency Committee provides coordination,
assisted by working groups representing specific
agency programs. These are reported in the subse-
quent sections.

Many interagency agreements and planning and
coordinating activities already exist. Coordination
with global change programs is an integral part of
Arctic program development and implementation.
Improved communication at all levels through
existing newsletters and journals is encouraged.

1.4 International Cooperation

On September 18, 1998, the United States
assumed the chair of the Arctic Council, an eight-
nation forum established in 1996 to bring together
in a senior policy setting the environmental con-
servation elements of the Arctic Environmental
Protection Strategy (AEPS) and broader issues of
common concern related to sustainable develop-
ment. In addition to the eight nations (Canada,
Denmark, Finland, Iceland, Norway, the Russian
Federation, Sweden, and the U.S.), the region’s
indigenous communities are recognized as Perma-
nent Participants of the Arctic Council. Canada
chaired the Arctic Council until September 1998,
at which time the United States assumed the chair
until September 2000. The United States chair-
manship of the Council will culminate in a Minis-
terial meeting to be held in Alaska in the fall of
2000.

The Arctic Council is entirely consistent with
the objectives articulated in the U.S. Arctic Policy
Statement of 1994 and offers an important vehicle
for pursuing them. These policy objectives include:

* Protecting the Arctic environment and con-

serving its living resources;

* Promoting environmentally sustainable natu-
ral resource management and economic
development in the region;

* Strengthening institutions for cooperation
among the eight Arctic nations;

* Involving the indigenous people of the Arctic
in decisions that affect them;

* Enhancing scientific monitoring and research
on local, regional, and environmental issues;
and

* Meeting post-Cold-War national security and
defense needs.

The United States has been an Arctic nation,
with important interests in the region, since the
purchase of Alaska over a century ago. National
security, economic development, human rights,
and scientific research remain cornerstones of
these interests. At the same time the pace of change
in the region—particularly political and technologi-
cal developments—continues to accelerate, creating
interdependent challenges and opportunities for
policy makers in Arctic regions.

U.S. Arctic policy reflects these elements of
continuity and change. It emphasizes environmen-
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tal protection, sustainable development, and the
role of indigenous people, while recognizing U.S.
national security requirements in a post-Cold-War
world. It also is concerned with the need for scien-
tific research—particularly in understanding the
role of the Arctic in global environmental pro-
cesses—and the importance of international coop-
eration in achieving Arctic objectives.

The U.S. works in consultation with the State of
Alaska, Alaskan indigenous people, and Alaskan
nongovernmental organizations (NGOs) on Arctic
issues and policy making. Federal agencies continue
to give careful consideration to local Alaskan needs,
including the unique health, social, cultural, and
environmental concerns of indigenous people,
when developing Arctic plans and policies. Repre-
sentatives of the State of Alaska, Alaskan indige-
nous people, and Alaskan NGOs will continue to be
included as appropriate on U.S. delegations to Arctic-
related international meetings. The U.S. achieved its
goal of attaining on-par representation for its Aleut
population in Alaska as a Permanent Participant on
the Arctic Council and will continue to support
involvement by other qualified Native organiza-
tions.

1.4.1 Arctic Environmental
Protection Strategy

The U.S. expanded its international cooperation
under the Arctic Environmental Protection Strategy
(AEPS). Beginning in 1989 the eight Arctic coun-
tries began discussions on improving Arctic coop-
eration. In 1991, in Rovaniemi, Finland, they
reached agreement on AEPS. In 1996, in Ottawa,
Canada, the Arctic Council was created to address
issues of sustainable development in the Arctic and
to oversee and coordinate the programs established
under AEPS. This nonbinding effort has primarily
operated through four working groups to address
environmental issues relevant to the circumpolar
area:

o Arctic Monitoring and Assessment Program
(AMAP): Assesses the health and ecological
risks associated with contamination from
radioactive waste, heavy metals, persistent
organics, and other contaminants. Recom-
mends targeted monitoring to collect current
data from areas of special concern.

« Conservation of Arctic Flora and Fauna
(CAFF): Studies the adequacy of habitat protec-
tion and ways to strengthen wildlife protection
through an international network of protected
areas and more effective conservation practices.

s Protection of the Arctic Marine Environment
(PAME): Creates international guidelines for
offshore oil and gas development in the Arc-
tic, organizes and promotes the drafting of a
regional action plan for control of land-based
sources of Arctic marine pollution, and collects
information on Arctic shipping activities.

« Emergency Preparedness and Response (EPPR):
Provides a forum in which participants work to
better prevent, prepare for, and respond to the
threat of environmental emergencies in the Arc-
tic. Activities include risk assessment and rec-
ommendation of response measures.

1.4.2 Sustainable Development and

Environmental Protection

A basic premise of U.S. Arctic policy is that the
work of the Arctic Council, particularly in the field
of sustainable development, needs to build on the
environmental protection considerations of AEPS,
which has now been integrated into the Council. The
Arctic Council Declaration describes sustainable
development as “including economic and social
development, improved health conditions, and cul-
tural well-being.” Further, the concept of sustainabil-
ity is reflected in its description of environmental
protection, which refers to “the health of the Arctic
ecosystems, maintenance of biodiversity in the Arc-
tic region, and conservation and sustainable use of
natural resources.” Terms of Reference for the Coun-
cil’s sustainable development efforts have been nego-
tiated and adopted by the eight Arctic governments
with the participation of the region’s indigenous
communities. In the Iqaluit Declaration signed in
Canada on September 18, 1998, Ministers of the
eight Arctic governments welcomed sustainable
development proposals from Arctic states and Perma-
nent Participants in the areas of Arctic children and
youth, health, telemedicine, resource management
(including fisheries), cultural and ecotourism, tech-
nology transfer to improve Arctic sanitation systems,
and national sustainable development strategies. The
Ministers directed that work be completed on these
proposals and funding sought, so that projects could
be initiated as quickly as possible before the next
Ministerial meeting. The Ministers also established a
Sustainable Development Working Group, compris-
ing Senior Arctic Officials (one from each Arctic
state) and Permanent Participants, or their desi gnated
representatives, whose task is to facilitate completion
of work on the proposals listed above and propose
possible priority areas in the further development of
the sustainable development program.
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The United States continues to plan to further
international scientific research through develop-
ment of an increasingly integrated national Arctic
research program. Particularly during the U.S. chair-
manship of the Arctic Council, this integrated pro-
gram will seek to support international cooperation in
monitoring, assessment, and environmental research
as well as in social science research related to sus-
tainable development.

The Interagency Arctic Research Policy Com-
mittee, with advice from the U.S. Arctic Research
Commission, coordinates Federal efforts to produce
an integrated national program of research, moni-
toring, assessments, and priority setting that most
effectively uses available resources. U.S. Arctic poli-
cy recognizes that cooperation among Arctic nations,
including coordination of priorities, can make essen-
tial contributions to research in the region. To this end
the results of the AMAP assessment on the state of
the Arctic environment provide an important tool in
influencing future research priorities.

1.4.4 Conservation

The United States works both nationally and
internationally to improve efforts to conserve Arc-
tic wildlife and protect habitat, with particular
attention to polar bears, walruses, seals, caribou,
migratory birds, and boreal forests.

Consistent with the Agreement on Conservation
of Polar Bears, the U.S. is discussing ways to
improve conservation of polar bear populations
whose range extends to Russia and the United
States. The U.S. also works to better implement
existing measures, such as the 1916 Migratory Bird
Treaty, to conserve populations of migratory spe-
cies of birds that breed in the Arctic.

1.4.5 Cooperation with Russia

and Other Nations
The United States engages the Russian Federa-

tion on Arctic environmental issues on a bilateral
and multilateral basis. The U.S.—Russian Joint Com-
mission on Economic and Technological Cooperation
(formerly known as the Gore~Chernomyrdin Com-
mission) remains the principal venue for a bilateral
dialogue on environmental issues, including species
conservation, antipoaching campaigns, and declas-
sification of Arctic environmental information
derived from national security data, under the Envi-
ronmental Working Group. In addition to the broad-
based cooperation within the Arctic Council, which,
among other things, aids in establishing a more
effective environmental regulatory infrastructure
in Russia, other multilateral forums now exist to
address specialized concerns. Through NATO, we
engage the Russian military on defense-related
environmental issues. On a trilateral basis, with
Norway, we focus on the cleanup and consolidation
of waste generated from military activities through
the Arctic Military Environmental Cooperation
(AMEC) process. Our support of the International
Atomic Energy Agency’s International Arctic Seas
Assessment Program also has provided a conduit
for monitoring and assessing radioactive contami-
nants in the seas adjacent to the Russian Arctic.
The former Soviet Union (FSU) had an exten-
sive nuclear power program with numerous sup-
porting waste management activities that currently
involve ad hoc storage of low- and intermediate-
level radioactive wastes by shallow land burial and
in surface water impoundments, as well as storage
of high-level wastes. The Mayak, Tomsk, and Kras-
noyarsk sites all lie within a few kilometers of the
edge of the West Siberian Plain and Basin. Past and
continuing disposal of wastes at Mayak, Tomsk,
and Krasnoyarsk to surface waters (for example,
the Ob and Yenisey Rivers) and surface water
impoundments, and by deep well injections at
Tomsk and Krasnoyarsk, have the potential for con-
taminating the Arctic Ocean, the western Siberian
oil and gas fields, and the regional water resources.

1.5 Revision to the Plan

This sixth revision to the United States Arctic
Research Plan includes two major sections:
* Section 2. Special Focus Interagency Research
Programs; and
* Section 3. Agency Programs.
The Agency Programs represent the objectives
of Federal agencies, focusing on the period covered

by this revision (2000-2004). They are presented
in seven major categories, and where common ac-
tivities exist they are presented as collective activ-
ities. Individual agency mission accomplishments
were discussed in the Spring/Summer 1998 issue
of Arctic Research of the United States and will be
updated in 2000. The complementarity of the
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interagency and agency programs is shown in the
figure on the next page. Several overall themes
transcend essentially all integrated and fesearch
mission components.

sion activities.

Section 4 presents current activities related to field
operational support necessary for implementation of
the proposed interagency programs and research mis-
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In 1990 the Interagency Committee agreed on
the following policy:

The IARPC agrees that a more comprehensive
approach to funding of research and baseline pro-
grams is required to ensure a long-term, viable
research and development presence in the Arctic.
This presence will ensure support of the national
needs, which include renewable and nonrenewable
resource development, environmental protection,
and partnerships with the private sector and residents
of the Arctic. It will complement other national and
international scientific programs, such as Global
Change. To this end the IARPC agencies agree to
develop, starting in 1992, an integrated interagency
program sufficient for meeting national needs.

Subsequently the IARPC agencies examined Arctic
research from an interagency perspective. For this
biennial revision of the plan, agencies agreed that
the following four programs are ready for imme-
diate attention as multiagency focused efforts:

* Arctic Environmental Change

* Arctic Monitoring and Assessment

¢ Assessment of Risks to Environments and
People in the Arctic

¢ Arctic Marine Sciences.

These coordinated, multiagency programs are
being designed to:

* Focus research activities in concert with
national policy;

* Build on individual agency efforts in recon-
naissance, monitoring, process studies, and
modeling;

* Facilitate research and logistics coordination
through regionally focused programs;

¢ Take maximum advantage of remote sensing

and new technologies;

» Strengthen interagency data and information
management;

* Draw on the strengths of the academic, indus-
trial, and government research communities
in planning and implementing programs;

* Support and enhance programs to acquire
long-term measurements of key parameters
and environments; and

* Enhance international research collaboration.

The U.S. has a substantial economic, strategic,

and environmental stake in the Arctic. Domestic
energy reserves and the explosive growth in Ber-
ing Sea fisheries harvests are two examples of our
dependence on Arctic resources. Sound manage-
ment decisions for sustainable development of
Arctic resources hinge on enhanced understanding
of the environment, leading to better forecasts. In
addition, there is a strong international commit-
ment to collaborate.

Benefits to the Nation from Arctic research

include improvements in:

* Knowledge of fishery resources and control-
ling dynamics;

* Models and data for assessing past climates
and global change and their effects;

» International cooperation in a strategic region;

* Forecasts of weather, ice, and ocean condi-
tions;

* Protection of the Arctic environment;

* Understanding the causes, effects, and limits
of air and water pollution; and

* Protection and understanding of cultures and
cultural resources.

2.1 Arctic Environmental Change

The Arctic is undergoing significant change.
This change appears to involve the atmosphere,
sea ice, and ocean. The change is important in its
own right, if only as a clear example of the coup-
ling among the air, ice, and ocean. Moreover, the
Arctic including the Bering Sea is a significant
component of the global climate system in several
respects. First, the Arctic Ocean’s stratification
and ice cover provide a control on the surface heat

and mass budgets of the north polar region and
thereby on the global heat sink. For example, if
the distribution of Arctic sea ice were substantially
different from the present, the altered surface
fluxes would affect both the atmosphere and the
ocean and would likely have significant conse-
quences for regional and global climate. Second,
the export of low-salinity waters, whether liquid or
in the form of desalinated sea ice, has the potential



2.1 Aretic Environmental
Change

to influence the overturning cell of the global
ocean through control of convection in the sub-
polar gyres, which in turn feed the North Atlantic.
For example, recent suggestions that North Atlan-
tic and Eurasian climate variability may be predict-
able on decadal time scales rest in part on the vari-
ability of such upstream forcing in the Greenland
Sea. Finally, the atmospheric circulation of the
Northern Hemisphere has been changing as part of
a pole-centered pattern, which links the conditions
over the Arctic Ocean to changes in both the Ice-
landic and Aleutian Lows. The remarkable recent
changes in the Arctic Ocean and the overlying
atmosphere are therefore of wide interest in the
context of global climate, as are the recent changes
in the Bering Sea ecosystem and in the atmosphere/
sea-ice systems that influence these changes in the
Bering Sea ecosystem. The latter changes have sig-
nificant economic, social, and cultural importance
to the U.S.

In the last five or six years, change has become
apparent in the hydrography of the Arctic Ocean.
The results of several recent expeditions indicate
that the influence of Atlantic water is becoming
more widespread and intense than previously
found. Data collected during the cruise of the USS
Pargo in 1993, the cruise of the Henry Larsen also
in 1993, the summer 1994 Arctic Ocean Section of
the Polar Sea and the Louis S. St Laurent, and the
cruise of the USS Cavalla in 1995 all indicate that
the boundary between the eastern and western halo-
cline types, which used to parallel the L.omonosov
Ridge, now lies roughly parallel to the Alpha and
Mendeleyev Ridges. In terms of longitudinal cov-
erage, this means the area occupied by the eastern
water types is nearly 20% greater than previously
observed.

The greater intensity of the Atlantic influence is
also manifest in warm cores observed over the
Lomonosov and Mendeleyev Ridges in the Pargo
and Louis S. St Laurent data, with temperatures
over the Lomonosov Ridge greater than 1.5°C.
Other scientists also observed an Atlantic layer
temperature increase over the Mendeleyev Ridge.
The historical data give no indication of such warm
cores and show a temperature over the Lomonosov
Ridge nearly 1°C lower. U.S.—Russian oceano-
graphic climatological data indicate significantly
lower average temperatures during the period
1950-1989 in the Lomonosov Ridge region.

The observed salinity and temperature differ-
ences represent a fundamental change. The start of
the change may have been in the late 1980s. The
cruise of the Oden in 1991 shows a slight warming

near the Pole, and other research identifies higher
than usual temperatures in the Atlantic water inflow
in 1990. The differences from climatology are too
large and spatially consistent to be attributed to
instrument error or normal seasonal and interannual
variability.

There are some indications that the observed shift
in frontal positions is associated with a decadal trend
in the atmospheric pressure pattern. Pressure fields
and ice drift data show the whole patterns of pres-
sure and ice drift for 1993 were shifted counter-
clockwise 40-60° from the 19791992 pattern, just
as the upper ocean circulation pattern derived from
the hydrographic data of the 1993 cruise of the USS
Pargo is shifted relative to climatology. The yearly
average pressure maps in the International Arctic
Buoy Program (IABP) data reports indicate the shift
in the atmospheric pressure pattern began in about
1988—1989. Before that time the Beaufort High was
usually centered over 180° longitude. After 1988
the annual average Beaufort High was weaker and
usually confined to western longitudes. This change
is consistent with other findings that the annual
mean atmospheric surface pressure is decreasing
and has been below the 1970-1995 mean in every
year since 1988. Therefore, the temporal shift in the
atmosphere roughly corresponds to our estimate of
when the ocean changes began. The atmosphere
might drive the observed changes in ocean circula-
tion by Ekman pumping, and the effect of these circu-
lation changes may reach deeper with time.

These changes in the Arctic Ocean need to be
studied in detail because they may represent a
decadal-scale change. Some simulations of both
wind-forced and thermohaline-forced regimes have
suggested that decadal-scale variability may occur
in the coupled air—ice—ocean system of the high
northern latitudes. On the other hand the changes
may represent the start of a longer-term shift. While
it is difficult to distinguish between anthropogenic
climate change and other natural variability, it is
also true that climate models are nearly unanimous
in predicting amplified polar response to green-
house warming. The connection between lower
atmospheric pressure in the Arctic and incursion of
warm Atlantic water into the Makarov Basin may
indicate an important link in how the climate system
manifests polar amplification. In any case, examin-
ing the evolution of the changes over time will
increase our understanding of the interplay of the
Arctic with the rest of the globe.

Although climate changes in the Bering Sea are
difficult to detect because of the large year-to-year
variability that can mask longer-term trends, meteo-
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Tustumena Lake, Alaska.

rological conditions in the winter and spring—sum-
mer seasons seem to have changed from the 1980s
to the later 1990s. The Bering Sea system under-
went a major change in 1977, from a cold regime
to a warm regime, primarily due to an intensifica-
tion of the Aleutian Low over the North Pacific
Ocean. In the 1990s the low shifted westward,
and high pressure set up over Alaska, circulating
cold Arctic air over the Bering Sea. Winters have
become slightly colder with more ice, and sum-
mers warmer with clearer skies.

Climate change at decadal time scales in the
Bering Sea region, often referred to as regime
shifts, appears to have a significant impact on the
ecosystem through alterations of the nutrient—
phytoplankton—zooplankton sequence (bottom-up
effect), and there is ample reason to believe that
significant effects also occur at higher trophic
levels (top-down effect). Such changes in the eco-
system are of utmost importance to management
concerns about sustaining productivity and pro-
tecting endangered species. Climate change on the
decade scale originates primarily in the atmo-
sphere and spans the North Pacific Ocean, north-
eastern Asia, and the western Arctic. It is unclear
how much decadal variability is generated in the
atmosphere and how much is forced through feed-
back with sea ice extent, snow cover, and sea sur-
face temperature.

The primary forcing resulting from climate
change is a change in surface wind stress, which in
turn affects horizontal and vertical (upwelling)
currents and mixing in the surface layer (mixed
layer depth). In addition, lessening of winter
northerly winds will reduce ice production and

extent. This in turn has a profound effect on ocean
temperature over the southeast Bering Sea shelf. Air—
sea heat and moisture fluxes are also altered, as can
the locations of such features as fronts and the gen-
eration of eddies. One index of climate variability
suggests that a shift occurred in 1990, while another
indicates that the warm regime established in the
1970s persisted through the spring of 1998. Global
warming occurs on longer time scales, and its
effects will be superimposed on decadal and annual
changes. Natural climate cycles can be influenced by
anthropogenic factors, and anthropogenic variations
are often masked by natural fluctuations. Knowledge
of existing and emerging climate patterns is useful
for predicting the impacts of climate change on the
ecosystem. Determining how climatic changes are
transferred via the ice—ocean system to the biota,
however, is essential. An understanding of the
mechanisms of the interaction will permit man-
agement choices based on knowledge rather than
inference.

A number of ocean mechanisms are critical to
the dynamics of the ecosystem, including transport
via currents, distribution of temperature, and tur-
bulence (mixed layer depth and temperature).
Ocean currents are driven by wind, tides, and the
heat and salt balance in the ocean. The source
waters for the Bering Sea flow through the Aleutian
passes from the North Pacific Ocean and strongly
influence circulation. For the eastern shelf the
Aleutian North Slope Current carries Alaskan
Stream water primarily from Amchitka and Amukta
Pass eastward along the north side of the Aleutian
Islands, forming the Bering Slope Current in the
southeastern corner of the basin.

Mean northward transport through the Bering
Strait, driven by a sea level difference between the
Bering Sea and the Arctic Ocean, provides the only
connection and exchange of water between the
Pacific and Atlantic Oceans in the Northern Hemi-
sphere. A regional consequence of the transport is
that the supply of nutrient-rich water to the north-
ern shelf upwells, thereby stimulating primary pro-
duction. During ice formation, cold saline water
produced over the northern shelf flows northward.
Globally this water plays a role both in maintaining
the Arctic Ocean halocline and in ventilating the
deep waters. Transport through the Bering Strait
will decrease if the Arctic warms to a greater extent
than the North Pacific. How this will impact the
flux of nutrient-rich water onto the castern shelf is
not known, but there is some evidence from carbon
isotope data that productivity of the Bering Sea has
been declining since the mid-1960s.
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At its maximum the seasonal sea ice extent fluc-
tuates over 1000 km from north of the Bering Strait
in summer to the Alaska Peninsula and southeast-
ern Bering Sea shelf break in winter. The amount
of production and advection of ice depends on storm
tracks, with the greatest ice production occurring in
years when the Aleutian Low is well developed
and winds from the north are common. Large vari-
ations (hundreds of kilometers) occur in the maxi-
mal sea ice extent.

2.1.1 Summary Interpretation of

Observations

To summarize the observations, the Arctic is in
the midst of change extending from the top of the
atmosphere to below 1000 m in the ocean. The
strengthening of the polar vortex has resulted in
lower surface pressure and a consequent weaken-
ing and distortion of the Beaufort Gyre. The added
positive vorticity or weakening of the Beaufort Sea
ice gyre has been apparent in the drifting buoy
data, and it is associated with divergence of the ice
pack as well. The increased divergence has been
postulated to cause increased summer ice melt and
the observed freshening of the Beaufort Sea mixed
layer. The change in circulation may also account
for the decreased ice cover on the Siberian shelves.
The change in atmospheric circulation has also
resulted in increased advection of heat and moisture
into the Greenland Sea and Barents Sea regions.
This in turn has resulted in the temperature increase
of the Atlantic water inflow to the Arctic Ocean.

The eastern Bering Sea consists of an oceanic
and a shelf regime. Within the broad shelf regime
(more than 500 km), three distinct domains exist,
which are characterized by contrasts in water col-
umn structure, currents, and biota. The balance
between mixing (tidal and wind) and buoyancy
flux (freshwater discharge, ice melt, solar radia-
tion) generates the domains. In the coastal domain
(bottom depths less than 50 m), tidal and wind mix-
ing usually overlap, resulting in a weakly stratified
or mixed water column. During summer, these
waters are separated from deeper waters by a struc-
tural front located near the 50-m isobath. The
dynamics of this feature result in prolonged primary
production, which via zooplankton supports vast
numbers of sea birds and other biota. Over the
middle shelf domain ¢bottom depths between 50
and 100 m), the overlap between the top and bot-
tom mixed layers is limited. During summer, mod-
erate wind stirring results in a two-layered water
column, where the lower layer temperatures often
are less than 2°C throughout the summer (known

as the Cold Pool). These two-layer waters are sepa-
rated from deeper water by a very broad (greater
than 100 km) middle transition zone with complex
dynamics. The outer shelf domain (bottom depths
between 100 and 200 m) is oceanic in character,
with mixed upper and lower layers separated by
fine structure.

Ice melt plays a critical role in heat and salt
fluxes, the generation of both baroclinic flow and
water column structure, and the extent of cold bot-
tom water (Cold Pool) located over the middle
shelf, which has a dramatic influence on the dis-
tribution of higher-trophic-level biota.

Mixing associated with individual storms is
another mechanism affecting biota through the
nutrient—phytoplankton—zooplankton sequence. The
timing and duration of storms can resupply nutri-
ents and/or alter primary production and other bio-
logical processes due to changes in mixed-layer
depth and increased turbulence.

2.1.2 Scientific Questions

The observations and modeling results leave
three fundamental questions:

First, is the Arctic change part of a cycle or does
it represent a climatic shift? Some scientists argue
that the Arctic Ocean circulation can be divided into
anticyclonic and cyclonic regimes that oscillate
with a 7- to 10-year period. They argue that the
present change is simply a large expression of the
cyclonic phase. Anecdotal Russian information
suggests a similar warming period during 1920-
1940. However, examination of the last 40 years of
Russian hydrographic data shows no deviations of
the magnitude described for the 1990s. The trend
since the 1960s suggests a longer-term shift. It
seems entirely plausible that the present change
may be the result of a combination of a long-term
trend and normal oscillations. If this is so, we can
expect to see the conditions of the 1990s reverse
somewhat, but to recur and become more prevalent.
Only time and long-term monitoring will reveal the
answer to this question.

Second, what are the interconnections between
the changes we see in the physical properties of the
Arctic atmosphere, sea ice, and ocean and other
changes both in and outside the Arctic region? Per-
haps the most important aspect of this question is,
what are the interconnections between the atmo-
sphere, sea ice, and ocean that might constitute a
positive feedback and reinforce the change? For
example, could the changed circulation cause ice
divergence and increased ice melt in summer, and
might this result in more heat being stored in the
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mixed layer for release the following winter?
Might this in turn reinforce the changed atmo-
spheric pressure pattern? Clearly another critical
issue is the connection with lower latitudes. Can
effects in the Arctic drive hemispheric changes in
the atmosphere? Conversely do lower-latitude pro-
cesses drive the Arctic changes? In this regard it is
noteworthy that the Arctic Oscillation, which
seems to be driving the changes in the basin, is
based on analysis of the whole Northern Hemi-
sphere pressure field down to 20°N. These major
interconnection questions are composed of many
detailed questions, such as:

* What are relative contributions of dynamic
and thermodynamic factors in the variability
of ice conditions and their present trends?

* How much of the upper ocean circulation is
locally forced by way of the sea ice, and how
much is forced by other means, such as inflow
from the boundaries?

* How do changes in Arctic Ocean inflows and
outflows relate to global climate? What is the
role of inflow variability on change in the Arc-
tic Ocean, and what is the effect of variability
in Arctic Ocean buoyancy export on North
Atlantic ventilation? How do changes of in-
flow into the Bering Sea affect the balance of
salt in the Arctic Ocean?

» What is the relation of the changes to river
runoff? How is runoff processed on the
shelves, and what is the variability of the
products? What influence does variability in
shelf conditions have on ocean stratification
and ice cover? Are the Arctic Ocean and its
adjacent seas undergoing a change in their
convective regime?

« Is the invasion of Atlantic water into the Canada
Basin increasing, declining, or remaining the
same? When might we expect the Atlantic
layer warming to penetrate into the Canada
Basin?

» What and where are the Arctic Ocean’s “pres-
sure points™ or points of sensitivity to global
changes?

* Is there an increase in the length of the melt
season associated with the observed subsur-
face changes in the Arctic Ocean?

* How do Arctic ice and ocean variability drive
atmospheric teleconnections with lower lati-
tudes?

* Will reductions in sea ice permanently shift
the climate of the sub-Arctic?

Third, what are the probable long- and short-

term consequences in the Arctic region? This con-

cerns consequences outside the realm of atmo-
spheric and oceanic interactions that might relate
to climate change. They have to do with habitabil-
ity and effects on the Arctic ecosystem. The con-
cerns include such detailed questions as:

* What are the implications of the observed
changes for ecosystems and for delivering and
retaining contaminants? Will climate and circu-
lation changes in the Arctic affect nutrients, pro-
ductivity, and carbon sequestering in the Arctic?

» With a significant change in ice cover over the
Arctic shelves, to what extent will the primary
productivity processes change? How will the
ecosystem change, including species changes
that could greatly impact higher trophic levels
(fish, benthos, mammals, and birds)?

* Will the thinning of sea ice affect the rate of ex-
change of carbon dioxide with the atmosphere?

« Will modification of sea ice extent and timing
of the maximum extent significantly affect
ecosystem dynamics in the marginal ice
zone?

2.1.3 Future Study

A new program titled Study of Environmental
Arctic Change (SEARCH) is under development.
The changes in the Arctic warrant study by a multi-
faceted approach of measurements, data analysis,
and modeling. The change obviously involves the
ocean, ice, and atmosphere at high latitudes, and
the atmosphere and ocean effects likely extend to
lower latitudes. The effects of change should be
noticeable on land as well. The wind, temperature,
and snow accumulation on the Greenland Ice Cap
may be affected, and evidence for such changes in
the ice core record may give us a proxy time his-
tory of previous similar changes. There may be
important effects on the marine ecosystem and
human activity in the Arctic as well.

A number of Federal and Alaskan agencies and
interested scientists have developed over the last
several years a Bering Sea Ecosystem Research
Plan. Among the key questions that this research
plan would seek to answer are:

» What are the mechanisms and relevant time
scales of climate-induced variability of the
physical environment that most influence the
biological changes of the ecosystem? For
example, are physical environmental regime
shifts the dominant factor driving major bio-
logical changes in the ecosystem?

 Can we separate anthropogenic effects from
natural variability?

» What would be the effect of global climate
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warming on the physical environment and how
would the predicted change affect the present
species mix and productivity of the Bering Sea?

» How does climate variability affect physical
océanographic processes (for example, current,
fronts, eddies, stratification, etc.) and, in turn,
how do these processes affect biological pro-
ductivity, trophic structure, and yields of
living marine resources?

* How does climate variability influence the
seasonal production and extent of sea ice and
what is the impact of such variation on pri-
mary production and the food web?

* How does variability in micronutrient and
macronutrient availability affect the productiv-
ity of the Bering Sea?

A program of long-term observations is needed
to identify and understand causes of climate and
ocean variability.

The efforts required to track and understand the
change in the Arctic can be broken into four main
categories: Time Series Observations; Process
Studies and Related Programs; Analysis, Modeling,
and Application to Broader Questions; and Coordi-
nation.

2.1.4 Time Series Observations

Time series measurements are the backbone of
the observational program. They are needed to
track the change in the future. The crucial feature
of these observations will be duration. Such a pro-
gram may require a new approach in funding and
operations, an approach in which investigators pool
their efforts to obtain a community data set. Team-
ing of NSF with mission-oriented agencies such as
NOAA is necessary to provide the ongoing support
needed for long-time-series observations.

Ocean

The critical variables in the ocean include the
hydrographic state, circulation, inflows, and out-
flows to the Arctic Basin. At the surface the key
variables are the distribution, thickness, and motion
of sea ice. In the atmosphere the circulation, mois-
ture, and heat content are the primary variables.

It is convenient to think of the Arctic Ocean as a
box with well-defined inflow and outflow regions,
exchanging heat and momentum with the atmo-
sphere. Primarily ocean temperature and salinity
define the thermodynamic state of this box and,
because it is essentially an ice bath, the mass of
the ice cover. To assess the change in the Arctic
we will need to measure this thermodynamic state.
Inflows, outflows, and exchange with the atmo-

sphere must be monitored to explain the observed
changes in the state.

Repeated Hydrographic Sections

Hydrographic sections of temperature and salin-
ity reveal the thermodynamic state of the ocean.
From them the baroclinic currents can be estimated
as well. Ideally we would have a detailed, high-
resolution CTD survey of the Arctic Ocean once
per year for an indefinite period. A well-justified
selection of chemical tracers should also be meas-
ured, because there are instances when temperature
and salinity alone are inadequate to answer circu-
lation questions essential to understanding the
cause of observed changes. Examples include the
distinction between sea-ice melt and river water
and the distinction of halocline water mass contri-
butions.

Such sequences of large-scale hydrographic
observations were made by the former Soviet
Union in the 1970s by means of airborne hydro-
graphic surveys conducted in the spring months.
The largest of these covered the whole basin with a
resolution of about 200 km. These were augmented
by data from some of 31 long-term ice stations.
Repeating such intense sampling every year may
not be practical. However, it would be feasible to
establish a hierarchy of frequent surveys at a few
locations and less-frequent large surveys at higher
resolution. Recent developments facilitate hydro-
graphic measurements. Recent icebreaker cruises
have been able to penetrate far into the basin.

Drifting buoys measuring hydrographic para-
meters have been used by the U.S. to gather sec-
tions similar to those from a long-term drifting ice
camp for a fraction of the cost. New icebreaker
capabilities will make establishing such automated
sites easier. In the 1990s the use of Navy subma-
rines has provided a new tool for gathering hydro-
graphic information.

These tools should be used to begin gathering a
regular sequence of hydrographic sections. A mini-
mum set of records should be obtained annually to
observe changes at key locations. For example, air-
craft making sections from shore stations across
the topographically controlled boundary currents
might perform these. Samples in the interior of the
basin could be gathered by automated stations,
submarine cruises, and aircraft staged from small
ice camps. A complete survey measuring a wider
array of hydrographic variables and at greater spa-
tial resolution might be done every few years. The
platforms mentioned above could be augmented by
extended icebreaker cruises to make the deeper and
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more detailed measurements, including tracers and
biology. The recent results from SHEBA show that it
is important to measure at least a few hydrographic
variables seasonally; the thermodynamic exchange
between the ocean and atmosphere is recorded in
the differences between the fall and spring upper
ocean condition. The automated stations can pro-
vide seasonal and greater time resolution.

Time Series of Ocean Inflow and Outflow

Monitoring of inflows and outflows to the Arctic
Ocean is a large task, but it is important that it be
done to understand the mechanisms of change. It is
also crucial to assess the effect of Arctic change on
lower latitudes, such as convection in the Green-
land and Labrador Seas. There are four oceanic
portals: the Bering Strait, the Canadian Archipel-
ago, the Fram Strait, and the Barents—Kara through-
flow. Bering Strait, Fram Strait, and the Barents—
Kara throughflow are already the subject of interna-
tional programs.

The Bering Strait has been continuously moni-
tored since mid-1990, although not fully satisfacto-
rily. For example, coverage of the western channel
has been spotty, and there are years without salinity
measurements. Nonetheless, an important time series
is beginning to accumulate. When combined with
earlier estimates based on a wind-driven flow algo-
rithm, it appears that the last two decades have seen
relatively low transport through the strait, and dur-
ing the 1990s both the salinity and the amplitude
of the annual cycle in salinity in the strait have
decreased considerably. The former may represent
a general freshening in the North Pacific. On the
other hand, the decrease in the annual salinity cycle
likely reflects a reduction in the amount of sea ice
produced over the Bering Sea shelf in recent years.
These changes have occurred over the same period
in which the distribution of Pacific waters within the
Arctic Ocean has changed. We also note that support
for the accumulating time series in the Bering Strait
is rather fragile, with short-term (typically 1-2 year)
contributions thus far from NOAA, the Russian
HydroMet Service, NSF, Canadian Department of
Fisheries and Oceanography, and the Japan Marine
Science and Technology Center. There is a distinct
need to place this work on a firmer basis with a
longer temporal perspective. An additional perspec-
tive on the Bering Strait throughflow is that it rep-
resents a key element in the global water balance,
transporting excess fresh water from the Pacific to
the Atlantic.

Considerable effort has gone into monitoring
Fram Strait over the past decade, based primarily

on contributions from Germany, Norway, and the
U.S. The strait is a large and complex area with a
significant recirculation, but the main exchanges
with the Polar Basin are concentrated over the con-
tinental slope on either side, and these slopes pro-
vide a natural focus for monitoring. The slope on
the Spitsbergen side is ice-free and easily accessi-
ble; it provides the conduit through which the main
warming signal discussed earlier propagated. Keys
to identifying this mechanism were the annual hydro-
graphic sections taken by the Marine Research
Institute in Bergen, and the long-term monitoring
program of this institute should be taken into
account in future planning for work in this region.
The emphasis on the Greenland side has been the
outflow of ice from the Polar Basin, since it is vari-
ability in this buoyancy flux that has been impli-
cated in causing the so-called Great Salinity Anom-
aly in the North Atlantic during the 1970s. The
recent measurements over the Greenland slope sug-
gest that interannual variability in the ice flux can
in fact be large enough to create such anomalies.

A European effort, Variability of Exchanges in the
Nordic Seas (VEINS), to determine the fluxes
through the Greenland—Norwegian Sea system is
presently underway and includes Fram Strait, but
the focus is on defining the mass budget, not on
monitoring, and the program is of limited duration,
with perhaps two years of field work. There is
nevertheless a considerable base upon which to
build a sustained monitoring program in Fram
Strait, and enough is known to enable realistic
planning.

It has recently been recognized that the flow of
Atlantic waters into the Arctic Ocean has two
branches of roughly equal volume: one that enters
the Arctic through Fram Strait and one that transits
through the Barents Sea. The European VEINS pro-
gram will monitor the exchange between the Nor-
dic and Barents Seas; it seems clear that further
monitoring of the exchanges between the Barents
and Kara Seas and the Arctic Ocean is also neces-
sary. While the European VEINS program will
monitor the entry of Atlantic waters onto the Bar-
ents shelf, the large and probably highly variable
modification of these waters on the shelf argues
strongly for the additional monitoring of the
exchanges between the Barents and Kara Scas and
the Arctic Ocean.

Though oceanographic data have been gathered
at Fram Strait and Bering Strait, our knowledge of
the flow through the Canadian Archipelago is more
limited. The observed changes in Arctic Ocean cir-
culation may be linked to two regimes: the typical
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anticyclonic circulation pattern that favors flow out
through Fram Strait, and a cyclonic circulation that
enhances flow out through the Canadian Archipela-
go. Thus, these circulation regimes drive variations
in the freshwater flux out of the Arctic that could be
observable in data from current meter moorings
deployed in the Canadian Archipelago. Variations in
the freshwater flux rate between Fram Strait and the
Canadian Archipelago are measurable and would
provide evidence for the phasing of the two regimes.

Ice

To know the thermodynamic state of the Arctic
Ocean, one must know the mass of ice present. This
requires time series of ice extent and ice thickness.
The ice extent has been monitored by remote sens-
ing techniques for the past 20 years, and this will be
continuing as part of existing programs. These
techniques provide other useful parameters as well.
The scanning multichannel microwave radiometer
(SMMR) and special sensor microwave/imager
(SSMI/T) passive microwave satellite remote sensing
systems have provided measurements of ice extent,
concentration, and velocity for first-year and multi-
year ice types to a resolution of about 25 km. The
new advanced microwave scanning radiometer
(AMSR) system is expected to provide improved
measurements into the future. The advanced very
high-resolution radiometer (AVHRR) system has
provided measurements of surface temperature,
albedo, and cloud properties to a resolution of 1-5
km. These measurements can also be used to esti-
mate ice extent and velocity. The AVHRR type
measurements will be continuing using the moder-
ate resolution imaging spectroradiometer (MODIS)
system. The new Canadian Radar Satellite (Radar-
sat) active microwave satellite images the ice with
100-m resolution. The data are being processed by
the Radarsat geophysical processor system (RGPS)
to produce ice velocities at 5- to 10-km resolution.

Measurement of ice mass or thickness is more
problematic. This requires measurements of ice
draft that must be provided by surface or in-water
observations. The most obvious method is by sur-
face observation, drilling holes in many random
locations and measuring the ice thickness. How-
ever, the number of samples required for a mean-
ingful average is substantial, and practical consid-
erations probably lead to underestimates in thick-
ness. The other approach is to measure ice draft
and derive thickness and mass by assuming iso-
stasy. Ice draft has been measured operationally as
part of past submarine cruises. Many of these data are
now being made available for scientific research. The

recent SCICEX submarine cruises for scientific
research have provided detailed ice thickness pro-
files. In the future, autonomous underwater vehi-
cles (AUVs) may duplicate this type of measure-
ment currently being made by submarines. Moored
upward-looking sonars (ULS) have also measured
ice thickness. The upward-looking acoustic depth
sounder measures the distance to the bottom of the
ice. A sensitive pressure sensor measures the depth
of the instrument, and this minus the distance to the
bottom of the ice is the ice draft. The ULS approach
relies on the ice drift to advect a wide range of ice
types past the instruments. In the future a mix of
these measurement techniques will be necessary.
Direct sampling, submarine data, and AUV sam-
pling will give snapshots of the spatial distribution
of ice thickness. Moored ULSs, when placed in
strategic locations and combined with measure-
ments of ice velocity, can conceivably provide time
series of ice thickness for large areas. This requires
the thoughtful integration of various measurement
types but may provide substantial insights into the
mass balance of the basin.

Atmosphere

The atmosphere appears to be the driving force
behind observed changes in the Arctic. Fortunately
monitoring the Arctic atmosphere is part of ongo-
ing programs. The International Arctic Buoy Pro-
gram (IABP) network of drifting buoys measuring
atmospheric pressure and temperature has observed
changes in the atmosphere. These buoys tell us the
surface wind field and thermodynamic forcing act-
ing on the ice. Soundings into the upper atmosphere
are conducted around the periphery of the Arctic
Ocean by the various Arctic nations. Satellite remote
sensing provides some profile measurements. The
TIROS-N operational vertical sounder (TOVS) can
yield vertical profiles of air temperature and vapor
content to 100-km resolution over the whole basin.
The atmospheric infrared sounder/advanced micro-
wave sounding unit (AIRS/AMSU) systems will be
continuing these types of measurements. AVHRR
provides spatial maps of surface temperature,
albedo, and cloud properties. What these satellite
soundings lack in accuracy is compensated for by
the statistical value of the large amount of data pro-
vided. These satellite systems work especially well
when surface ground-truth measurements of air tem-
perature are available from buoys. It would be benefi-
cial if added atmospheric soundings were available at
a few sites in the basin. The critical element for Envi-
ronmental Arctic Change is that the existing atmo-
spheric measurement programs continue.
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2.1.5 Process Studies and

Related Programs

As the time series measurements, analysis, and
modeling progress, process-oriented questions are
bound to arise. These will warrant process-oriented
experimental programs.

These experiments may involve many investi-
gators in complex multidisciplinary studies. Ideal-
ly many of these will already be part of active ini-
tiatives. Examples of such studies are the Surface
Heat Budget of the Arctic (SHEBA) and the pro-
posed Western Arctic Shelf Basin Interaction (SBI)
program. SHEBA looked at the exchange of heat
at the surface of the Beaufort Sea in a year-long
observation program. The observations of thin ice
and a fresh and warm mixed layer show a connec-
tion with other observed changes in the basin. The
SHEBA process results will tell us if there is a
feedback from the oceans to the atmosphere that
might reinforce the changes.

The SBI is an NSF initiative that has important
connections to Environmental Arctic Change. It
aims to study shelf processes and their effects on
the rest of the Arctic Ocean. Because some of the
changes we see, such as the salinity increase in the
Makarov Basin, may be connected to changes on
the shelves, SBI process studies can contribute to
our understanding of Arctic change.

Process studies will be needed for Environmen-
tal Arctic Change. Fortunately the logistics and
operations efforts of a time series study will pro-
vide a significant base for the process studies.

Although Environmental Arctic Change is an
atmosphere—ice—ocean oriented study, it has con-
nections to other programs, such as the terrestrial
transects of the International Geosphere/Biosphere
Program. Proxies to extend our records back in
time and look for evidence of changes in the past
may be found in ice cores of the Greenland Ice
Sheet Program (GISP) and the records of the Pale-
ontology of Arctic Lakes (PALE) program. The
results of the Arctic change work may affect the
direction of the NSF Human Dimension of Arctic
Climate Change (HARC) program.

2.1.6 Analysis, Modeling, and
Application to Overarching

Questions
Modeling will be an integral component of the
study of Arctic environmental change. First, simu-

lations can be used to extend the field data in both
space and time. In 1996, satellite and buoy data
were assimilated into a model that predicts fresh-
water outflows from the Arctic Ocean. Another
researcher found decadal-scale variability in an
ocean circulation model using meteorological
forcing data. Second, various geophysical scen-
arios can be tested using a model, such as the
response to increasing CO, concentration. Third,
models can assist in guiding field programs by iden-
tifying locations and/or seasons where measure-
ments are most crucial. An example is the SHEBA
project, which is driven by the need to more accu-
rately measure the surface energy balance. Similar-
ly, another study has identified regions of high
variability in modeled sea ice thickness, which
might be used to guide the placement of moored
buoys.

2.1.7 Coordination

The cooperation of mission-oriented agencies
such as NOAA and ONR will be critical for mak-
ing long time-series observations.

The Science Plan, as it develops, will define the
study objectives, measurement requirements, and
modeling requirements. The Science Plan will
allow funding agencies to consider budget com-
mitments.

Special emphasis will be placed on encourag-
ing international cooperation and cost sharing.
This is already a facet of observations of the impor-
tant inflow and outflow regions. The European
community has a strong program in the Fram
Strait. The U.S. and Russia are working coopera-
tively in the Bering Strait, and Canada and Japan
have also been involved in recent work there.
Observations to study the Canadian throughflow
will involve substantial Canadian and U.S. cooper-
ation. The Arctic Climate System Study (ACSYS)
program is international and is meant to examine
the role of the Arctic in global climate. Many of
its activities will support the objectives and meas-
urement requirements of Environmental Arctic
Change. Close cooperation with ACSYS will be
important. Similarly cooperation with other inter-
national groups monitoring the various inflows
and outflows of the Arctic Ocean will be crucial.
The new International Arctic Research Center
(IARC) in Fairbanks, Alaska, is focused on long-
term climate change and will, in particular, sup-
port modeling and data analysis goals.
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Recognizing the sensitivity of the Arctic to pollu-
tion by contaminants that are generated both in the
Arctic and at lower latitudes, and conscious of the
degree to which the human population of the Arc-
tic depends on the health of the region’s ecosys-
tems, in June 1991, in Rovaniemi, Finland, the
governments of the eight Arctic nations adopted
the Arctic Environmental Protection Strategy
(AEPS). In this strategy the Arctic nations com-
mitted themselves to international cooperation to
ensure the protection of the Arctic environment
and its sustainable and equitable development,
while protecting the cultures of indigenous people.
The stated objectives of the strategy were:

» To protect the Arctic ecosystems including
humans;

« To provide for the protection, enhancement,
and restoration of environmental quality and
the sustainable utilization of natural resources,
including their use by local populations and
indigenous people in the Arctic;

« To recognize and, to the extent possible, seek
to accommodate the traditional and cultural
needs, values, and practices of indigenous
people as determined by themselves, related
to the protection of the Arctic environment;

» To review regularly the state of the Arctic en-
vironment; and

» To identify, reduce, and, as final goal, elimi-
nate pollution.

Believing that there should be more govern-
mental attention to Arctic issues, especially in the
area of sustainable development, in 1996 the eight
Arctic governments created the Arctic Council.
This Council is to promote cooperation and coor-
dination among the Arctic states, oversee and
coordinate the programs that were established
under the earlier AEPS, oversee and coordinate a
sustainable development program, and dissemi-
nate information, encourage education, and pro-
mote interest in Arctic-related issues. The U.S. is
chair of this Council for the period 1998-2000.

There are five working groups under the Arctic
Council: Protection of the Arctic Marine Environ-
ment; Conservation of Arctic Flora and Fauna;
Emergency Prevention, Preparedness and Response;
the Arctic Monitoring and Assessment Program
(AMAP); and Sustainable Development and Util-
ization.

The principal purposes of AMAP are to docu-
ment levels and trends of environmental contami-
nants; assess the effects of contaminants on Arctic

biota and ecosystems; anticipate adverse biologi-
cal, chemical, and physical changes in Arctic eco-
systems; and evaluate potential risks from envi-
ronmental contamination to Arctic residents and
ecosystems and recommend actions required to
reduce such risks. AMAP is also concerned with
potential impacts on the Arctic region of climate
change and increased untraviolet radiation.

The first phase of AMAP (1991-1998) con-
cluded with the publication of a comprehensive
assessment of the effects on Arctic ecosystems of
persistent organic pollutants, heavy metals, radio-
activity, acidification and Arctic haze, petroleum
hydrocarbons, climate change, ozone depletion,
and ultraviolet radiation. AMAP also had a sub-
group dealing with the subject of pollution and
human health. The AMAP working group presented
a summary report titled Arctic Pollution Issues:

A State of the Arctic Environment Report to the
Ministers of the Arctic nations in 1997. The text
of this report is available at the web site http:/
www.grida.no/amap/amap.htm under the heading
of Online Documents. The much larger and more
technical AMAP Assessment Report: Arctic Pollu-
tion Issues was published in 1998. It is going to
become available as a CD-ROM.

The 12th AMAP working group meeting in
Helsinki, December 7-9, 1998, marked the effec-
tive beginning of the second phase of AMAP. Dur-
ing this phase, AMAP will not attempt to produce
another comprehensive assessment of effects of
contaminants on the Arctic environment. Instead,
it will focus on producing a limited number of
assessment reports on specific pollution issues,
and these reports will be presented to Ministers
and Senior Arctic Officials for their consideration.
At the Helsinki meeting a timetable was agreed to
for producing these reports, but, whenever possi-
ble, the timetable will be adjusted so that assess-
ment reports can be presented at other relevant
international environmental forums, such as the
“Rio + 10” meeting planned for 2002 in connec-
tion with the 10th anniversary of the UN Confer-
ence on Environment and Development. The U.S.
came out of the Helsinki meeting with the respon-
sibility for leading the development of assessment
reports on Arctic environmental effects of climate
change (jointly with Norway), ultraviolet radia-
tion, and heavy metals. The U.S. will also partici-
pate in preparing the other assessment reports
where it does not have the lead.

It should be recognized that AMAP, and indeed
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Sockeye salmon habitat
preference research,
Nikolai Creek, Tustumena
Lake watershed, Alaska.

all of the Arctic Council programs, do not operate
in a vacuum. Many Arctic problems are compo-
nents of global, hemispheric, regional, national,

or local issues that are being addressed in other
forums, and this fact must be taken into account in
assessing the potential impacts of contaminants on
the Arctic region. Assessment of the effects of cli-
mate change in the Arctic, for example, demands
close cooperation between AMAP and the Arctic
Council’s working group on Conservation of Arc-
tic Flora and Fauna, together with the International
Arctic Science Committee and the Intergovern-
mental Panel on Climate Change.

Each Arctic nation is scheduled to develop a
National Implementation Plan outlining the Arctic
research activities that it intends to support and
that will contribute to accomplishment of the gen-
eral objectives of AMAP. The U.S. views its
National Implementation Plan as something of a
“loose leaf binder” rather than a hard-bound vol-
ume. That is, our plan will be a varying one, with
new programs and projects being added as agencies
in local, state, and Federal governments, together
with private organizations, begin new projects on
the effects of Arctic pollution and as completed
activities are dropped. In line with this approach
the information presented here is a selection of rel-

evant activities that agencies plan to pursue over
the next few years. Other relevant projects and
programs will be added in subsequent reports of
this type.

2.2.1 Arctic Contaminant Research

Understanding the contaminant behavior within
the Arctic’s atmospheric, marine, terrestrial, and
estuarine systems requires an in-depth examina-
tion of complex, interdependent natural processes.
Quantifying these processes provides the founda-
tion for developing a multi-faceted perspective
and predictive understanding that contributes to
the knowledge base used by management and pol-
icy decision makers in planning, development,
pollution avoidance, remediation, and restoration
activities. Such understanding is fundamental to
appreciating and mitigating the impacts of con-
taminants on human physical and socioeconomic
systems.

NSF encourages and supports a wide variety
of special studies relevant to contaminants in the
Arctic. These fundamental research projects focus
either on aspects of individual systems or on fun-
damental interrelationships among multiple sys-
tems. They range from microscopic to global in
scale and organization. A newly developed Arctic
initiative will emphasize research on a wide variety
of contaminants, including heavy metals, radio-
nuclides, persistent organic pollutants, hydrocar-
bons, and aerosols. To encourage increased sub-
missions of proposals on these topics, a special
solicitation has been published in FY 99. For at
least the next five years, the type of research
encouraged in that publication will continue to
be considered by existing Arctic science programs
within NSF’s Office of Polar Programs.

Non-exclusive examples of studies appropriate
for consideration under NSF’s Arctic contaminant
emphasis include fundamental research projects
on:

« Transport pathways, rates, processes, and res-
ervoirs of contaminants—from microscopic to
global scales—within atmospheric, marine,
terrestrial, and estuarine systems;

* Impact on transport of molecular-scale inter-
actions involving microbes, inorganic and
organic compounds, and colloids;

* Influence of unique Arctic conditions (for
example, temperature and light) on the trans-
formation and fate of contaminants;

» Biomagnification of contaminants in marine
and terrestrial foodwebs and the dynamics of
change in contaminant concentrations;



« Effects of combined contaminants on biota;
* Influence of UV-B on contaminant behavior

organizations and in remote locations, there is a
high degree of cooperation between the two agen-
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1n aquatic systems;

*» Development of novel chemical methods or
sensors for determining contaminant levels
under polar conditions;

* Socioeconomic impacts of contaminants on
marine and terrestrial resources and their
effects on human communities;

* Risk perception and risk assessment for envi-
ronmental contaminants; and

* Role of traditional knowledge in contaminant
studies.

2.2.2 Persistent Organic Pollutants
and Heavy Metals

Most synthetic organic chemicals of concern
within the Arctic are fat-soluble and break down
slowly. This allows them to accumulate in the fat
of animals and to pass through the food chain
from prey to predator, thus increasing the burden
of organic contaminants at each successively high-
er level of the foodweb. Biological effects of per-
sistent organic pollutants (POPs) on Arctic ani-
mals include impairment of reproduction and
growth, formation of cancerous tumors, and weak-
ened immune systems. Examples of POPs are
polychlorinated biphenyls (PCBs), dioxins, hexa-
chlorobenzene, hexachlorocyclohexane, and a
wide variety of pesticides. The transport and fate
of POPs depend to a large extent on the physical
and chemical properties of each chemical, but it is
clear that atmospheric transport plays an important
role in carrying many of them from temperate lati-
tudes to and through the Arctic.

Certain forms of some metals are toxic and
pose a threat to the health of animals and humans.
There is concern, therefore, that human activities
will increase the flux of metals that can be carried
by wind and water into the Arctic environment and
thus become available to the plants and animals
there. Heavy metals can also enter the environ-
ment from waste incineration. The metals of pri-
mary concern here are mercury, cadmium, lead,
and selenium.

Under the Marine Mammal Protection Act of
1972, the U.S. Fish and Wildlife Service (FWS)
and the National Marine Fisheries Service
(NMES) share responsibilitics for managing
marine mammal populations. FWS is responsible
for the managing polar bears, walruses, and sea
otters, while NMFS has management authority for
cetaceans, seals, and sea lions. Because samples
are often collected in conjunction with other

cies in collecting and analyzing marine mammal
tissue specimens.

Polar bears, walruses, and sea otters are all
important resources for Native Alaskans, and FWS
is obligated to protect and maintain the availability
of these species for subsistence purposes. Conse-
quently FWS plans to continue its polar bear bio-
monitoring program, study the relationship between
contaminant levels in polar bears and their prey, and
contribute samples for long-term storage with the
Alaska Marine Mammal Tissue Archival Project
(AMMTAP) to use in future analyses as analytical
techniques improve and to help us better under-
stand spatial and temporal trends of Arctic con-
taminant levels. Similar studies have been carried
out on walrus and sea otter populations and will
continue in the future. The majority of polar bear,
walrus, and sea otter specimens are collected by
Native Alaskan hunters working cooperatively
with FWS biologists.

FWS and NMES also share the responsibility
for administering the Endangered Species Act.
Generally NMFES deals with those species that
occur in marine environments, including anadro-
mous fish, while FWS is responsible for terrestrial
and freshwater species, anadromous fish in fresh-
water and brackish water areas, and migratory
birds. Both agencies’ efforts include protecting
endangered and threatened species and restoring
them to a secure status in the wild. For example,
populations of the Arctic and American peregrine
falcons in northern and interior Alaska declined
dramatically following World War II as a result
of contamination with organochlorine pesticides,
particularly DDT. The use of DDT and other
organochlorine pesticides such as aldrin and diel-
drin were restricted in Canada and the U.S. in the
early 1970s. Peregrine falcon populations began
to increase during the late 1970s. The Arctic sub-
species has now been delisted, and delisting of the
American subspecies is being considered. FWS
plans to continue its peregrine falcon monitoring,
reflecting the important role of organochlorine
contamination in their decline and subsequent
recovery.

FWS has published a series of baseline contam-
inants reports for five National Wildlife Refuges
(NWR) in Arctic Alaska. These publications
reported on ambient concentrations of metals in
water, freshwater sediments, and fish tissues at
several sites within each refuge. Baseline sam-
pling in the Arctic NWR also included terrestrial
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vegetation, and the suite of contaminants was
expanded to include hydrocarbons and persistent
organic chemicals. Similar reports for two additional
refuges will be prepared in the future.

NMES is working with the North Slope Borough
to study contaminants in the bowhead whale’s food-
web and to conduct a health assessment. They are
also working with the North Slope Borough and the
National Institute of Standards and Technology
(NIST) to conduct similar studies of beluga whale
populations. Their contaminant monitoring of Steller
sea lions is done in cooperation with the State of
Alaska and the University of Alaska Fairbanks. A
polar bear/ring seal trophic transfer and transport
contaminant monitoring study is a multiagency effort
involving NMFS, FWS, the U.S. Geological Survey/
Biological Resources Division (USGS/BRD), the
North Slope Borough, and NIST.

The Marine Mammal Health and Stranding
Response Program (MMHSRP) facilitates the
collection and dissemination of data on the health
of marine mammals and health trends in marine
mammals in the wild; correlates those trends with
available data on physical, chemical, and biologi-
cal environmental parameters; and coordinates
effective responses to unusual marine mammal
mortalities. NOAA and USGS/BRD will continue
operation of AMMTAP for collection and long-
term storage of tissues from Alaskan marine mam-
mals. These samples are collected to determine the
levels of contaminants in Alaskan marine mam-
mals, and the data are used by public health organi-
zations to examine circumpolar contaminant con-
centrations and to evaluate the risk to people who
eat marine mammals as subsistence foods.

AMMTAP is a partnership between USGS/
BRD, FWS, NMFS, and NIST, and it was initially
funded by MMS. USGS and NMFS now provide
funding and personnel for collection. NMFS is the
manager of the overall project and provides analyti-
cal work, design, and interpretation. NIST provides
banking of samples, some funding, and the overall
lead for quality assurance associated with banking.
FWS provides opportunities for sampling and data
interpretation. AMMTARP is part of the National
Marine Mammal Tissue Bank (NMFS), which is
part of the National Biomonitoring Specimen Bank
(NIST). The National Marine Mammal Tissue
Bank and AMMTAP are part of the Marine Mam-
mal Health and Stranding Response Program estab-
lished through the 1992 amendments to the Marine
Mammal Protection Act. This program is a partner-
ship between DOI and DOC with NMES having
the lead for the overall program.

MMS also sponsors the preservation of a wide
variety of wildlife tissues in its Alaska Frozen Tis-
sue Collection and Database at the Coastal Marine
Institute of the University of Alaska Fairbanks.

An interagency cooperative effort to develop
methods for collection, handling, transport, and
long-term storage of seabird eggs from the Bering
Sea, Chukchi Sea, and Gulf of Alaska is being
conducted by NIST, the Alaska Maritime National
Wildlife Refuge, and USGS/BRD. Common and
thick-billed murre eggs are the initial focus of this
research. Protocols may also be developed for other
tissue types (for example, liver, kidney, muscle,
feathers, and blood) and additional bird species.
This project should update our knowledge of sea-
bird egg and tissue contamination within this
region, in addition to archiving specimens for the
future.

NMES, FWS, and USGS/BRD have developed
a coordinated sampling plan for FY 99 and FY 00
to conduct contaminant investigations and monitor
marine mammals of the Arctic. A foodweb study
of northern fur seals, bowhead whales, and Steller
sea lions is ongoing, combining the resources of
the Alaska Department of Fish and Game and
NMFS’s Northwest Center and supported by a
grant from the National Fish and Wildlife Foun-
dation. Data from this study will contribute to
our knowledge about the presence and possible
effects of anthropogenic contaminants in the Arc-
tic marine environment.

Over the next few years, NOAA’s National
Ocean Service (NOS) plans to start collecting sed-
iment cores from relatively undisturbed coastal
areas of the Arctic to reconstruct the historical
chronology of environmental contamination in the
region. A large variety of contaminants from indus-
trial, maritime, and urban activities have a strong
affinity to adsorb onto particulate matter, and as
such, they can settle to the bottom near their point
of entry in the coastal zone. Thus, changes in the
levels of contaminants due to local anthropogenic
sources, such as oil and gas development and
maritime activities, as well as hemispheric trans-
port of contaminants and natural fluxes of certain
toxic contaminants, may be recorded in accumu-
lated sediments. Sediment cores will be collected
at randomly selected sites in Elson Lagoon located
near Barrow.

NOS’s National Status and Trends (NS&T)
Program, through NMFS’s Northwest Center and
contractors, supports measurements of the status
and trends of environmental quality of U.S.
coastal areas and the biological consequences of
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pollutants and other stresses on living organisms
and coastal ecosystems. NOS plans to resample
NS&T sites in Alaska at least once during the next
five years.

Surficial sediment and biological samples col-
lected in the Beaufort Sea, Bristol Bay, and Norton
Sound, as well as from sites in eastern Siberia,
have been analyzed by NOS investigators for
radionuclides, organic contaminants, and toxic
metals. Some of the results have been published as
program reports, as research papers, or in interna-
tional conference proceedings. Further analyses of
data and preparation of manuscripts are expected
to continue.

NOAA will continue to support studies of atmo-
spheric mercury in the Arctic environment through
its Arctic Research Initiative. Continuous measure-
ments are being conducted from the NOAA/CMDL
Barrow Atmospheric Baseline Station. Scientists
working on this topic will apply long-range trajec-
tory techniques developed within NOAA’s Air
Resources Laboratory, together with mercury sam-
pling methodologies developed by Oak Ridge
National Laboratory, to provide definitive informa-
tion on the sources of biologically active mercury
that is accumulating in the Alaskan Arctic. The
work will be done in cooperation with scientists
who are addressing similar concerns in Canada at
the Canadian Atmospheric Environment Service in
Toronto. Special attention will be given to comput-
ing back-trajectories for occasions when mercury
concentrations are found to be elevated.

NOAA’s Arctic Research Initiative is supporting
projects at the University of Alaska Fairbanks,
NMEFS, and the University of California-Davis to
study the effects of organochlorine contaminants
on immune system development in northern fur
seals and the pathways and extent of organochlo-
rine contamination in the Bering Sea ecosystem.

A project at the North Slope Borough’s Depart-
ment of Wildlife Management, the University of
Alaska Fairbanks, NMFS, and Texas A&M Uni-
versity is examining the potential use of the bow-
head whale as an indicator species for monitoring
the health of the Western Arctic/Bering Sea ecosys-
tem. Finally, an Arctic Research Initiative project
with the Barrow Arctic Science Consortium is
attempting to assess how contaminants enter and
move through the Arctic foodweb and reach top
predators and humans, and also to assess how peo-
ple respond to this information.

The Office of Naval Research is sponsoring a
North Slope Borough study of contaminants in
Arctic marine mammals. Scientists working on this

project will assess the levels and interactions of
several heavy metals in tissues of bowhead and
beluga whales, ringed seals, and polar bears. The
project is expected to lead to recommendations on
safe human consumption levels for these species.

During 1992 and 1993 the U.S. Environmental
Protection Agency’s (EPA) Office of Research and
Development (ORD) conducted a number of stud-
ies to characterize the extent of POPs and heavy
metals contamination in the Arctic. These studies
included analyses of lake sediment cores and fish
and squirrel tissues. ORD is reviewing the data
from this project for quality and is organizing the
database to make it available to researchers on a
CD-ROM some time in 2000. ORD is also spon-
soring a study at the University of Alaska Fair-
banks on the biochemical response of marine
mammals to metals and inflammatory agents.

EPA’s Office of International Activities is spon-
soring a multilateral initiative to assist Russia in
phasing out its production and use of PCBs and in
developing environmentally sound PCB manage-
ment and disposal practices. This is a three-phase
project to estimate PCB production, use, storage,
waste, and release rates; to study the feasibility of
technology conversion/retrofit options; and to con-
duct pilot demonstration projects, such as the pro-
duction and use of alternatives to PCBs as dielec-
trics in electrical transformers. Expertise and/or
funding are being sought from other domestic and
international entities such as the Department of
Energy, the Edison Electric Institute, the World
Bank, and the Nordic Environmental Finance Cor-
poration. It is anticipated that this project can be
expanded to other countries that produce or use
PCBs and contribute to the long-range transport of
PCBs to the Arctic.

For much the same reason as with PCBs above,
EPA’s Office of International Activities is develop-
ing a multilateral Arctic initiative on mercury. One
objective of the initiative will be to monitor atmo-
spheric levels of mercury at strategic locations in
the Arctic and to identify and demonstrate promis-
ing mercury control technologies in key source
countries. A second objective will be to examine
the atmospheric chemistry and fate of mercury
during the springtime return of sunlight to the Arc-
tic. The photolytic reactions of this Arctic sunrise
event cause large quantities of mercury to leave
the vapor phase and deposit to land and water in
particulate form. EPA is coordinating with NOAA,
Canada, and Norway on instrumentation and
methods for long-range atmospheric monitoring
and modeling, and with DOE, the Tennessee Val-
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Beluga whale,
Beaufort Sea, Alaska.

ley Authority, and others on mercury control tech-
nologies. Trace element data and back-trajectory
analysis and modeling will allow scientists to model
the transport of mercury to the U.S. from sources
abroad and, through international cooperation, to
enhance international mass balance analysis for
mercury. Arctic sunrise research will be done in
coordination with ongoing U.S.—Canadian cooper-
ative activities.

EPA’s Office of Research and Development is
supporting a project at Utah State University to con-
duct a detailed investigation of the reduction of
trichloroethane and dichloroethane levels in
groundwater by naturally occurring microbial
bioremediation techniques.
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2.2.3 Radioactivity

Potential threats to human health and the envi-
ronment from radioactive pollution in the Arctic
appear to be associated with nuclear operations and
activities; accidents during the removal, transport,
and storage of spent fuels from power plants and
nuclear vessels; accidents during nuclear opera-
tions; and radionuclides remaining from atmo-
spheric and underground nuclear weapons testing.

A theme voiced by many Alaska Native com-
munities is their belief that they live in the shadow
of radiation from military practices of the former
Soviet Union, underground nuclear tests on
Amchitka Island, and activities at other former
or active military sites within Alaska. In addition,
communities report observations of changes or
abnormalities in wildlife that they attribute to
radioactivity, such as lesions in fish and caribou
livers, loss of hair on seals, and tumors and sores
on birds and mammals. Virtually every community

speaks of a deeply held concern over the dimin-
ished health of its members. The Alaska Native
Science Commission and the Institute of Social and
Economic Research, University of Alaska Anchor-
age, have received a grant from the EPA for a Radi-
onuclides and Traditional Knowledge project to
study this problem. The first year will be spent
gathering traditional knowledge about radionuclide
concerns across five major regions of Alaska. The
second year will be dedicated to a series of regional
meetings plus a synthesis meeting. The purpose of
the regional meeting will be to enable communities
to consider the implications of their own knowl-
edge of environmental changes and scientific infor-
mation. The purpose of the synthesis meeting will
be to enable scientists and communities to identify
common and divergent understandings of environ-
mental change and the role of radionuclides and other
contaminants. In the second and third years a com-
munity program will support Alaska Native grass-
roots action projects to address community concerns
about radionuclides and other contaminants.

Recent revelations by the Russian government
about past defense waste management practices
have focused attention on waste management and
environmental restoration at the Mayak site located
near Kyshtym. Radionuclide releases there are
greater than 2.5 times the amount released by the
Chernobyl reactor accident in 1986, but they are
dwarfed by recently revealed injection of at least
one billion curies of radioactive waste at Tomsk
and Krasnoyarsk into sandy aquifers 300-450 m
below the surface. Mayak, Tomsk, and Krasnoy-
arsk are located on Paleozoic rocks that surface
beyond the edge of the West Siberian Basin in
topographically higher areas that serve as recharge
sources for some of the waters flowing north into
the basin. As a result they are sources of contami-
nation for both local and regional surface and sub-
surface hydrologic systems—and ultimately the
Arctic Ocean. With support from the U.S. Depart-
ment of Energy, scientists at the Pacific Northwest
National Laboratory plan to continue working with
Russian colleagues on groundwater flow and radio-
active contaminant transport studies at Mayak and
Tomsk.

The Atomic Energy Commission, predecessor of
the DOE, used Amchitka Island in the Aleutians for
underground nuclear tests between 1965 and 1971.
In preparation for the tests, intensive bioenviron-
mental studies were conducted. Follow-up radio-
ecology studies were conducted during the 1970s,
and EPA has been collecting surface and ground-
water samples subsequent to those studies. Begin-
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ning in 1997 DOE supported an expanded radioac-
tivity sampling program in collaboration with the
State of Alaska’s Department of Environmental
Conservation and the Aleutian/Pribilof Islands
Association. Work is in progress to select and use
a model to predict groundwater flow at Amchitka,
and the model will be used to predict leaching and
transport of radionuclides by groundwater. These
data will enable DOE to predict where groundwater
from the vicinity of the detonation cavities is likely
to discharge on the ocean floor near the island. It
will also predict concentrations and transport
times. This information will then be applied to
human health and ecological risk assessments.

2.2.4 Petroleum Hydrocarbons

The Arctic is very rich in petroleum and hard
mineral resources. The North Slope of Alaska,
Yamal Peninsula, Norwegian Sea, and Barents Sea
have some of the largest oil-and-gas-producing
fields in the world and a great potential for new
untapped reservoirs. The National Petroleum
Reserve—Alaska and the Arctic NWR may contain
substantial and economically recoverable reserves
of oil, natural gas, and coal. Thus, it is anticipated
that fossil energy development and related indus-
trial activities in the U.S. Arctic will continue in
the foreseeable future and will require scientific
studies to ensure safe and prudent development of
the resources. In addition, studies will be required
to protect fish and wildlife populations, critical
habitats, and subsistence resources.

A substantial information base and extensive
scientific data on the physical environment and
biological resources of the U.S. Arctic already
exist as a result of the Outer Continental Shelf
Environmental Assessment Program (OCSEAP),
1975-1992. The program, established as an inter-
agency effort between NOAA and MMS, provided
numerous topical and synthetic scientific reports,
environmental atlases, a comprehensive digital
database, various analytical and numerical models,
and a contaminant baseline in the context of off-
shore oil and gas development in the seas around
Alaska.

MMS continues to sponsor a program of envi-
ronmental studies focused on outer continental shelf
oil and gas development in the Beaufort and Chuk-
chi Seas. The studies are funded either directly by
MMS or indirectly under a cooperative agreement
between MMS and the University of Alaska Fair-
banks.

A study to determine the levels of metals, poly-
cyclic aromatic hydrocarbons (PAHs), organo-

chlorine pesticides and industrial chemicals, and
organotin compounds in the coastal Beaufort Sea
is underway as a collaborative effort between
NOAA/NOS and the University of Alaska Fair-
banks. Earlier data of a similar nature, covering a
much smaller area and based on fewer analytes,
were published periodically since 1976. The over-
all purpose of the study is to determine if the lev-
els of environmental contaminants can be attrib-
uted to increased industrial development and
urbanization of the region. MMS is funding a por-
tion of this study of petroleum hydrocarbons and
metals associated with petroleum exploration and
development. More site-specific monitoring in the
vicinity of the Federal oil and gas lease area is
underway.

PAHs, a group of complex organic compounds
having two or more fused benzene rings, are com-
ponents of petroleum, coal, peat, and pyrogenic
residues, although some are biogenic. It is gener-
ally agreed that the vast majority of PAHs in the
environment are derived from fossil fuels and
combustion sources. They are widely distributed
and are found in all components of Arctic ecosys-
tems, particularly in association with sediment.
Their abundance in the U.S. Arctic shows a dis-
tinctly regional pattern; concentrations in coastal
Beaufort Sea sediment are generally much higher
than elsewhere. A number of PAH compounds and
their metabolites are known to be toxic, carcino-
genic, or genotoxic. An assessment of potential
source terms and environmental fate and effects of
PAIIs in the U.S. Arctic has not been made.

Photoactivation of several PAHs by ultraviolet
(UV) radiation is known to affect genotoxicity (for
example, DNA strand breakage), and new tech-
niques to assess genetic damage have recently
been developed. A number of studies have estab-
lished that the toxicity of UV-activated PAHs
results from activation of bioaccumulated PAHs.
Such effects may be synergistic, that is, the com-
bined effect of exposure to UV radiation and
PAHs would be greater than the sum of their indi-
vidual effects. As such, studies to examine the
combined effects of increased UV radiation and
PAHs in the coastal Beaufort Sea, particularly in
view of the likely depletion of stratosphere ozone
in the Arctic, should receive high priority. NOAA/
NOS is currently examining the feasibility of con-
ducting such a study.

EPA’s Office of Research and Development is
supporting a project at the University of Alaska to
determine the role of oligobacteria in the degrada-
tion of environmental hydrocarbons.
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Under the auspices of the U.S.—Russian Joint
Commission on Economic and Technological Coop-
eration, EPA’s Office of Research and Development
is cooperating with the Russian government in a
project to assure that oil and gas resources in the
Siberian Arctic and the Arctic Ocean drainage
basin are undertaken in an environmentally sound
manner. The project also explores the potential of
using information derived from classified intelli-
gence sources of both Russia and the U.S. for envi-
ronmental risk assessment. Phase 1 of the project
was a risk assessment for the Priobskoye oil depos-
it, which is located beneath the ecologically sensi-
tive Ob River floodplain. This phase has been com-
pleted and the results published. The final report is
available on the Internet at http://www.epa.gov/
ncea.oilgas.htm. Decisions on how to proceed next
await discussions within both governments.

2.2.5 Climate Change

In the Alta Declaration of 1997, the Arctic min-
isters endorsed continued efforts by the working
groups for AMAP and Conservation of Arctic Flora
and Fauna (CAFF) to study and understand the
impacts of climate change on the Arctic. Changes
in the climate of the Arctic are expected to be
among the largest anywhere in the world, and there
is little room for doubt that major changes have
occurred there in recent decades. Since climate
affects all aspects of life on earth from species to
ecosystems to humans, knowing the probable
impacts of climate change is a crucial input to poli-
cy development, economic and environmental
planning, and the well being of Arctic people.

Currently the international scientific community
is planning (and in many instances, has already ini-
tiated) very large programs in climate research,
prediction, assessment, and adaptation. These pro-
grams consider climate variability on time scales
from seasons to years, along with both natural and
anthropogenic climate changes from decades to
centuries. Included in these efforts are foci on long-
term observations/monitoring; physical, chemical,
biological, and geophysical process studies of
atmospheric, oceanic, terrestrial, and cryospheric
systems; modeling and prediction of climate and
its effects; and assessment of climate change and
production of climate forecasts.

The international AMAP plan is to produce
a circum-Arctic synthesis of climate change impacts,
with the first report expected in the year 2000, The
synthesis will be undertaken jointly by the Interna-
tional Arctic Science Committee, AMAP, CAFF, and
possibly other parties. It is important to have partici-

pation by IASC, since that organization has already
sponsored regional climate impact assessments in
the Bering Sea and the Barents Sea, and a sound
Arctic impact assessment will require involvement
by some of the international teams of scientists
who worked on those earlier studies, which include
the Canadian MacKenzie Basin impacts assess-
ment.

The Arctic Climate Impact Assessment—pro-
posed by IASC and now under consideration by
the Arctic Council, IASC, AMAP, and CAFF—
will consist of periodic workshops that bring together
the most knowledgeable people in climate research,
physical and biological impacts assessment, and
economic and social sciences, including represen-
tatives of indigenous people, to provide estimates
of the effects of climate change and increased
ultraviolet radiation on Arctic ecosystems and
other aspects of life in the Arctic. AMAP, CAFF,
and TASC have established an Assessment Steering
Committee to guide these workshops and the pro-
duction of impact assessments. A workshop orga-
nized by IASC at Tromso, Norway, in April 1999
determined the needs and requirements for such an
assessment.

NOAA/NMFS is leading the development of an
Arctic Initiative within the Scientific Committee of
the International Whaling Commission. The pur-
pose of this initiative is to address pollution, con-
taminants, habitat, and climate change as they
affect cetaceans in the Arctic.

The Department of Energy’s Atmospheric Radi-
ation Measurement (ARM) program is a multi-
laboratory, interagency program designed to help
resolve scientific uncertainties about global climate
change, with a specific focus on improving the per-
formance of general circulation models used for
climate research and prediction. These improved
models will help scientists better understand the
influence of human activities on the earth’s cli-
mate. In pursuit of its goal the ARM program
establishes and operates field research sites called
Cloud and Radiation Testbeds in several climat-
ically significant locations. One of these sites, the
North Slope of Alaska/Adjacent Arctic Ocean Site,
is providing data about cloud and radiative pro-
cesses at high latitudes. These data are being used
to refine models and parameterizations as they
relate to the Arctic. Details on the ARM program
may be found on the web site http://www.arm.gov.

2.2.6 Ultraviolet Radiation

Stratospheric ozone plays a critical role in
blocking potentially harmful ultraviolet (UV) radi-
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ation from reaching the earth. The amount of ozone
in the stratosphere is currently decreasing, especial-
ly in the polar regions, and this has caused concern
that plants and animals (including humans) may be
damaged by increased ultraviolet radiation. During
springtime, maximum UV levels are observed at a
time when people and many biological systems are
most sensitive to UV radiation.

Existing UV measurement programs focus
mainly on the incoming UV radiation that affects
human skin, for example, and that can be used to
make inferences about ozone concentrations aloft.
There is concern that increasing near-horizontal
UV radiation is contributing to an increasing inci-
dence of eye disease (cataracts and cancer). Anew
multi-agency program to concentrate on the issue
of near-horizontal UV radiation and its biological
consequences is being planned.

It is possible to use UV radiative transfer models
to estimate UV exposure in regions where UV meas-
urements do not exist. Such measurements are usu-
ally based on satellite data to provide relevant
atmospheric parameters, but they are difficult to
make in the Arctic because of the complexity of
atmospheric and environmental conditions, includ-
ing persistent but changing cloud cover and high
and variable surface albedo. The use of ground-
based UV measurements, therefore, is crucial for
developing reliable algorithms for determining sur-
face UV exposure in the Arctic from satellite data.

NOAA’s Climate Monitoring and Diagnostics
Laboratory (CMDL), in collaboration with the Air
Resources Laboratory, the National Weather Ser-
vice, the University of Alaska Fairbanks, and the
University of Colorado at Boulder, has recently
deployed ground-based UV radiation instruments
at Barrow, Nome, and St. Paul Island. At the
CMDL Observatory in Barrow, one instrument is
a broad-band UV spectrometer that measures total
irradiance over the 280- to 320-nm spectrum and
produces an output proportional to the biologically
important UV-B or “erythemal” dose, which
describes the response of human skin to solar radia-
tion. The other instrument is a narrow-band (10-nm
bandwidth) radiometer that measures UV irradi-
ance at five discrete wavelengths and is useful for
applications that require better resolution than is
offered by broad-band instruments.

Over the next several years CMDL'’s UV
research will focus on addressing four key objec-
tives: assessing day-to-day, month-to-month, and
year-to-year variability in UV irradiance in and
near the Bering Sea; characterizing the effects of
changes in ozone on UV reaching the surface and

studying the relationship between ozone and UV,
determining the effects of Arctic haze and other
particulate matter on UV transmission in the Arc-
tic; and providing UV data to interested users in
the biological scientific community so they can
examine the effects of increasing UV on Arctic
ecosystems.

NOAA is supporting the preparation of a
research plan to examine the effects of increased
UV radiation on marine and terrestrial species,
ecosystems, human health, and anticipated UV
dosages both regionally and seasonally. Participa-
tion in this planning process will be sought from
other local, State of Alaska, and Federal organiza-
tions. The research plan will consider the multiple
effects of contaminants, climate change, and water
accessibility that may combine nonlinearly with
stress from increased UV radiation. The resulting
research plan will be widely circulated to scien-
tists and local communities associated with the
working groups on AMAP and Conservation of
Arctic Flora and Fauna for their review and com-
ment.

As part of its plan to establish or upgrade Envi-
ronmental Observatories, the NSF expects to fund
long-term measurements of UV radiation, in addi-
tion to the current observations at Barrow. Discus-
sions with potential European partners may lead to
UV observations at Summit, Greenland. Further
collaboration is planned with NOAA regarding such
observations, as well as research on UV effects.

2.2.7 Human Health

It is commonly recognized that environmental
contaminants can have adverse impacts on human
health. Major concerns are subtle long-term
effects, including impaired reproductive ability,
compromised defense against disease, retarded
mental development in children, and increased
risk of cancer. U.S. efforts to study the human
health impacts of Arctic contaminants are led by
the National Institutes of Health (NTH) in the
Department of Health and Human Services.

NIH’s National Institute of Environmental
Health Sciences (NIEHS) plans to hold an interna-
tional conference on biomarkers that could serve
as early warnings of environmental impacts on the
health of Arctic residents. The product of this con-
ference will be a report containing recommenda-
tions for programs to better assess the health con-
sequences of pollutants in the Arctic.

An Alaska Native Cord Blood Monitoring Pro-
gram has been established in response to Alaska
Native concerns about the effects of contaminants
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that are accumulating in their subsistence food
species and their potential effects on the health of
mothers and infants. The program is a collabora-
tive effort among tribal, Federal, and State of
Alaska agencies. Tribal agencies involved in this
effort include the Arctic Slope Native Association,
the North Slope Borough, the Yukon—Kuskokwim
Health Corporation, the Alaska Native Tribal
Health Consortium, and the Alaska Native Health
Board Epidemiology Center. Federal collaborators
are the Alaska Area Native Health Service, the
Environmental Protection Agency, the National
Center for Environmental Health, and the Center
for Disease Control’s Arctic Investigations Pro-
gram. State of Alaska agencies are the Department
of Health and Social Services’ Epidemiology Sec-
tion and the University of Alaska Anchorage’s
Institute for Circumpolar Health.

The Alaska Native Cord Blood Monitoring
Program will monitor the levels of selected heavy
metals (including mercury) and persistent organic
pollutants (including PCB congeners) in umbilical
cord blood and maternal blood of indigenous
groups in the Arctic, with an initial focus on
Alaska Native American populations. The objec-
tive of this effort is to establish a sampling proto-
col that supports a statistically significant yearly
number of maternal—infant blood samples at sites
serving Alaska Natives with a Bering Sea expo-
sure (Yup’ik Eskimo) and an Arctic Ocean expo-
sure (Inupiat Eskimo). Data analysis will be car-
ried out by participating agencies, and reports will
be made to Alaska Native organizations and other
inter/‘ested groups. This program will be coordinat-
ed with similar ongoing programs in other Arctic
natipns.

NIEHS will continue to support projects deal-
ing with the neurobiological effects of PCB expo-
sure and the relationship of PCB exposure to thyroid
function and development of the central nervous
system in infants of Inuit populations in Canada and
Greenland. In addition, the CDC’s National Center
for Environmental Health and the Alaska Native
Health Board Epidemiology Center are looking at

a possible link between exposure to PCBs early in
life and later development of cancer.

2.2.8 Multiple Stressors

Regardless of how well individual stressors in
the Arctic are measured and their effects evaluated,
our ability to adequately understand what impacts
contaminants are having on the Arctic ecosystem
will depend on how we address the combined and
cumulative effects of multiple chemical and other
stressors. As a step toward better understanding and
research, EPA’s Office of Research and Development
is planning a special workshop to address multiple
stressors impacting the Arctic—Bering Sea. The pur-
poses are to identify the array of sources and stres-
sors in relation to key ecological and human values
of concern, to document known exposure pathways
and effects, and to produce a set of conceptual mod-
els. These models will provide managers, scientists,
and local communities with a framework for target-
ing resources and research, assessment questions,
and management opportunities.

2.2.9 Outreach

EPA plans to develop an Arctic Marine Environ-
mental Education Resource Guide for hands-on
teacher and student activities centered on the Arctic
and sub-Arctic regions. This guide will incorporate
Western science together with indigenous knowl-
edge and will enhance communication and under-
standing of physical processes in the environment,
risks from contaminants, and the ecological and
human health dimensions of environmental con-
cerns. EPA’s Office of International Activities,
NOAA’s Sea Grant College Program, the University
of Southern Mississippi, and Arctic Perspectives
will collaborate with the University of Alaska and
public and private sector entities in Alaska and
Canada to develop the materials. Initially work-
shops in Alaska will train teacher—trainers from the
U.S. and Canada. Eventually EPA envisions broader
outreach to contacts in all Arctic countries to iden-
tify existing educational materials, develop new
ones, and train trainers in their use.



2.3 Assessment of Risks to Environments and

People in the Arctic

The people of the Arctic, and the multitude of
freshwater, terrestrial and marine ecosystems on
which they depend, are at risk. As a nation and
world partner, the U.S. faces an ever-more-urgent
challenge as the Arctic environment and its human
and wildlife inhabitants show troubling signs of
change. To meet this challenge, policy makers and
scientists must be deliberate in designing research
programs that are linked to international commit-
ments and management decision making and pro-
vide the basis for quality research and manage-
ment strategies

Assessing risks to people and ecosystems in
the Arctic cannot be based solely on collecting
more data on important stressors. To increase the
effective use of available information and future
research initiatives, the U.S. research program
should be founded on an ecosystem perspective.
Research initiatives must increasingly focus on
interdisciplinary work that addresses the combined
and cumulative effects of contamination, climate
change, fishing pressure, habitat alteration, waste
debris, and other stressors. Data should be col-
lected so that information on stressors, exposure,
and effects can be linked in meaningful ways to
establish cause-and-effect relationships. Research
partnerships should be formed with a specific
intent to pull together data and information in for-
malized risk characterization. Finally, risk charac-
terization should be based on recognized human
and ecological values of concern so that an assess-
meat of risk is possible and research can lead to
change. Effective risk assessments are directly
linked to the values, both human and ecological,
that the world community can embrace.

These recommendations are a challenge to Arc-
tic communities, agency managers, and scientists
alike. However, a formalized process for interpret-
ing research data into an assessment of risk pro-
vides a clear pathway and means to link values,
both human and ecological, to research strategies,
available data and information, and management
opportunities.

Human health and ecological risk assessment
processes are fundamentally the same. The pro-
cess, described in the EPA Guidelines for Ecologi-
cal Risk Assessment (USEPA, 1998), provides the
framework for organizing current work in the Arc-
tic and offers an opportunity for creating strategic
research agendas. To facilitate understanding of

these elements, the following discussion is organ-
ized around a set of questions. Where agencies
have existing or planned programs targeted toward
a specific question, their program is featured.
Where programs do not exist, research needs are
highlighted. The questions to consider include:

o What are we trying to achieve in the environ-
ment?

« What are the problems we need to address?

« How are we establishing cause-and-effect rela-
tionships between stressors and human and
environmental changes?

« How are we linking scientific investigations
and risk assessment to management needs and
achievement of desired environmental ends?

What follows is an outline of the elements needed

in research agendas to provide the basis for assess-
ment of risk to people and ecosystems of the Arctic.
It is not a detailed description of specific studies.
However, where research programs are in place for
each element, these are highlighted.

2.3.1. Defining Environmental Ends

Assessment of risk to people and ecosystems is
more than understanding ecosystem processes,
contaminant fate, transport and loadings, and glo-
bal change. Communities want to understand risk
so they can reduce their risk. However, actions to
reduce risk require two things: broad-based com-
mitment, only possible if the community is engaged
(“community” meaning the larger community of
Federal, state, local, environmental, commercial
and Native partners), and an agreement on the
human and ecological values requiring protection.

To date, the interaction of scientific research
planning in the Arctic has not been well connected
to the concerns and values of the larger Arctic
community. The Nation has a legitimate reason for
investing in research to reduce risk. When scien-
tists understand and respond to community needs,
research is not compromised—it becomes more
powerful. Then the values of the community—
what they want to protect—provides the basis for
developing a responsive interdisciplinary research
strategy. However, for scientists to be responsive,
they need to understand values and management
questions of the larger Arctic community. Then the
community can use scientific information effec-
tively to work in concert to achieve environmental
ends.
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To address this need, EPA has established the
Arctic Bering Sea as a Regional Geographic Ini-
tiative (RGI). The RGI, funded from FY 99 to
FY 01, is intended to bring all interested parties
together to identify the set of values held in com-
mon across diverse groups in the region. The work
is founded on establishing partnerships across local,
regional, national, and international interests. The
intended result is a better understanding of the
ecological, economic, cultural, and health values
that diverse groups can endorse and act to protect.

Current work is designed to identify all inter-
ested parties in this region from the local to inter-
national level and includes Federal, state, environ-
mental, commercial, Native, local community,
academic, and other interests. In partnership with
the Alaska Governor’s Office, EPA is gathering
information about organization missions, interests
in the Bering Sea, potential common values, and
conflicts. EPA, NMFS, and DOI supported the
First International Summit, Wisdom Keepers of the
North: Vision, Healing and Stewardship for the
Bering Sea, in March 1999 to provide a forum for
Native people of the Arctic to develop a shared
vision for the Bering Sea. Other such forums will
be established for developing visions or goals
within each constituency group. A Bering Sea
visioning summit is planned in FY 01 to bring all
constituency groups together to identify common
values. The values established in these forums will
be fundamental for bringing available scientific
and traditional knowledge together in a formal
assessment.

2.3.2. Defining the Problem

Determining risk requires establishing a link
between a potential cause and an observed effect.
Even for a simple assessment of risk for one stres-
sor, defining the problem is a critical first step.
When trying to develop research to assess risk in
an ecosystem the size of the Arctic, defining the
problem in manageable ways is a decided chal-
lenge with which scientists continue to struggle.
Investment in problem formulation, the first stage
of a risk assessment, provides a process for inte-
grating available information into conceptual
models that identify multiple stressors, potential
interactions, observed.effects, and direct relation-
ships to the values of concern to decision makers.
The value of problem formulation, often over-
looked in the press to conduct more research,
can significantly increase the power of planned
research by systematically defining what is known
and not known, targeting work that will have the

greatest impact for decision makers, and providing
a rationale for priority setting. Assessment end-
points and conceptual models, principal products
of problem formulation, provide a framework for
investigating cause-and-effect relationships by
defining research for understanding stressors and
their sources and linking these with effects on eco-
logical and human values of concern.

As a first step toward problem formulation for
the Arctic, EPA and the Alaska Department of
Environmental Conservation are sponsoring an
interagency, interdisciplinary case study on the
Pribilof Islands within the Bering Sea that includes
participants from USFWS, NMFS, USCG, other
state agencies, and commercial and environmental
interests. These islands provide a “microcosm”
for developing conceptual models of a diverse set
of stressors and values highly consistent with those
of the Bering Sea and the Arctic. The work is being
done in partnership with the Pribilof Island Native
communities. EPA provided two grants to the St.
Paul Tribal Council to engage in community
visioning. The results of this effort and other com-
munity work will set the foundation for an inte-
grated risk assessment that incorporates ecological,
economic, cultural, and human health concerns.

In addition, EPA is planning a workshop in FY
00 to develop preliminary conceptual models for
the Bering Sea and Arctic ecosystems for multiple
stressors. The workshop will support the Arctic
Council Arctic Monitoring and Assessment Pro-
gram efforts to address combined effects (see Sec-
tion 2.2) and will complement efforts underway
within NOAA to understand the impacts of multi-
ple stressors on marine mammals.

Using Available Information

The ability to develop an effective problem for-
mulation depends, in part, on how much is already
known about human patterns and ecosystem func-
tions, stressors and their sources, and observed
effects. The first stage of problem formulation is
identifying and using all available information and
processing it in a way to establish a series of risk
hypotheses about relationships among processes,
stressors, and effects. Going through the process
engenders significant learning as diverse perspec-
tives, expertise, and knowledge are brought together.
Throughout this research plan are research activities
that add significantly to our ability to do this work.
Section 2.1 describes some of the changes or
effects that are occurring in the Arctic, Section 2.2
on research under AMAP provides significant
information about the extent of Arctic contamina-
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tion, and Section 2.4 gives us fundamental infor-
mation on how the marine ecosystem functions.
All are critical areas of investigation. Our chal-
lenge is to bring this information together into a
cohesive whole that allows us to establish relation-
ships between human activities and environmental
and health effects. Although this research plan is
broad-based, there are many sources of existing
information that can be used more effectively
through better use or by accessing previously
unused information.

Information Management, Data Preservation
and Dissemination, and Data Synthesis

The amount of existing information on the Arc-
tic is large and diverse, which presents specific
challenges. Because of the diversity of investigators,
organizations, and nations conducting research in
the Arctic, just knowing about existing data is dif-
ficult. Even when known, data formats often differ
widely and are challenging to compare or bring
together. Thus, to use these data effectively, the
data must be managed. There are significant
cross-agency efforts to establish “metadata” that
describe the characteristics of data sets, including
data collection instruments, processing infor-
mation, peculiarities in collecting or processing
the data, known problems that have been solved,
and comments from scientists who have used the
data. To facilitate the use of available information,
specific efforts are required to establish common
data formats and perform necessary data conver-
sions and connections. In June 1999, NOAA and
DOI cosponsored a workshop on the Bering Sea
where scientists from many Federal and state
agencies and academia gathered to share knowl-
edge about existing data and the formation and
format of metadatabases.

For some data, preservation is urgently needed
to prevent their permanent loss. As found in Rus-
sia during ANWAP, many data sets and much
information are unknown or unavailable to the sci-
entific community or exist in formats or files that
are not easily accessed. Potentially significant data
are slowly being destroyed by poor storage. Pait
of the problem is lack of coordination in the col-
lection, storage, quality assurance, archiving, com-
munication, and retrieval of pertinent information.
When existing data sets are preserved and dissemi-
nated, they can be assessed for quality control and
quality assurance and incorporated into problem for-
mulation to analyze their implications and identify
data gaps.

Traditional Knowledge

An entire body of existing knowledge on the
Arctic is untapped. The knowledge of indigenous
people of the Arctic is based on centuries of obser-
vation, covering all seasons and amassed over life-
times. While the process of data collection and
storage is very different, risk in the Arctic will be
better understood using the knowledge and per-
spectives of Native people who depend on Arctic
resources for their livelihood.

Part of the challenge is knowing how to collect
the information and, once collected, how to use it.
A pioneering effort to solve this problem is to
address one of the major concerns voiced by
Alaska Native communities who believe they live
under the threat of nuclear radiation from military
practices of the former Soviet Union, Project
Chariot, Amchitka, and over 640 toxic military
sites elsewhere in Alaska. In FY 99 the Alaska
Native Science Commission and the University of
Alaska Anchorage’s Institute of Social and Eco-
nomic Research were awarded a three-year grant
from EPA to incorporate traditional knowledge in
a study of radionuclides in Alaska Native commu-
nities. During the first year of research, traditional
practices will be used to gather information about
radionuclide concerns across all five regions of
Alaska through a series of regional meetings. An
ancillary benefit will be opportunities to document
other environmental and health concerns and
observed changes in the environment. The second
and third years will be used to synthesize results
and support Alaska Native efforts to address com-
munity concerns.

Traditional knowledge would be very useful in
generating conceptual models during problem for-
mulation. As a series of relationships about how a
system is working, conceptual models provide an
effective place for organizing information from all
sources. This is an approach EPA would like to
foster in the future.

2.3.3. Sources and Stressors
To evaluate risk in the Arctic, it is critical to

understand the stressors and their sources. Among
the more clearly recognized stressors in the Arctic
are contaminants. Sources of contaminants include
local contaminated sites (for example, old military
operations and current waste sites) and regional or
global activities. Long-range transport via streams,
rivers, ocean currents, and atmospheric circulation
is of increasing concern.
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Sources

With the end of the Cold War, communications
with the former Soviet Union (FSU) opened and
led to the revelation of wide-scale dumping of
nuclear and toxic waste materials by the FSU into
the Arctic Ocean, its marginal seas, and many of
the river systems. The Russian Federation Com-
mission (commonly referred to as the Yablokov
Commission) documented this history of dumping
and discharges. The Yablokov Commission Report
of 1993 provided evidence that, in violation of
international law, the FSU dumped (or lost) in the
marine environment more that 2.4 million curies
of radioactivity. This represents about two-thirds
of the total material dumped worldwide. Other
reports indicate that at least 20 million curies are
contained in submarines awaiting decommission-
ing or in temporary storage awaiting disposal. The
FSU also released more than three billion curies
into the Arctic watershed environment (lakes,
rivers, and underground). The U.S. government
response to the disclosure of dumping of radio-
activity wastes was the funding of the Arctic
Nuclear Waste Assessment Program (ANWAP) in
the Office of Naval Research. Other regional
sources are contributing as well. Detectable quan-
tities of radioactivity from nuclear plants at Sell-
afield, United Kingdom, and Cap de La Hague,
France, are found in the Barents and Kara Seas.

Disclosures from the FSU raised awareness of
the potential for risk to the Arctic from an array
of sources and contaminants including persistent
organic compounds, trace and heavy metals, and
hydrocarbons. Internationally, resource develop-
ment, mining, and petroleum production have
been long-term sources. Persistent organic com-
pounds from North America, Asia, and Europe,
coal combustion products from Europe and Asia,
and globally dispersed pesticides are all arriving in
the Arctic by long-range transport. Under the aus-
pices of NATO’s Committee on the Challenges of
Modern Society, a recent cross-boundary environ-
mental study evaluated environmental problems in
the Arctic from defense-related facilities and activ-
ities (NATO 1998). Pilot studies were conducted
on the impact of hazardous materials, defense-
related activities, radioactive contamination of riv-
ers and transport into the sea, and defense-related
management of radioactive waste. In particular, an
environmental risk assessment of non-defuelled,
decommissioned nuclear-powered submarines was
performed. Follow-on reports reviewed and char-
acterized the problems of defense-related activi-
ties, assessed potential risk of specific cases, and

offered recommendations for future studies and
remediation steps. The reports inventoried the
range, extent, and magnitude of defense-related
environmental problems. Many of these same con-
taminants are entering the environment by direct
discharges from local sites, such as in Alaska,
where the Defense Environmental Restoration Pro-
gram identified more than 150 sites that require
some level of environmental cleanup.

The importance of Arctic contamination is
reflected in the recently published AMAP report
Arctic Pollution Issues: A State of the Arctic Envi-
ronment Report (AMAP 1997) and the follow-on
U.S. research plan to support AMAP, summarized
in Section 2.2. Questions that need to be addressed
when describing sources include:

* Where does the stressor originate?

* What environmental media first receive

stressors?

« How does the source influence stressor distri-
bution in the environment?

* What other sources are there for the same
stressor?

* Are there natural sources for the stressor?

* Is the source still active?

* Does the source produce a distinctive signa-
ture that came be detected in the environment,
organisms, or communities?

What are not addressed in current research pro-
grams are sources of other kinds of stressors to
which human and ecological receptors or values
may be exposed. Stressors such as fishing pres-
sure, waste debris, and habitat alteration are likely
to compound the effects of contaminants and glo-
bal change. Incorporating the array of stressors
into conceptual models for the Arctic under prob-
lem formulation is an important first step in deter-
mining what additional research should be planned
to assess risk from combined effects.

Exposure to Stressors

Characterizing exposure is based on describing
the potential or actual contact or co-occurrence of
stressors with receptors. This is based on measures
of exposure and ecosystem and receptor character-
istics used to analyze the sources of stressors, their
distribution in the environment, and the extent and
pattern of contact or co-occurrence (USEPA 1998).
Wide evidence of sources of contamination has
been the basis for further investigations to deter-
mine exposure through research to evaluate how
contaminants move through the environment, their
fate and transport, and evidence in receptors that
exposure is occurring or has occurred.



A variety of research efforts relevant to fate and
transport are described in Section 2.2 as part of
the AMAP program. Some of the issues being
addressed include:

« Change in sources over time;

» Transport of contaminants by ice, water, and

air;

» Natural sources of contamination;

« Transport of contaminants by biota;

¢ Bioaccumulation of contaminants;

» Accumulation of contaminants in water, soil,

and sediment; and

« Uptake by high trophic levels, including

human consumption.
These studies will help identify key processes for
exposure models and risk assessments. They pro-
vide a means to predict how fate and transport
may change with time, particularly as more is
learned about the marine environment, air and
water circulation patterns, and the effect of global
change. Research is needed to determine bioaccu-
mulation mechanisms that may differ in Arctic
organisms, unique Arctic contaminant transport
mechanisms connected with ice formation, and
transformation of contaminants in the Arctic envi-
ronment.

The Alaska Marine Mammal Tissue Archival
Project (AMMTAP) is providing important base-
line information on exposure in organisms. The
project is addressing contaminants in marine
mammals relevant to issues identified by the Min-
erals Management Service for offshore oil and gas
development in the Arctic. These issues address
both DOI and Department of Commerce (DOC)
trust resources. As such, USGS cooperates with
the National Oceanic and Atmospheric Adminis-
tration (NOAA) and the National Institutes of
Standards and Technology (NIST) through the
National Marine Mammal Health and Stranding
Response Program (MMHSTRP). The cooperation
involves sharing of field and laboratory resources
and USGS funding for NIST (sample preparation,
tissue banking, analyses) through an interagency
agreement with NOAA. Since each organization
(NOAA, NIST, and USGS) is contributing funds
and personnel toward achieving common objec-
tives, it represents collaborative research that also
includes additional partners from many other orga-
nizations inside and outside government.

Under the program, tissues and sera from ma-
rine mammals are collected and analyzed to assess
tissue contaminant levels. The program involves
research to develop better techniques and tools.
Wherever this effort is coupled with research that

evaluates animal health based on a variety of char-
acteristics (for example, weight, age, parasite load-
ings, immune function, location captured, repro-
ductive condition), it provides the necessary ele-
ments for an assessment of risk from contaminants
and other potential stressors.

2.3.4 Effects

Changes in the Arctic are increasingly recog-
nized and in many cases are profound. Evidence
indicates that a shift in climate occurred in the
North Pacific in the 1970s, leading scientists to
believe that global climate change is a reality that
must now be monitored and managed. At the same
time many ecological resources are decreasing. Of
the 25 marine mammals in the region, 11 are con-
sidered depleted, including the endangered Steller
sea lion. The northern fur seal world population
has dropped by approximately 50% since 1977.
Seabird populations in the region, representing
over 40% of breeding seabirds in the U.S., are
changing. Important species such as kittiwakes,
murres, and eiders have shown population decreases
of up to 90%. A billion dollar industry, commercial
fishing has shifted significantly toward a pollock-
dominated fishery, and the famous salmon fishery
has experienced catastrophic failures in the Bering
Sea—Bristol Bay region for two consecutive years.
In certain areas the people of the Arctic are increas-
ingly unable to depend on underground permafrost
cellars to preserve food. As the ice thins and moves
farther offshore and as ecological resources become
depleted or move elsewhere, their ability to obtain
food is jeopardized. As contaminants collect in
subsistence foods, their health and well-being are
affected.

Documentation of change in the environment
over time is critical for evaluating exposure and
linking exposure to potential effects of stressors
such as contaminants. NOAA’s National Status and
Trends (NS&T) program was initiated in 1984 to
determine the status of, and to detect changes in,
the environmental quality of the Nation’s coastal
waters. The program’s activities focus on two long-
term goals:

» Assess the status and trends of environmental
quality in relation to levels and effects of toxic
contaminants, radionuclides, and other sources
of contamination in U.S. marine, estuarine,
and Great Lakes environments; and

» Develop diagnostic and predictive capabilities
to determine the effects of toxic contaminants,
radionuclides, and other sources of environ-
mental degradation on coastal and marine
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resources and human uses of those resources.
The program includes measuring pollutants from a
nationwide network of 240 sites. Biological effects
of contaminants are evaluated on the basis of sedi-
ment toxicity assessments, biomarker responses,
and changes in benthic community structure. In
1997, sampling was conducted at eight coastal
sites in the U.S. Arctic, extending from Nome to
Barter Island. This work is important for looking
at the distribution and collection of contaminants
within the environment and the link to observed
effects.

More fundamental research on effects is
needed, especially attempts to understand the link
between life history characteristics, population
change, and alteration of individual health and
reproductive potential, and sources and stressors.
This research will provide the basis for evaluating
the impact of contaminants and the combined
effects of contaminants, global change, and other
stressors. The establishment of cause-and-effect
relationships between stressors and observed
effects in risk assessments is the foundation for
addressing management needs and understanding
system dynamics. This is an area of critical
research needed now.

2.3.5 Risk Characterization

Risk characterization is the final phase of a risk
assessment. It is a process for integrating informa-
tion obtained during planning, problem formula-
tion, and analysis of exposure and effects, includ-
ing the analysis of predicted or observed adverse
effects related to human and ecological values of

concern. Results of risk characterization are intended
to provide clear information to risk managers to
support decision making,

A valuable example of an Arctic risk character-
ization was produced under ANWAP, a Congres-
sionally mandated program, focused on evaluating
the potential kealth and ecological risks associated
with former Soviet Union nuclear waste discarded
into the Arctic Ocean and possibly entering the
Arctic (ONR 1997). This program provided $30.0
million in support of over 80 domestic and interna-
tional research projects. The assessment included:

» Characterization of the source terms;

* Screening to select the most significant radio-
nuclides;

* Examination of release scenarios such as the
breaching of dumped reactors in the Kara Sea
and deterioration of dumped waste in the Sea
of Japan;

* Transport pathways analysis;

* Bioconcentration in food webs; and

¢ Assessment of risk to both humans and marine
organisms.

The final risk assessment report focused on Alas-
kan endpoints. Conclusions in the report included:

* FSU dumping activities will not cause elevated
concentrations of radionuclides in Alaskan
waters, based on the predicted low concentra-
tions.

* It is highly unlikely that any significant eco-
logical impact will occur outside of the imme-
diate Russian dump sites.

¢ Potential human health risks associated with
ingesting Alaskan seafood contaminated by
dumping are extremely low.

* Russian wastes pose no threat to human health
in Alaska.

In particular, Alaska Native communities do not
need to alter any of their dietary habits associated
with subsistence foods obtained from Alaskan
waters.

ANWAP and its report are supplemented by
the findings of 15 years of applied and integrated
research by the Nuclear Energy Agency’s Coordi-
nated Research and Environmental Surveillance
Program (CRESP) under the Organization for Eco-
nomic Cooperation and Development (OECD). The
risk assessment framework of the CRESP has been
used to define the transport and fate of past radio-
active materials disposed of in the northeastern
Atlantic Ocean by the European community
(OECD 1996). ANWAP built on the coordinated
risk assessment approach of CRESP to conduct its
Arctic assessment of marine radioactivity, and
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together they provide a useful example. Much pro-
gress has been made on radiological issues, and
this progress will lead to understanding of pro-
cesses affecting other contaminants. Application
of the process to address multiple diverse stressors
can lead to greater understanding of combined and
cumulative effects.

2.3.6 Risk Assessment and Risk

Management

The link between risk assessment and risk man-
agement is through the translation of values identi-
fied by the management community into measur-
able endpoints in the risk assessment. To strengthen
Arctic research, this connection must be addressed.
Once done, research planning can focus on key
missing information.

More work is needed, for example, on estab-
lishing a clearer understanding of Arctic contami-
nants and their interrelationship with the global
environment and multiple stressors. This will
require sophisticated conceptual models and sus-
tained interdisciplinary studies. Studies that link
human health, ecological, cultural, and economic
effects are also needed. Human health risk assess-
ment must incorporate issues of environmental
equity to account for the potential higher risk to
Native populations consuming large quantities of
subsistence foods. The latency of effects is also an
important consideration for both humans and eco-
system change. Future research programs will be
most effective if they:

* Document temporal and spatial patterns of

stressors coupled with information on the
health of biota, structure of community, or
integrity of ecosystem function;

» Document indicators that exposure is occur-
ring (including biomarkers);

» Identify processes that enhance transport and
transformation or distribution of the stressor;
and

» Establish relationships between exposure and
potential effects of stressors.

To accomplish this, research plans should include:
¢ Planning with resource managers and commu-
nities;

* Data and information identification, including
traditional knowledge, data management,
preservation, and dissemination;

» Synthesis of available information in problem
formulation and development of conceptual
models;

» Observation and long-term monitoring and
assessment;

¢ Process-oriented research;

* Model development; and

» Linkage of risk assessment to risk management.

By broadening research perspectives to consider
interactions among multiple stressors, cumulative
effects, and ecosystem-level thinking and by pull-
ing diverse sources of information together within
a risk assessment context, the data available will
be more powerful and research in the future better
designed to support decision makers with the infor-
mation they need to achieve desired environmental
results.

2.4 Marine Science in the Arctic

The marine Arctic is an integral part of the his-
tory of our planet over the past 130 million years.
It contributes significantly to the present function-
ing of the earth and its life. The Arctic shows signs
of variability that suggest that the future may be
different from the present and the recent past, pos-
sibly including a reduced ice cover. Furthermore,
the marine Arctic is intimately involved in global
climate and in the earth’s great biogeochemical
cycles. An adequate understanding of the past and
the present Arctic, and of the processes that shape
it, is key to seeing the future of this unique region
and its impact on society, including its health and
commerce.

2.4.1 The Arctic Ocean and
Global Climate

Two aspects of the interaction between the Arc-
tic Ocean and global climate appear particularly
important. The first involves sea ice and the sur-
face heat and mass budgets. The polar regions are
the primary global heat sinks, and the Arctic Ocean
and its veneer of sea ice are major elements in the
global climate system, in part because of the
importance of the ice in controlling mass and
energy fluxes at the surface.

Considerable effort has been invested in under-
standing sea ice as a geophysical material, and
while the rheology, dynamics, and thermodynam-
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ics of sea ice are probably as well understood as
any part of the polar climate system, sizable prob-
lems remain. For example, there is not yet a clear
understanding of the strong feedback mechanisms
within the polar climate system involving ice, clouds,
and radiation that is adequate for predicting changes
in the system under anthropogenic forcing. Fur-
thermore, the state of both the sea ice cover and the
thermohaline structure and circulation of the ocean
depends on interactions between the ice and the
underlying ocean. The ice cover in turn provides a
control on the surface heat and mass budgets and
thereby on the global heat sink. From this perspec-
tive the critical issues relate to the means by which
the upper ocean salinity stratification is maintained
or altered, for on that depends both the turbulent
vertical heat flux from the warm intermediate layer
of the Arctic Ocean and the effectiveness of haline
convection in stirring the ocean. Indeed, recent
changes in the upper Arctic Ocean temperature and
salinity structure suggest that this stratification
may not be as robust as previously thought.

The second major connection between the Arc-
tic Ocean and global climate that has come to the
foreground during the past decade is the oceanic
component of the global water cycle. Each year
about 3000 km?3 more sea ice is frozen within the
Arctic Ocean than is melted. This surplus of low-
salinity ice is largely exported through Fram Strait,
and once into the convective gyres of the Green-
land-Iceland Sea system, it has the potential to
influence the overturning cell of the global ocean
through a control on the dense overflows that feed
the North Atlantic.

Atmospheric Hydrology and Controls on
Upper-Ocean Salinity

The large-scale atmospheric circulation contrib-
utes to the Arctic Ocean’s freshwater anomalies in
several ways, including the direct fluxes of precip-
itation and evaporation at the ocean surface, and
lateral inputs originating as precipitation and evap-
oration over terrestrial watersheds. The net ter-
restrial precipitation and evaporation eventually
reach the Arctic Ocean as river runoff. Over the
long term the Arctic Ocean balances this positive
atmospheric influx of fresh water by a net advec-
tive export of fresh water (including sea ice) to
the North Atlantic and the Canadian Archipelago.
However, the variability of the various freshwater
budget components is poorly documented.

The Arctic Oscillation
In an ongoing investigation a close connection

between variations in Arctic sea-level pressure,
lower-troposphere temperature, and the strength of
the stratospheric polar vortex has been observed.
This large-scale mode of atmospheric variability,
termed the Arctic Oscillation (AO), is centered on
the Arctic and extends well southward into the
North Atlantic and Pacific. It spans a range of time
scales from monthly to interannual, and the well-
known North Atlantic Oscillation (NAO) emerges
as a subset of this broader mode.

Variations in atmospheric circulation correspond-
ing to the AO have profound implications for the
advective fluxes of heat and moisture into the Arc-
tic and for the wind-forced motion of sea ice and the
underlying ocean. The periodic strengthening and
weakening of the anticyclonic sea ice and ocean cir-
culation appears to be one manifestation of this.

Radiatively Active Trace Gases and Aerosols

Trace gases and aerosols play key roles in the
forcing of Arctic climate and climate change.
Measurements along the coast of the Arctic Ocean
show that concentrations of carbon dioxide, meth-
ane, CFCs, and other trace gases have increased
substantially over the past several decades. Because
these are greenhouse gases, they are enhancers of
downward long-wave radiation and potential trig-
gers of feedbacks involving Arctic surface temper-
ature, surface state, water vapor distribution, and
clouds. Feedbacks among these various quantities
must be understood and incorporated into climate
models if future climate changes in the Arctic are
to be predicted with confidence.

The importance of atmospheric aerosols in
decade- to- century-scale climate change has
become apparent in recent years. Globally the
radiative forcing by anthropogenic aerosols is a
large fraction of, if not equal to, the present forc-
ing due to greenhouse gas accumulations since
pre-industrial times.

Of particular importance to the Arctic is the
forcing by sulfate aerosol particles, which are pri-
mary components of Arctic haze. Anthropogenic
sulfate particles affect the atmosphere through the
direct scattering of short-wave radiation and
changes in the concentration of cloud concentra-
tion nuclei (CCN), which may, in turn, modify
cloud formation, cloud lifetime, and the radiative
properties of clouds.

There is the likelihood that the northern oceans
may contribute significantly to the atmospheric
sulfur budget. Evidence for such a contribution
includes the relatively high levels of dimethyl sul-
fide (DMS) in seawater in northern latitudes, as
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well as the high mixing ratios of DMS in the air
above the northern oceans. A quantitative assess-
ment of this contribution is needed, especially since
the spatial and temporal gradients imply large varia-
tions in the radiative forcing by aerosols over the
Arctic Ocean. Aerosols may also serve as impor-
tant hosts for chemical reactions that destroy
tropospheric ozone. Recent findings suggest that
reservoirs of acidic chlorine and bromine com-
pounds that are inactive in ozone destruction are
converted to active chlorine and bromine gases on
sulfuric acid aerosols.

Finally, modeling of polar trace gases and
aerosols will require accurate simulations of the
exchanges of aerosols (anthropogenic and natural),
as well as their precursors, between the Arctic and
middle latitudes. Since the middle latitudes are the
sources of most of the anthropogenic gases and
aerosols affecting the Arctic radiative budget,
models must capture the pathways of trace gases
and aerosols to the Arctic, as well as their eventual
fate in the Arctic.

Arctic Variability and Sensitivity

Largely because global warming simulations
suggest an amplified climate response in the Arc-
tic, it has been argued that Arctic climate provides
an early warning of global change. It has also been
pointed out that climate variability in the Arctic is
Jarge, so that a weak signal-to-noise ratio may ini-
tially mask climate trends. It seems likely that
both the amplified climate response and the large
natural variability are connected with the strong
feedbacks that characterize the Arctic climate sys-
tem, feedbacks that involve sea ice

The past decade has seen a reduction in ice

extent within the Arctic Ocean, especially in the
Nansen Basin during summer. There have also
been large changes in the upper and intermediate
layers of the ocean, as well as other changes with
climatic implications. The deep Greenland Sea has
continued its multidecadal trend toward warmer
and saltier conditions, with a corresponding
decrease in oxygen content. All in all, there is
sufficient evidence to support the view that the
present conditions in the Arctic Ocean and overly-
ing atmosphere, including adjacent areas in the
northern extensions of the North Atlantic, are
unprecedented during this century. One cannot say
that the Arctic is showing the early signs of global
warming, but one can say that large changes in
ocean circulation and structure, with long time
scales, are a reality, and that it would be highly
prudent to seek a mechanistic understanding and a
prognostic capability.

There are also other issues of oceanic environ-
mental sensitivity related to contaminants and pol-
lutants. These include radionuclides, persistent
organics, and metals. While radionuclides have
received most of the attention, it seems likely that,
barring catastrophic radionuclide releases, increases
in organic loading constitute the more important
long-term concern. For example, the Arctic seas
appear to be concentrating certain persistent organ-
ics, an example of the so-called global distillation
process, in which the reduced volatilization at low
temperatures leads to semivolatile compounds being
preferentially transported into the Arctic. While
these issues are complex, involving variable atmo-
spheric and oceanic sources, particulate fluxes
within the ocean, and the marine food web, the path-
ways within the ocean are strongly conditioned by
ocean circulation and mixing. The ability to pre-
dict the evolution of the material distributions of
interest therefore depends to a considerable extent
on improving our understanding of the governing
physical processes and their variability.

These various changes in the high-latitude ocean
and its ice cover, and in their material burdens,
have major implications for the people who live
and work in the Arctic, for commerce, for resource
extraction, and for marine life. In addition to their
global consequences, therefore, such changes argue
strongly through their more local implications for
acquiring a predictive capability for the Arctic
marine system.

Sea Ice Variability and Trends

The decrease in sea ice extent of 2.9% per dec-
ade since 1980 is statistically significant. Sea ice
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variability has further ramifications for climate
modeling. Because variability provides some
insight into the sensitivity of a particular model
component, it is a valuable adjunct to the more
usual mean-state comparisons between models
and observations. Further, the intimate connection
between sea ice and polar climate suggests that
incorrect variability in the sea ice distribution will
lead to unrealistically modeled variability in the
coupled atmosphere and ocean. Identifying the
principal processes that control sea ice variability
and representing them adequately in global cli-
mate models are clearly important challenges for
the coming years.

Tracer Results and Variability

Application of water mass tracers has been key
to illuminating both circulation and changes in the
Arctic Ocean and is therefore particularly impor-
tant in the present context. The distributions of
naturally occurring and anthropogenic chemical
constituents help define water mass modes and
delineate patterns and rates of circulation.

When combined with salinity, and in certain
cases other tracers, oxygen isotopes can be applied
to the problem of distinguishing between freshen-
ing due to sea ice melt and to runoff. Naturally and
artificially occurring radionuclides and other tran-
sient tracers can provide the added dimension of
time to the circulation constraints. The chemical
signals tend to integrate smaller-scale processes
and so have been used to estimate average water
replacement or ventilation times for marginal seas
and the major water masses of the Arctic.

While these contributions have broken new
ground with respect to understanding Arctic circu-
lation, the data sets on which they are based have
been quite limited both in time and space. Many of
the interpretations are based on an assumption of a
steady-state circulation, and up to several decades
of data have been combined to provide sufficient
geographical representation to deduce pathways.
As more evidence for decadal-scale variability in
the Arctic is found, steady-state interpretations
come into question. For further progress, it is nec-
essary both to complete a first-order characteriza-
tion of the tracer distribution in the Arctic and to
carry out a set of strategically located repeat sec-
tions and stations that can characterize the vari-
ability. In addition to large-scale shifts of circula-
tion within the Arctic, our understanding of the
role of Arctic water mass products in global ther-
mohaline circulation has come under renewed
scrutiny. It has recently been suggested that the

primary source of Denmark Strait overflow water,
which along with Jceland—-Scotland overflow
water ventilates the deep North Atlantic, is not
necessarily or exclusively a local product of con-
vection in the Nordic Seas, but rather it may also
include Atlantic waters that have circuited the Arc-
tic Ocean at middepth to exit with the East Green-
land Current.

Arctic History in a Global Context

The history of the Arctic Ocean should be stud-
ied in the context of its global connections. Arctic
history is essential for understanding past changes
and predicting future change. Some processes or
conditions that operated in the past are either not
operating today or are operating at drastically dif-
ferent rates, such as ice sheets that covered the
Barents Sea. Many natural systems operate in
more than one mode, with rapid switches between
modes when threshold conditions are reached. A
dramatic example for this is found in the Green-
land ice core record, where about half of the tem-
perature change from the last glacial period is
reported to have occurred in less than three years.

The paleoceanographic—paleoclimatic history
of the Arctic is linked to its tectonic evolution.
Tectonic control on narrow straits such as Fram
Strait and eustatic control of other openings to the
world ocean along with the geologic history of the
surrounding continents define the history of the
Arctic Ocean and to some extent adjacent seas to
the south. During most of the Cenozoic the Arctic
Ocean exchanged water with or received water
from the Atlantic, Pacific, and continental runoff.
The variation in these fluxes coupled with changes
in sea ice extent and thickness over time has con-
tributed to the complex history of this ocean basin.
Thus, understanding its history will require eluci-
dation of the linkages between tectonic, oceano-
graphic, and climatic processes, a multidisciplin-
ary undertaking that is perhaps unique in marine
science.

The contrasting tectonic histories of the Eur-
asian and Amerasian Basins present the opportuni-
ty to examine the unique interaction of midocean
ridges with continents, the microplate tectonics,
and the sea-floor spreading process itself. The
absence of a comprehensive plate tectonic history
for the Cretaccous-aged Amerasian Basin has
hampered our understanding of Arctic continental
geology. The ultraslow-spreading Gakkel Ridge is
unique in composition and structure, providing an
end member to contrast with other midocean
ridges and an excellent example of the interaction
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between such ridges and continents where it inter-
sects with the Russian continent at the Laptev Sea.

There are three major research thrusts dealing

with and linking these Arctic history themes:

» The first is the interactions of the Arctic
Ocean and its adjacent seas with global envi-
ronmental dynamics in understanding the
earth’s changing climate, both on decadal and
millennial time scales.

o The second is the nature and history of litho-
spheric dynamics in the Arctic and is focused
on structural features such as the ridge com-
plexes.

» The third covers shelf processes, sediment
fluxes, and the complex land—sea interaction.

The Arctic Ocean is surrounded by the largest

continental shelves on earth. Both broad and shal-
low, these shelves are sensitive to sea level fluctu-
ations and large seasonal, fluvial discharges that
influence sea ice cover and depositional environ-
ments. These shelves are of great importance to
indigenous Arctic people and, because of the poten-
tially vast economic resources on these shelves, to
the entire U.S. future economy. The impact of Arctic
shelves on global change is yet to be determined
but will certainly involve sea ice production and
export, geochemical and biochemical fluxes, biota,
and sediments.

Land and Shelf Interaction and Sediment Fluxes
The Arctic shelves receive and interact with
discharges from several large rivers, totaling 10%

of the global discharge. The history of anthropo-
genic pollutants is most likely recorded in the mar-
ginal marine and shelf sediments. The impact of
changes in these anthropogenic fluxes should also
be recorded in the biogenic sediment archives
(fossils and biochemical proxies). Reconstructing
the sedimentation history on the shelves will facil-
itate understanding of the history of riverine dis-
charge, which plays an important role in maintain-
ing the low-salinity surface water layer and thus
the sea ice cover in the Arctic Ocean. The sedi-
ment flux onto and across these shelves and slopes,
both present and past, is an important part of the
sediment budget in the Arctic because the central
Arctic Ocean has much lower deposition rates
than the shelves and slopes. Much more research
on sediment fluxes across all Arctic shelves needs
to be undertaken to understand the variability in
processes among the different parts of the Arctic.
Sediment transport via sea ice has also been
shown to be important, perhaps the most important
process today. We still understand very little about

how sea ice entrains sediment, how it disperses it
(today and in the past), and how variable these
processes are.

Permafrost is an important and unique aspect of
the Arctic coastal zone and even some offshore
areas. The impact of the onset and temporal varia-
tions in the thickness and extent of permafrost is
unknown. In addition, ice sheets have existed on
some Arctic coastal areas continuously for more
than 100,000 years, while in other areas (Baffin
Island and Novaya Zemlya) ice sheets have devel-
oped only during the last 10,000 years. Even over
the last 50 years some glacier termini have retreated
rapidly while others have changed little. Also, little
is known about the source and conditions of snow
accumulation that eventually leads to ice sheets on
Arctic land or marginal marine areas. As a conse-
quence, predicting changes in sea ice extent and
iceberg production that influence commercial sca
routes and both Native and commercial fishing
remains difficult. Because the shelves are the
primary areas in the Arctic for new sea ice for-
mation, understanding and predicting ice produc-
tion and export from the Arctic Ocean, along with
their potentially important role in global climate,
depend on a better understanding of the interac-
tion of the factors involved, such as river dis-
charge, ocean currents, winds, etc. The sediment
archive of sea ice cover over the different shelves
should be useful along with paleoceanographic
and paleoclimatic proxies in providing this under-
standing.

Continental Shelf Resources

The widest shelves in the world occur in the
Arctic. The potential resources on and under these
shelves are equally vast but remain largely unstud-
ied, except for the North Slope of Alaska. The Arctic
shelves potentially contain the largest methane
hydrate deposits in the world, and these deposits
are not only of economic interest but need to be
identified and studied because of their potential
importance to global warming. Mapping the geo-
morphologic features is essential to understanding
sedimentological processes that form canyons,
gravity slides, and slope sediment and that deter-
mine the final fate of sediments and the possible
mineral resources as well as contaminants that
they transport. This mapping could best be done
by submarines equipped with a seafloor character-
ization and mapping pod (SCAMP) and other
acoustical bottom-surveying equipment mounted
on a submarine or surface vessels where ice condi-
tions permit.
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Tectonic History of the Arctic Basin

The opening of the Eurasian Basin was a major
tectonic event that had profound effects on the
world oceans because it allowed the fresh ice-
laden waters of the Arctic a pathway to the south.
The exact effect of this opening on both the Arctic
Ocean and the North Atlantic is still uncertain. The
resulting Gakkel Ridge is different in its petrology,
morphology, and structure from any other mid-
ocean ridge. As such it provides a superb test of
the models and hypotheses developed from studies
of faster-spreading ridges. Its uniqueness also
makes it an excellent ridge for studying the petrol-
ogy of the upper mantle and the processes involved
in upwelling, melting, and crustal generation. The
similar curvilinear form of the Gakkel Ridge and
the continental Lomonosov Ridge suggest that
studying the internal structure of this rifted conti-
nental ridge and its relationship to the Gakkel
Ridge may help our understanding of how conti-
nents rift. The Laptev Sea is also of great impor-
tance for studying the processes of initial conti-
nental rifting. It is the southern terminus of the
Gakkel Ridge and thus the location of structures
resulting from the intersection of a spreading ridge
and a continent.

Ultimately, deep sea drilling might provide
the only resolution to these questions, but addi-
tional seismic and acoustical surveys, especially
from submarines, aeromagnetic and aerogravity
surveys, and giant piston coring in locations
where slumping has uncovered the underlying
pre-Tertiary strata or crust, would add tremen-
dously to our understanding of the basin evolution.

Onset and Variability of the Perennial Sea Ice

The initiation of a perennial sea ice cover in the
Arctic should have had a major impact on global
climate, at least according to global change mod-
els (GCM). Knowledge of this event and correla-
tion to global paleoclimate would be a major
advance to understanding the interaction of the
Arctic Ocean with global climate. Equally impor-
tant is the understanding of how this ice cover has
changed since its inception. Did it ever disappear
only to re-form? If so, when and which sediment
proxies recorded this? Our ability to determine the
past thickness and extent of the pack ice cover is
limited, and much research on sediment proxies
for this change is needed.

Paleo-Proxies in the Arctic
The paleoceanographic record contained in
Arctic sediments may provide details of the past

responses of the Arctic system to changes in cli-
matic variables. A prerequisite to interpreting this
record is a baseline understanding of the contempo-
rary elemental cycles within the Arctic and their
mode of incorporation in the sedimentary record.
Only when the current spatial distributions of these
tracers and their underlying biogeochemical cycles
are better understood can variations of the abun-
dances of these tracers in the geologic record be
used to constrain theories concerning the nature
and strength of past biogeochemical processes and
paleocirculation.

2.4.2 Biogeochemical Cycles

Characterizing the Unique Arctic
Marine Environment

Understanding the Arctic Ocean’s present and
past roles in global biogeochemical cycles requires
a well-developed knowledge of the fluxes of mate-
rials into and out of the basin, as well as the type
and rates of internal transformations that occur
within the basin. Such information provides a back-
ground against which to assess the impacts of
resource exploitation or climate change. It also
provides the basis for interpreting sedimentary
records of paleoarctic conditions.

The understanding of nearly every aspect of
Arctic marine chemistry is hindered by seasonally
biased or nonexistent observations of fluxes and
internal transformation rates. Specific requirements
involve the determination of the magnitude and
time variability of riverine inputs, which deliver
10% of the global runoff to the Arctic Ocean; inputs
from the Pacific through Bering Strait; inputs from
the Atlantic through Fram Strait and the Barents
Sea; and outputs through Fram Strait and the Cana-
dian Archipelago. In addition to the water-borne
fluxes, atmospheric fluxes into the Arctic via pre-
cipitation, particulate deposition, and gas conden-
sation as well as outputs via gas evasion may be
important for certain materials. Fluxes to and from
the sediments and ice also need to be quantified.

Within the water column, rates of biologically
and chemically driven transformation processes
need to be ascertained. Significant progress can be
expected if new technologies for remote and in-situ
sampling, such as chemical sensors and water sam-
pling devices, are adapted or developed for year-
round use under Arctic conditions. Technologies
specifically designed for Arctic deployments may
be required for addressing certain problems, such
as determining the influence of ice-rafted materials
on sub-ice biogeochemical dynamics. The avail-
ability of versatile year-round platforms, including



moorings, autonomous underwater vehicles, air-
craft-supported ice camps, and icebreakers to
deploy such technological innovations in the Arc-
tic, is essential for advancing this research area.

The Role of Continental Shelves

Since shelves constitute 30% of the area of the
Arctic Ocean and can act as repositories for many
materials over a range of time scales, the biogeo-
chemical processes that occur on them have impor-
tant consequences for attenuating and transforming
the oceanic and terrestrial chemical signals. Shelf
regions are subject to highly variable physical con-
ditions, including fluctuating temperature and
salinity regimes, changing current strength, and
extremes in ice cover and light penetration. These
factors make direct observations difficult but
nevertheless essential for developing predictive
capabilities.

Multidisciplinary process-oriented studies in
shelf regions that cover a range of carbon export
conditions are required for characterizing the rate
of geochemical transformations and magnitude of
carbon storage on the shelves. .

The formation of sea ice in shelf regions leads to
entrainment of resuspended sedimentary material
within the ice. Natural and anthropogenic materials
can also be deposited on the ice surface through
atmospheric transport. The subsequent advection of
this ice into the interior basin of the Arctic and its
seasonal partial melting provide a unique mechan-
ism for transporting a variety of chemical species.
Since this transport phenomenon is unique to the
polar seas, it is important to determine what role it
plays, and has played, in supporting the biogeochem-
ical processes of the interior Polar Basin and also in
redistributing contaminants, along with the suscepti-
bility of such a mechanism to climatic changes.

Biogenic Gases

The Arctic Ocean remains an important unknown
in global atmospheric chemistry. For example, the
largest natural source of sulfur for the atmosphere
is the emission of DMS from biological activity in
surface seawater. Once in the atmosphere this sul-
fur gas is oxidized to sulfate acrosols within days.
Among the highest DMSP (dimethylsulfonium pro-
pionate, a precursor to DMS) production for any
marine organism has been shown to occur in ice. A
similar situation holds for the production of haloge-
nated hydrocarbons such as methy! bromide and
methyl iodide, which are greenhouse gases with
breakdown products that consume ozone in the
stratosphere.

Another greenhouse gas of importance in the
Arctic is methane. Sizable reserves of methane in
the form of ice-like methane hydrates, also known
as clathrates, exist in onshore and offshore perma-
frost and underlying continental slope sediments
in the Arctic. The global reserve of methane in
hydrates is estimated to be twice as large as all
other known sources of fossil fuels. The develop-
ment of methane hydrates as a fuel source is the
subject of major new research in the U.S. and
abroad. There is speculation that Arctic hydrates
will be the first to be exploited for reasons of
accessibility and existing infrastructure.

Understanding Contemporary
Biogeochemical Cycles

Determining the magnitude of particulate fluxes
from surface waters is critical to constraining a
range of issues in the Arctic Ocean, including car-
bon cycling and the health of the ecosystem, the
fate of contaminants, and interpretation of paleo-
depositional records. To what degree the Arctic
acts as a net sink for carbon and other materials
will depend strongly on what fraction of primary
production escapes remobilization in surface
waters and is exported into subsurface waters, and
how much of this material is preserved in the sedi-
ments. Particle export, which is a sporadic pro-
cess, is best assessed by combining methods such
as time-series sediment trap observations in a vari-
ety of locations with integrative approaches that
involve interpretation of naturally occurring parti-
cle reactive radiotracers.

Any comprehensive understanding of seques-
tration of carbon and other materials within the
Arctic requires estimates of the rate at which par-
ticulate matter is delivered to the deep waters; this
information is also required for interpreting the
sediment record. Although logistically challeng-
ing, long-term deployment of sediment traps and
co-located cores could be accomplished at key
focations in the major basins and on the continen-
tal shelves. Seasonal sampling for natural radionu-
clides and other related parameters of the water
column should also be carried out along sections
in the same areas.

2.4.3 Health of the

Arctic Marine Ecosystem

Productivity, the Food Web, and Ecosystem Health
The studies of this past decade are markedly

changing our understanding of the Arctic Ocean.
Large-scale Arctic Ocean circulation appears sub-
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Ject to variability on a range of tirne scales that we
are just beginning to appreciate. Chemical tracers
have been essential in identifying shifts in circula-
tion patterns over a range of spatial scales and in
estimating time scales of water mass renewal. The
long-held notion that the central Arctic Ocean is a
biological desert due to light limitation by the ice
and snow cover has changed dramatically in recent
years. Substantial active in-situ carbon and nutri-
ent cycling has been documented under the ice
cover, which may provide a critical source of
micronutrients. Certain shelf regions of the Arctic
have recently been documented (o support some
of the highest primary and secondary production
levels in the world’s ocean.

The Arctic’s remote location and relatively
sparse population do not protect it from industrial
and agricultural contaminants produced at lower
latitudes. Chemical fingerprinting of ice, snow,
seawater, and sediments have demonstrated deliv-
ery pathways that include the atmospheric as well
as terrestrial and oceanic domains. The short, lipid-
rich Arctic food chain renders the Arctic ecosystem
particularly prone to biomagnification of organic
herbicides and pesticides and certain heavy metals
that ultimately impact human inhabitants of the
north.

A key issue for biological studies in the Arctic
is the need to be able to predict and understand
marine ecosystem structure and function in the
face of planetary change. There are also issues of
general scientific interest embedded in the food
chains of polar oceans, such as the regularity in
plant growth driven by the annual insolation cycle.
This characteristic affects evolution in the life
cycles of marine organisms and adaptations in
their physiology. Studies on primary and second-
ary production are essential for understanding
trophic-level dynamics and the food web structure
of biological systems, as well as biogeochemical
cycling in the Arctic ecosystem. The following
section outlines important issues related to trophic-
level structure and function, contaminant input,
and associated research tasks and strategies to
better understand the health of the Arctic marine
ecosyslem.

Primary Production: Phytoplankton

Estimates of primary production and its fate in
the Arctic marginal seas, and especially in the cen-
tral basins, are severely limited by insufficient
understanding of the controlling environmental
factors on both temporal and spatial scales. Pri-
mary producers in the Arctic include phytoplank-

ton, ice algae, and benthic microalgae and macro-
phytes. Although ice algae have historically been
considered of minor importance, recent studies
indicate that it may be more important to total pri-
mary production rates in the Arctic Ocean Basin
than previously estimated. Bottom ice communi-
ties are most concentrated on first-year ice with
higher light penetration and nutrient supplies. By
contrast, phytoplankton blooms are widespread in
open waters and even in the perennial pack ice.
The largest amount and variation in primary and
secondary production occur over the continental
shelves of the Arctic Ocean and surrounding mar-
ginal seas, which comprise an extensive area that
is important to biological activity and carbon
deposition or export.

The partitioning and cycling of organic matter
into particulate, dissolved, and gaseous fractions is
very important, and changes in ice cover will very
effectively change the significance of the Arctic as
a source or sink of several gases of climatic impor-
tance, as described earlier under Biogeochemical
Cycles.

Secondary Production: Zooplankton and Bacteria

The pelagic food web in the Arctic Ocean may
vary from large phytoplankton that are consumed
directly by microcrustaceans to a microbial food
web, as in most oligotrophic marine waters. Recent
investigations indicate that heterotrophic bacteria
and protozoans in the microbial loop typically
dominate later ip the growth season. The primary
link between plants and higher trophic organisms
in the sea (for example fish and some marine
mammals) is zooplankton, which often have adap-
tations that allow them to exploit periodic or epi-
sodic availability of food. These adaptations, along
with the food supply, are usually tied to regional
water mass movements or other predictable physi-
cal aspects of the environment.

Bacteria consume dead organic matter and dis-
solved organic matter released by phytoplankton,
and their role in structuring Arctic marine commu-
nities requires further study. Important topics
related to zooplankton processes include the role
of zooplankton in structuring food webs by prefer-
entially consuming protozoans (microbial loop),
diatoms (classical loop), or ice algae. In addition,
a better understanding is needed of the role of pre-
dation in population and community dynamics.
Zooplankton grazers can drive a food web toward
fish and bird production, while the absence of
such grazers leads to a food web dominated by the
benthos. An important question is whether this
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Spring breakup at the Nikolai
Creek sockeye salmon
research site,

would change under reduced ice cover, causing a
major shift in the relative importance of the ben-
thic fauna and pelagic zooplankton, which in turn
would have a dramatic cascading effect on higher-
order food consumers.

Secondary Production: Benthos

Benthic fauna in polar regions are characterized
by slow metabolic rates, long life spans, and large
biomass levels. Short food chains characterize the
Arctic, particularly on the continental shelves and
in under-ice communities, emphasizing the tight
connection and transfer potential of carbon and
contaminants between lower and higher trophic
levels (plants to marine mammals and humans).
Benthic-feeding marine mammals (such as wal-
ruses, gray whales, and bearded seals) are com-
mon in the Arctic, and they would be affected
directly by a reduced ice cover. Factors affecting
lower trophic dynamics have the potential to cas-
cade quickly to higher trophic levels (fish, sea-
birds, and marine mammals) and ultimately to
humans. Changes should also be expected in the
efficiency of carbon transfer between primary pro-
ducers (water column, ice, and attached macro-
phytes) and benthic consumers. A reduction or loss
of imported carbon from the euphotic zone could

directly impact benthic production, resulting in
large disruptions in the migratory habits of endan-
gered and commercially important marine fish and
mammals.

The Arctic contains 35% of the world’s conti-
nental shelves and some of the largest populations
of seabirds, fish, and marine mammals that are
consumed by humans. Recent studies suggest that
ice algae may act as an early season carbon source
to “jump start” the biological system prior to sig-
nificant phytodetritus flux, although its influence
probably depends on whether this production is
over the shelf or the deep basin. Changes in carbon
usage and transport over the continental shelves can
influence the amount of carbon exported into the
Arctic Basin, either to be used in surface waters or
sequestered in deeper waters under the halocline
of the Arctic Ocean. The timing, extent, and type
of primary production (ice algae vs. open water
phytoplankton) can influence water column and
benthic faunal communities, so potential changes
in these parameters may ultimately influence the
relative importance of water column and benthic
community dynamics.

Secondary and Tertiary Production:
Higher Trophic Levels

Higher trophic animals are key indicators of the
health of the Arctic marine ecosystem and ulti-
mately have a direct impact on the indigenous
populations that consume them. Arctic marine
mammals have undergone large population fluctu-
ations due to human hunting and climatic fluctua-
tions. The consequences of ecosystem change in
the Arctic (for example, as a response to future
global warming) to population diversity and den-
sity of marine mammals and birds is of critical
importance for the cultural survival of Native
northern residents.

Numerous endemic and migratory species of
marine mammals, seabirds, and fish are dependent
on ice-edge systems and associated seasonal pro-
ductivity. Changes in marine mammal seasonal dis-
tributions, geographic ranges, patterns of migration,
nutritional status, reproductive success, and popu-
Jation dynamics may occur with Arctic warming
and varying ice extent. Ice-associated seals may be
especially vulnerable to changes in ice extent.

Human Impacts

Continental shelves are sensitive to environ-
mental forcing, providing an indication of more
widespread changes in the global environment,
although the signal-to-noise ratios in these ecosys-
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tems may be low. Shelf regions are also the focus
of human marine activity in the Arctic, including
the culturally based hunting activities of indige-
nous people, resource development, and shipping.
Recent studies indicate increased levels of anthro-
pogenic contaminants (persistent organic contami-
nants, heavy metals, and radionuclides), along
with significant resource development impacts
(release of polycyclic aromatic hydrocarbons from
oil production) in the Arctic.

Organic Contaminants and Heavy Metals

The short, lipid-rich Arctic food chain enhances
biomagnification of many persistent organochlo-
rine compounds (such as organic herbicides and
pesticides) and certain heavy metals (lead, cad-
mium, and mercury) that are transported from
lower latitudes via marine and atmospheric path-
ways. For instance, Arctic haze aerosols contain
soot, trace elements of anthropogenic origin, and
sulfate. Concentrations of pesticides in Arctic
marine fog can be several times higher than in
adjacent water or ice. In addition, modern or cur-
rently used pesticides such as triazines, acetanil-
ides, and organophosphates were designed to be
less stable than organochlorine pesticides; however,
features of the Arctic environment (such as low
temperatures and low solar radiation) slow down
the destructive processes and enable these contam-
inants to persist.

Changes in trophic pathways and flux rates due
to global change may affect the bioamplification
and delivery of pollutants to consumers of Arctic
fish, mammal, and bird populations, which may in
turn jeopardize the health and/or economic future
of traditional indigenous populations. A compre-
hensive understanding of Arctic ecosystem struc-
ture, including physical and biogeochemical inter-
actions involved with shelf-basin exchange, would
assist in analyzing global change impacts on con-
taminant transport, transformation, and fate in the
polar north.

Radioisotopes

Once released to the environment, radioiso-
topes enter biogeochemical cycles as determined
by associated chemical and physical properties of
the radioisotope. Radioisotopes that are particle-
reactive, such as cesium and plutonium, can be
scavenged and deposited within short distances
from their source. In contrast, elements that favor
the dissolved phase, such as iodine and technici-
um, can travel long distances with ocean currents
and can act as tracers of ocean circulation. The

early 1990s witnessed the release of classitied
information regarding the dumping of nuclear
wastes by the former Soviet Union into the mar-
ginal seas and the watersheds of the Russian rivers
emptying into the Arctic Ocean. Concern about the
fate of this material provided the impetus for numer-
ous physical and biogeochemical tracer studies over
the past 20-30 years. Recent studies undertaken as
part of the U.S. Office of Naval Research Arctic
Nuclear Waste Assessment Program (ONR 1997)
and the international Arctic Monitoring and Assess-
ment Program (AMAP 1997) are evaluating anthro-
pogenic radioisotope inputs to the Arctic system,
including risk assessment analyses of biological
components of the ecosystem. Data on radio-
activity and other contaminants in the Arctic have
recently been compiled in an Arctic Environmental
Atlas (ONR 1999).

Effects of Ozone Depletion

Ozone depletion events have occurred in the
Arctic over the past decade or two. Anomalies such
as the 1996 ozone hole have developed over small
areas of the Arctic periphery, typically lasting sev-
eral days. In addition to the short-lived ozone
depletion events, a general downward trend of
Arctic ozone concentrations has been detected.
Average concentrations of Arctic ozone were 10%
lower in the 1990s than in the 1970s (AMAP
1997). Associated with the ozone decrease has
been an increase in UV radiation reaching the sur-
face. Environmental effects of UV on photosyn-
thetic carbon fixation in marine autotrophs, and
ultimately man, are of growing concern in polar
regions. Marine organisms are sensitive to UV, and
ozone depletion is known to have significant
effects on phytoplankton productivity in the Ant-
arctic, resulting in a reduction in the global carbon
sink for anthropogenic carbon. Further disruptions
of the marine food webs may occur because UV
radiation can damage zooplankton and fish (partic-
ularly the egg stage in shallow waters), which
would ultimately impact higher trophic levels,
including humans.

Research Needs and Strategies

Research issues important to understanding Arc-
tic ecosystem dynamics require knowledge of sea-
sonal and interannual variations in ice cover and
other physical aspects influenced by climate varia-
tion. Understanding the proximate and ultimate
controlling factors of various trophic-level standing
stocks and production rates is essential for inter-
preting ecosystem change occurring presently in
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the Arctic, as well as interpreting past shifts in
trophic-level importance, including paleoentologic
proxies from the sediment record. Major research
issues include:

« The distribution, magnitude, and seasonal
variability of primary production (total and
new) and secondary production (bacteria,
zooplankton, and benthic fauna);

» The biogeochemical cycling of organic sulfur
and halogenated compounds among the vari-
ous food chain compartments (phytoplankton,
grazers, and bacteria);

» The causes and consequences of variations in
abundance (space/time distributions) of higher
trophic organisms (fish, seabirds, and marine
mammals);

» The quantity of fixed carbon consumed, seques-
tered, and exported within each ecosystem
(shelf, slope, and basin);

» The effects of human impacts on the Arctic
marine ecosystem (individual species to ecosys-
tem level), assessed from studies of increased
UV radiation to organic contaminant cycling;
and

» The small-scale physics and large-scale
dynamics of air—sea—ice interactions.

It is clear that appropriate research strategies
are needed for describing and understanding the
Arctic marine ecosystem, including a mixture of
retrospective analyses, time-series data, process
studies, and modeling. Evidence of change in the
Arctic environment is rapidly accumulating.
Although the effects of these changes on physical
and chemical dynamics are now being recognized,
coincident effects on the biological systems are
more difficult to assess.

More information is needed on the amounts and
controlling factors of primary production (phyto-
plankton and ice algae) in the marginal seas and
the central Arctic in order to assess and predict the
effect of environmental changes on Arctic ecosys-
tems and biogeochemical cycles. Estimates of pri-
mary production suffer from chronic spatial and
temporal undersampling, as well as reduced effi-
cacy of satellite data due to ice, snow, and cloud
cover in the Arctic. Very few time series exist to
establish seasonal patterns, and there are almost no
observations during breakup, which may be a time
of high primary and secondary production.

Both system-based and process-oriented studies
are necessary for assessing biological production
in the Arctic marginal seas and the central Arctic.
System-based studies investigate geographical,
spatial, and temporal variations of key biological

and environmental parameters. Process-oriented
studies are necessary to determine the relationships
between variations in environmental and biological
parameters and the production and fate of fixed
carbon through the ecosystem. Ice-capable ships,
ice stations, submarines, moorings, and autono-
mous vehicles are major platforms projected for a
coordinated study of the Arctic ecosystem. Key
locations (such as Fram, Bering, and Barrow Straits,
the broad western Arctic shelves, and the Canadian
Archipelago) should be investigated intensively.

A useful approach to understanding the Arctic
marine ecosystem may be through intensive studies
of subsets that can be scaled up to regional and
larger assemblies via coupled modeling. For exam-
ple, the significance of the shelves to the larger
Arctic marine ecosystem is currently being
addressed through the NSF Western Arctic Shelf
Basin Interactions (SBI) project. This effort is
intended to illuminate the physical and biological
shelf and slope processes that influence the struc-
ture and functioning of the Arctic marine ecosys-
tem, with the larger goal of being able to predict
the impact of global change on ecosystem function.

The use of the Arctic as a regional laboratory for
questions in astrobiology is being planned by both
NSF and NASA, with the ice-covered Arctic Ocean
considered an analog of possible habitats for microb-
ial life on other solar bodies, such as Jupiter’s ice-
covered moon Europa (AMES report 1998).

Understanding the forcing functions and ecosys-
tem response to perturbations, be they natural
oscillations, human-induced global warming, or
anthropogenic contaminants, is critical to evaluat-
ing the past, current, and future environmental con-
dition of the Arctic. Ultimately ecosystem model-
ing must be used in conjunction with field analyses
to predict the effects of global and climate changes
on the biological production and fate of organic
carbon in the Arctic.

2.4.4 Strategic Considerations

The practical constraints on Arctic marine
research are considerable, ranging from those
imposed by a difficult working environment,
through requirements for international arrange-
ments in politically sensitive areas, to a need for
significantly increased funding to increase our
national capabilities. Given these constraints, we
believe that an effective strategy must:

» View the Arctic in a global context;

» Move toward a symbiosis of measurement,

modeling, and retrospective analysis;
» Provide access to the entire marine Arctic;
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* Lead to effective international coordination;
* Develop and maintain efforts sufficient to
create usefully long time series;
* Extract and use existing data in both the pub-
lic and private sector;
* Recognize the dependence of Arctic coastal
residents on the marine environment; and
* Consider existing and proposed industrial
activities in the marine Arctic.
We recognize that while the marine Arctic is seri-
ously underobserved and its simulation is deficient
in major aspects, sufficient progress has been made
during the past decade to believe that a useful pre-
dictive capability can realistically be achieved.
Doing so, however, will require a considerable
expansion of our present capabilities.

Scientific Access

Scientific access to essentially the entire Arctic
Ocean and its peripheral seas is required during
the next decade, as there are substantial limits to
what can be achieved through piecemeal investi-
gations. This will require stably funded and scien-
tifically responsive logistics, but it will also require
predictable scientific access to the exclusive eco-
nomic zones that cover much of the Arctic. In par-
ticular, it will require mechanisms that can with
some confidence provide access to the Russian
shelf and slope regimes. This in turn will require
commitments at levels of government far higher
than is customary in arranging such work. It is
also important that the large Canadian marine Arc-
tic, including the major passages through the
Canadian Archipelago, remain scientifically acces-
sible in the face of changing regional governmen-
tal structures and responsibilities in Canada. The
importance of the Arctic shelves and slopes looms
very large in the research strategy of the next dec-
ade, and one cannot hope to fully meet the strate-
gic goal of predictive capability without an under-
standing of all the major shelf areas. We note that
scientific programs, including those involving
deep drilling, have been successfully completed
on other continental shelves around the world, and
these programs may therefore provide a guide for
the Arctic shelves.

Sustained Measurements

There is also a clear need to develop new meth-
odologies that are workable in ice-covered waters.
Much of the instrumentation and techniques that
have come to the fore in open ocean research in
recent years, or are contemplated, are difficult or
impossible to apply to the Arctic. This includes

methodologies as diverse as Lagrangian profilers,
sea surface altimetry from satellites, and expend-
able moorings that require surfacing to transmit
their data.

For certain parameters, such as velocity, tem-
perature, salinity, and ice thickness, moored meas-
urements are possible anywhere within the Arctic
Ocean, given the necessary logistical support, but
such measurements are expensive, and new tech-
nologies, including acoustic ones, should be sys-
tematically explored. Other parameters, including
a variety of tracers, are also important constituents
in such a long-term measurement strategy.

We therefore recommend that a long-term dedi-
cated effort be instituted to develop measurement
techniques that with confidence can be applied to
ice-covered seas. There may be special opportuni-
ties for forging new partnerships in this undertaking,
both internationally and with other government
agencies and industry, for example in developing
and utilizing autonomous underwater vehicles.

New Methodologies

There is a further distinct need for sustaining
key measurements over a long period of time (on
the order of several decades). Guidance on the
low-frequency variability of the physical system is
obtainable both from studies of the paleorecord
and from simulations and theory, but this does not
obviate the need for direct measurements. Such
long-term monitoring does not easily fit within the
NSF-academic system, except perhaps for Envi-
ronmental Observatory sites, which suggests that
cooperation from other agencies must be sought,
whether domestic or foreign. Highly successful
examples of such international and interagency
cooperation in the Arctic are the International
Arctic Buoy Program, as well as numerous polar-
orbiting satellites with special capabilities for the
remote sensing of ice and other parameters of
interest. For example, the multi-year satellite-
derived geophysical data sets now available pro-
vide a rich store of information highly relevant to
the principal research themes of this report. Impor-
tant long-term international environmental monitor-
ing programs, such as the Global Ocean Observing
System (GOOS), and international marine paleo-
climate investigations, such as the Ocean Drilling
Program, have traditionally avoided the high lati-
tudes, but a deliberate engagement of Arctic ma-
rine research with these planning efforts should be
sought.

In general in the Arctic, one has relatively little
understanding of the scales of variability, whether
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spatial or temporal, but dynamical considerations
suggest that at least the spatial scales are smaller
than at the midlatitudes. This then places a special
burden on both observational strategies and
numerical simulation, and resolving these issues
of scale and their importance will require a more
focused research effort than has been the case.

Because of the large logistic expenses of Arctic
Ocean field work, requiring either submarines or
icebreakers, small individual research is far too
inefficient. This does not mean that there should
be no individual or small group research that is not
part of a large coordinated effort because there
always needs to be support for good ideas, but
coordination of logistical support is essential and
most easily accomplished with large, well-planned
initiatives. There is no question that deep sea drill-
ing in the Arctic Ocean will be required to resolve
many of the important questions about the struc-
ture and evolution of the Arctic, but giant piston
coring and acoustical surveys should be aggres-
sively pursued immediately. At the same time a
greater effort to obtain longer deep-sea drill core
needs to be funded.

Indeed, the national interest addressed by Arc-
tic marine research would be well served by such
action because of the vital importance of the Arc-
tic shelves to the national and global economies of
the future and because of the importance of under-
standing the linkage between the Arctic and global
climate. Every effort should be made to involve
the petroleum companies in collaborative research
and to share the wealth of geologic and oceano-
graphic data on shelf areas like the North Slope.
The indigenous people of these areas also have a
vast knowledge of and interest in the coastal
marine environment that should be tapped by
direct involvement in research programs.

Interagency Cooperation

A multiagency effort is required to support the
full range and depth of research required for carry-
ing out the strategic goal of acquiring a predictive
capability for the marine Arctic and its links with
the global atmosphere—ocean system. Similarly,
in recognition of the pan-Arctic nature of such
marine research, an effective means of internation-
al cooperation is required. This may take a variety
of forms, including joint funding, bilateral agree-
ments, sharing of research infrastructure, and close
logistical coordination. Within the international
research community, Canada provides a natural
partner with whom to initially develop such sys-
tematic and sustained cooperation, as amply dem-

onstrated by the successes of the 1994 Canada—
U.S. Arctic Ocean Section and the recently con-
cluded field phase of the Surface Heat Budget of
the Arctic Ocean study (SHEBA). The experience
gained can then be used to develop similar arrange-
ments with other nations, especially Russia. Exist-
ing international programs such as the Arctic Cli-
mate System Study of the World Climate Research
Programme and the Ocean Drilling Program can
contribute additional experience and networking
potential.

Cooperative arrangements of this nature share
with large coordinated science projects the ability
to effectively leverage and use resources, including
logistics, and to promote multidisciplinary
approaches, but they need to be considered within
the context of an overall balance that also encour-
ages fresh insights and innovative approaches. The
NSF has a special role to play in this regard, safe-
guarding and promoting the opportunities to test
new ideas and approaches.

Resources and Logistics

Just as new ways of working are required to
achieve these goals for an effective scientific pres-
ence in the Arctic in support of national needs, sub-
stantial new resources are also required. Predictable
availability and known paths to these resources are
important elements in their effective use. Further-
more, individual investigators should be encour-
aged to form partnerships whenever practical to
best utilize resources. Means should also be found
to share financial resources, facilities, and logistics
internationally. The participation of NSF in the
international Ocean Drilling Program may provide
a useful model for using international scientific
infrastructure to achieve long-term and complex
goals, such as drilling in the Arctic Ocean.

Arctic marine research in the U.S. has been
severely limited by the absence of a surface vessel
capable of carrying into the ice on a regular basis
the complex array of scientific facilities that are an
essential part of modern science. The advent of the
USCGC Healy into the U.S. research fleet creates
the opportunity for the U.S. for the first time to
support its science community with a dedicated
and suitable platform available throughout the year.
It also provides the opportunity for the U.S. to
become a full international partner with other
nations who have earlier made such an investment.
To convert these opportunities to working realities
will require that administrative and operational
practices and cultures be developed that are capa-
ble of bridging the gap between the military opera-
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tor (the Coast Guard) and the largely civilian
users. We believe that this development will
require support at the highest level within the cog-
nizant organizations and a sustained and creative
effort by one or more knowledgeable working
groups with clear mandates. To make the Healy a
working reality in support of science will also
require stable funding that does not place the
working scientist in the untenable position of hav-
ing to secure operational funds. We further believe
that the scientifically most effective funding
mechanism is one that provides support for the
scientists themselves on a competitive basis and
that may be funded by a variety of agencies and
sources, including foreign. Finally, effective use
of the Healy will require a long-term planning pro-
cess to assess regional, seasonal, and programmat-
ic emphases on a multiyear basis and to identify
and coordinate schedules with escort or compan-
ion vessels on deep penetrations of the Arctic
Ocean. This may not comfortably fit the short pro-
posal cycle of NSF and other agencies, and it may
therefore require ingenuity in adapting agency
practice to the realities of Arctic planning.

We consider it unlikely that the Healy will be
able to meet all the science requirements for work
in or near ice-covered waters, in part because of
the anticipated priority use of the vessel in areas
more difficult to reach, and in part because the
vessel will be expected to cover the entire Arctic.
We therefore foresee the need for an ice-strength-
ened research vessel of medium size to work in
the marginal ice zone of the western Arctic in
summer and fall and in the Bering Sea throughout
the winter. This issue is best addressed by a panel,
building upon present and past deliberations.

The use of submarines as scientific platforms
in the Arctic dates back to the 1930s, but only
recently, through the SCICEX (Submarine Science
Ice Exercise) program, has a sustained and broadly
based experiment in such use been performed.
SCICEX employs a U.S. Navy nuclear attack sub-
marine whose seven-week mission is devoted to
scientific measurements in the ice-covered Arctic
Ocean. The five dedicated SCICEX submarine
cruises have provided an unprecedented opportu-
nity to observe the ice cover, upper ocean, and
seafloor, and an evaluation of that program is
underway in the form of a SCICEX 2000 work-
shop report. Published results to date point to the
considerable scientific potential of submarines,
especially in a survey mode, where submarines
can truly excel. For certain other applications,
such as benthic sampling, the limitations appear

severe. This suggests that the maximum scientific
return will be had when programs carried on sub-
marines and other platforms, such as icebreakers,
are carefully coordinated both scientifically and
operationally. We also strongly encourage the con-
tinued release of both past and future submarine
data, which provide the only large-scale measure-
ments of ice thickness in the Arctic.

The principal shore facility in the U.S. in sup-
port of Arctic marine science has been the former
Naval Arctic Research Laboratory at Barrow, now
owned by the Ukpeagvik Inupiat Corporation and
used in support of both education and research.
For marine science in the nearshore zone and for
work requiring field camps and aircraft support,
shore support stations are essential. We consider it
likely that aircraft operating from such shore bases
will prove a mainstay of future work on the conti-
nental shelves during winter. We further believe
that providing satisfactory shore support will
require international investments in infrastructure
at a circumpolar series of sites, perhaps six to eight
sites altogether. In addition to the laboratory at
Barrow, diverse models for such stations range
from the Canadian bases in Tuktuyaktuk and Res-
olute Bay to the NSF facilities in the Antarctic and
New Zealand, although with respect to the latter
model the Arctic presents special problems, prima-
rily associated with political and administrative
boundaries.

Coordination

Given that patterns of Arctic climate change,
for example, are nonuniform, it is important to
integrate U.S. programs with other national and
international ocean science programs to obtain a
pan-Arctic perspective. For example, the Arctic is
a very large ecosystem indeed, and full under-
standing of the levels and controlling factors for
biological production will require coordinated
international efforts to attain enough spatial and
temporal coverage. In particular, parallel research
programs in the marginal seas and basins of the
eastern and western Arctic will be necessary to
assess biological production in the pan-Arctic sys-
tem.

International coordination with Canada, Russia,
Germany, Sweden, Norway and Denmark/Green-
land is both essential and efficient. For example,
Canada has excellent shore-based logistic capabil-
ities in the Arctic, and arrangements for regular
use by U.S. investigators should be initiated. We
note also that it was international efforts that suc-
ceeded in carrying out scientific traverses of the
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deep Arctic basins by icebreakers and that are cur-
rently promoting broad initiatives in climate (the
Arctic Climate System Study of the World Climate
Research Programme) and solid earth sciences (the
Nansen Arctic Drilling Program). Furthermore, if
one is to understand how the Arctic is or is not
changing, long-term studies are essential. These
efforts will also require international cooperation.

International collaboration is essential for work-
ing over the Arctic continental shelves. Multi-
national agreements for scientific studies need to
be raised as critical issues in effective political
forums. Leaving requests for access to foreign
waters up to the principal investigator is not ade-
quate for collaborative work, particularly within
the Russian EEZ. It would likely also prove valu-
able to establish a U.S. government liaison in col-
laborating countries to support Arctic research and
operations.

Finally, to encourage international collaboration,
funds should be provided for both invited work-
shops and symposia and for participation of foreign
scientists in field work and collaborative planning
efforts with NSF-funded scientists.

2.4.5 Recommendations

In support of national research needs in the

marine Arctic, IARPC recommends the following;:

» Expand support of basic research on the Arctic
marine system, with a particular emphasis on
improving predictive capabilities;

» Include in the emphasis on predictive capabili-
ties both a global perspective and a regional
one with application to more local problems
and opportunities;

+ Initiate a sustained effort to acquire marine
environmental time series, including the estab-

lishment of a marine Environmental Observa-
tory in the Arctic and a set of strategically
located repeat hydrographic sections;

Initiate a program of giant piston coring and
support the expansion of International Ocean
Drilling Program efforts into the Arctic
Ocean,;

Support continued seatloor mapping and inte-
grated geophysical measurements by subma-
rines and other appropriate means;

Initiate a sustained effort to develop instru-
mentation and measurement techniques suit-
able for ice-covered seas;

Seek release from the petroleum industry of
geophysical and coring data from the conti-
nental shelves;

Immediately pursue international cooperative
agreements for planning and supporting Arc-
tic marine science, particularly with Canada
as a natural first partner with which to ini-
tially develop such systematic and sustained
cooperation;

Facilitate scientific access to the Russian EEZ
and continental shelves through a high-level
bilateral agreement with Russia;

Use a balanced and complementary logistical
system that includes icebreakers, smaller
coastal vessels, aircraft, shore support sta-
tions, and submarines where feasible;

Ensure scientific control of expeditionary
planning, scheduling, and scientific operation
of the Healy, in the manner of UNOLS ves-
sels; and

Evaluate the logistical needs of Arctic research
every three to five years, including the need
for a smaller vessel suitable for work in the
marginal ice zone.
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3.1 New Opportunities for Arctic Research

3.1.1 U.S. Chairmanship of the

Arctic Council

The U.S chairmanship of the Arctic Council
(1998-2000) offers significant new opportunities
for expanded national and international coopera-
tion in the field of Arctic research. U.S. agencies
are examining how best to contribute data to ongo-
ing research programs being conducted through
the Arctic Council’s working groups and also
whether there is scope for new research on issues
relating to environmental contaminants, pollution,
human health, and biodiversity. Given the Coun-
cil’s mandate with respect to sustainable develop-
ment, there is also scope for renewed emphasis on
research in the social sciences.

3.1.2 Remote sensing

High-latitude satellite observations continue to
expand with unprecedented broad coverage moni-
toring conditions across the Arctic. This capability
has been established as part of a multiagency man-
date to provide tactical support to weather fore-
casting, shipping, and other operational activities
and to provide a network of observations in sup-
port of space, climate, and ecosystem-related
research.

A 20-year, cross-calibrated record of conditions
across the Arctic has now been generated by
space-borne passive microwave sensors operated
through the auspices of the Defense Meteorologi-
cal Satellite Program. The data have provided early
indications of unusual ice conditions that have
prompted much research and have assisted in sea-
sonal forecasts, as well as providing a robust
source of daily information on ice conditions
across the whole Arctic. Wide-coverage data have
recently been expanded considerably through the
addition of synthetic aperture radar (SAR) data
from the Radarsat program (Canada), with the
“Arctic Snapshot” providing coverage of most of
the Arctic every few days. This is a collaborative
program between NASA and the Canadian Space
Agency. The resolution of these data is sufficient
to enable detection of subtle lead openings and
pressure ridge formation in the ice while at the
same time providing this information over a wide
area of the Arctic. This promises to revolutionize
our knowledge of the nature of the interaction

between the ocean and the atmosphere, taking us
one step nearer to understanding the role of the Arc-
tic in the climate system. Recent improvements in
ground processing of data have also resulted in
newly enhanced capabilities for monitoring sea ice
drift, with associated benefits to models of the
Arctic ocean—ice—atmosphere system.

Operational monitoring of the Arctic at the
National Ice Center (NIC) has been revolutionized
recently by the addition of wide-coverage SAR
observations to the suite of available data sets, and
by migration of operations to a fully digital data
analysis environment, with efficient use of the
Internet to support data ingestion and product dis-
semination. Operational monitoring at the NIC has
also been aided by support from the Fleet Numer-
ical Modeling and Oceanography Center and
NOAA/NWS Ocean Modeling Branch, with data
archived by the NOAA/NESDIS Satellite Active
Archive. The NIC has also been involved in imple-
menting the Environmental Working Group initia-
tive to provide digital climatology data for the
Arctic in support of science research and has
established a science team to improve links be-
tween the scientific research and operational ice
monitoring communities.

Remote sensing data have also played a key role
in recent investigations of the state of the Greenland
ice sheet, as part of the Program for Arctic Regional
Climate Assessment (PARCA). This massive body
of ice, with a maximum thickness of about 3 km,
has the potential to have a significant impact on
sea level. Recent studies using satellite radar alti-
metry and airborne laser altimetry have demon-
strated significant regional differences in rates
of thickening and thinning, indicative of a com-
plex evolving system. These intriguing results
will be studied further through the Geoscience La-
ser Altimeter System, due to be launched in 2001
on ICESAT. Future research in Greenland, as well
as in other Arctic icecaps and glaciers, will also be
enhanced through the application of SAR interfer-
ometry, which is able to map ice velocities and
detect subtle changes in surface form and condi-
tions. SAR interferometry has application to the
study of glacier motion, as well as to crustal defor-
mation and volcanic swelling.

Remote sensing of the Arctic will enter a new
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generation with the launches of NASA’s Earth
Observing System suite of sensors, AM-1 in 1999
and PM-1 the following year. This will provide an
integrated observing system that includes sensors
from a wide range of the electromagnetic spectrum.
With observations recorded from the same plat-
forms, geophysical phenomena can be studied using
a wide range of sensors without the time lapses in
observations that, in the past, have limited their
synergistic value. For example, the advanced
microwave radiometer sensor (AMSR) will pro-
vide information on continental snow cover distri-
butions and thicknesses, land surface wetness, sea
surface temperature, and sea ice concentrations
and temperatures. The planned convergence of the
DOD-NOAA-NASA weather program, with the
launch of NPOESS, continues this philosophy.
There has been, and will continue to be, interna-
tional cooperation to make efficient use of
research resources, this being particularly impor-
tant for the monitoring and study of major compo-
nents of the Arctic system.

3.1.3 In-situ Sensing

Ground-based observations are being revolu-
tionized by emerging new technologies. Precision
navigation from portable low-power receivers is
possible from the satellite-based global position-
ing systems. A number of options for data teleme-
try are evolving, including specialized communi-
cation microsatellites, an ionospheric-path HF
radio frequency with digital packet switching, and
a ground-plane MF radio frequency over ice.
Advances in low-power microprocessors and mass
storage media (optical disk, digital audio tape,
video tape) have provided a new generation of
programmable, high-capacity dataloggers for field
experiments. Innovative sensors and signal pro-
cessing techniques based on acoustic and optical
propagation have opened up new dimensions in
probing the structure of the atmosphere, ice, and
ocean. New materials and high-density energy
sources have spawned a new generation of remote
platforms, such as buoys and autonomous detec-
tors. Instruments based on such new technology
will enable radically new adaptable and interactive
observational strategies for process studies, as
well as provide the means for long-term, real-time
monitoring of primary variables at remote sites.

3.1.4 Fisheries Management
Bering Sea stocks cannot be fished indiscrimi-
nately without irreversible changes in the popula-

tion structure and yield. Agreements between the
Presidents of the U.S. and Russia reflect the
heightened consciousness regarding the rich fish-
ery, wildlife, mineral, and heritage resources of the
Bering Sea region.

Representatives of the State of Alaska have
called for a study of the Bering Sea aimed at
understanding the fishery dynamics and devising
appropriate management options. The Arctic
Research Commission has concurred with these
concerns and has recommended a study of the
Bering Sea as an ecosystem.

The NOAA/National Marine Fisheries Service
(NMFS) conducts an extensive program of ecolog-
ical and stock assessment research in support of its
fisheries and marine mammals conservation man-
dates. These research programs include fisheries
oceanography to understand how environmental
changes affect resource production, stock assess-
ments to determine resource status, and recruit-
ment research to understand and forecast new
entrants to fisheries and mammal populations.

The agency and the groundfish industry carry out
large-scale observer programs to monitor at-sea
catch and bycatch of the fleet. This information is
used to set harvest levels and to allow wise use of
the resources.

3.1.5 Cultural Exchange

Work continues on planning for the Russia—
United States International Beringian Park in the
Bering Straits region based on agreements reached
by the NPS in 1990. This park would preserve the
unique environmental and cultural heritage adja-
cent regions of Alaska and Siberia. Current plans
call for continuing the highly successful past
efforts on research, cultural exchanges, and publi-
cation projects.

The Smithsonian Institution’s recent projects in
the greater Beringian region include completion
of its Russian Far East tour of the “Crossroads”
exhibition, including publication of a Russian-
language catalogue. New exhibits on Alaska and
the Aleut region have been opened at the National
Museum of Natural History, and new special exhi-
bits on Ainu and Alutiig cultures will open in 1999—
2000. A major millennium exhibition, “Vikings:
the North Atlantic Sagas,” will also open in 2000.
In addition to catalogues for these exhibitions,
new publications will include an English transla-
tion of a material culture atlas of Siberia, a Native
history of the Bering Strait region, and archival
studies of the Jesup North Pacific Expedition.
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3.1.6 Data

Common to all programs is the need for consis-
tent data management among the Federal agen-
cies. The Arctic Data and Information Program
describes this activity (see Section 4.2).

3.1.7 U.S.—Russia Collaboration

The ending of the Cold War and the opening of
relations with the former Soviet Union offer an
unprecedented opportunity to develop bilateral
research programs on Arctic scientific issues of
common concern to the U.S. and Russia. Several
bilateral agreements already exist to promote
cooperative efforts in the areas of environmental
protection, oceans research, basic science, fisher-
ies management, and energy technology. An
extensive amount of data has been exchanged with
the former Soviet Union and now Russia over the
last several years, which include data from north
of the Arctic circle. These data are distributed
among the U.S. national data centers. A steady
stream of Russian scientists and science officials
have visited the U.S., offering plans and proposals
for collaborative work. Proposals for specific
projects with Federal agencies have resulted.
Many agencies have taken the initiative to develop
their own contacts and programs in Russia. Revel-
ations about environmental contamination in the
Russian Arctic and efforts to preserve and dissemi-
nate scientific data from the former Soviet Union
have been the principal motivations behind much
of this activity.

Studies of Russian, U.S., and Canadian Arctic
history continue to demonstrate the ties that have
linked Arctic people, cultures, and regions for the
past 15,000 years.

Under the Environmental Working Group
(EWG) of the U.S.—Russian Joint Commission on
Economic and Technological Cooperation, the
U.S. and Russia have developed methods and pro-
cedures for using national security data for envi-
ronmental problems of mutual interest. A key suc-
cess of the EWG has been the creation of a series
of Arctic climatology atlases using information
derived from both Russian and U.S. national
security data. The winter and summer oceano-
graphic CD-ROM atlases of a 40-year gridded
time-history have been released. Production of sea
ice and meteorological atlases is underway. The
oceanographic atlases have more than doubled the
Arctic oceanographic information available to the
world’s scientific community.

3.1.8 Oil Pollution Control

Title V of the Oil Pollution Act of 1990 estab-
lished the Prince William Sound Oil Spill Recovery
Institute (OSRI), with broad interagency participa-
tion led by NOAA and including the Department of
Interior, Department of Defense, Department of
Transportation, and Environmental Protection
Agency. The State of Alaska is working to coor-
dinate with OSRI’s development of an Arctic—
sub-Arctic oil spill research plan. The plan has
$5 million in research support from the State of
Alaska and authority (o receive up to $23 million
from an account to be established in the National
Pollution Fund.

3.1.9 Permafrost Degradation

Renewed concern for the potential damage to
infrastructure and the environment due (o perma-
frost degradation has been sparked by ongoing
initiatives to provide access to the National Petro-
leum Reserve in Alaska (NPR—A) for nonrenewable
resource development, as well as increased DOD
interest for potential National Missile Defense facili-
ties in Alaska and other Arctic regions.

Roads, airfields, buildings, and pipelines
founded on permafrost are at risk of damage when
the ground warms or thaws. This degradation
causes frozen ground to lose its strength, with con-
sequences ranging from a reduced service life to
outright structural failure. The thawing of ice-rich
permafrost produces irregular settlement and slope
instabilities that permanently alter the terrain and
have catastrophic consequences on the infrastruc-
ture.

Significantly, permafrost degradation is not a
hypothesized outcome of global warming: engi-
neers have been dealing with the effects of perma-
frost degradation for some time, and there are
documented cases of the resulting damage to the
infrastructure. Although a link with global climate
change is intuitive, factors such as microclimate,
local hydrology, glacial history, geomorphology
and materials, and increased snow depth can pro-
mote, and in some cases control, degradation at
specific sites.

In addition to the impact to infrastructure, per-
mafrost warming and thawing have dramatic
effects on vegetation, topography, and hydrologic
processes, which in turn have serious ecological
and land use implications. Warming may increase
the release of trapped methane and CO; as a
greenhouse gas. The degradation process may
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result in a dramatic increase in the mobility of con-
taminants locked in existing permafrost deposits.
The impact is initially localized and is highly
dependent on the nature of the contaminants and
the geological and hydrological conditions of the
site. The contaminants become more widespread
as warming proceeds, increasing the probability of
their introduction into the food chain and large-
scale groundwater contamination.

Historically the presence of contaminants in
solidly frozen ground has not been considered a
problem because they were thought to be relatively
immobile. Disposal practices in the Arctic still
allow for wastes to be buried and back-filled in
cold permafrost. However, since climate warming
scenarios indicate that seasonal thawing will occur
to progressively greater depths, and much perma-
frost will thaw completely, the opportunity increases
for contaminants to spread laterally and reach deeper
layers. This circumstance motivates our present
concerns. Although the effects from any individual
site may be confined, the need to address this issue
on a broad scale is justified by the potential number
of sites that are of concern.

The issue of permafrost degradation impacts vir-
tually all elements of the existing infrastructure and
future Arctic building programs, land use, and con-

taminant mobility, and raises concerns regarding
the exposure of other cold-regions nations to this
threat. Although this problem has been recognized
by the engineering community, knowledge of the
extent of permafrost areas at risk, predictions of
the rate of degradation and the resultant damage to
specific structures, and a strategy for dealing with
progressive damage are all lacking.

3.1.9 Contaminant Behavior and

Impact in Northern Polar Regions
This new program of the National Science
Foundation has as its goal to encourage research
on the physical and biological routes, rates, and
reservoirs of Arctic contaminants to develop base-
lines for natural systems. This research will pro-
vide a better understanding of the behavior of con-
taminants among the Arctic’s atmospheric, marine,
terrestrial, and estuarine systems and their impacts
on human populations and ecosystems. It is a
component of the research program described in
Section 2.2, Arctic Monitoring and Assessment,
and Section 2.3, Assessment of Risks to Environ-
ments and People in the Arctic. A complete de-
scription of this program is located at http:/
www.nsf.gov/pubs/1999/ns£9997/nsf9997 htm.

3.2 Arctic Ocean and Marginal Seas

3.2.1 Ice Dynamics and
Oceanography

A prominent feature of the Arctic Ocean is its
permanent, dynamic ice cover. This marine cryo-
sphere significantly impacts the environment on
all scales, from climatic to molecular. Critical pro-
cesses governing this impact occur in the atmo-
sphere and oceanic boundary layers above and
below the ice. A major priority is the development
of the next generation of operational ice forecast-
ing tools and models. A systematic program of
oceanographic, cryospheric, and atmospheric mea-
surements by conventional technologies, as well
as new technologies such as autonomous under-
water vehicles (AUVs), is needed to support the
objectives of this research and the interagency
program.

Among the specific SCICEX studies are inves-
tigations of the water masses in the Arctic, their
sources, and the nature of their modification by
the Arctic environment. Over the five years of

SCICEX the Atlantic inflow from the eastern Arc-
tic has been seen to penetrate even farther into the
western Arctic and has produced considerable
(approximately 2°C) warming at intermediate
depths. This warming has been accompanied by

a thinning and warming of the insulating layer
between the Atlantic inflow and the ice pack,
causing concern about the fate of the permanent
ice pack. Measuring this trend is a key need of
future Arctic environmental monitoring efforts.
The structure, distribution, and draft of the ice
pack over large portions of the Arctic are analyzed
to investigate the properties of the ice and to pre-
dict ice thickness distributions. Very detailed bathy-
metry and shallow sub-bottom profiling are also
part of the SCICEX program, employing the sea-
floor characterization and mapping pod (SCAMP)
developed by the National Science Foundation.
Obtaining high-quality bathymetry in the Arctic
has been extremely difficult until the advent of
SCICEX. SCAMP now promises to produce
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unparalleled high-resolution views of a largely
obscure ocean basin. Particular emphasis will be
placed on the Mid-Ocean and Lomonosov Ridges
and the Chukchi Borderland regions. In particular,
a portable swath bathymetric imaging system, first
used in 1998, promises to revolutionize our knowl-
edge of the geology of the Arctic Ocean.

To increase our understanding of the large-scale
behavior of Arctic sea ice, NASA has been spon-
soring the development of the Radarsat geophysi-
cal processor system (RGPS). This system, due to
be installed for operational use at the Alaska SAR
Facility during 1999, is able to monitor ice drift
over a large portion of the Arctic using data from
the Canadian Radarsat satellite. By maintaining a
Lagrangian database of these observations, the
RGPS is also able to maintain information on ice
age and deformation and, through use of an ice
growth model, ice thickness. The system promises
to significantly enhance our knowledge of atmo-
sphere—ice—ocean interactions.

Objectives

* Determine the processes, history, dynamics,
and mechanisms of ice production, deforma-
tion, advection, and decay;

* Determine the processes of renewal and mix-
ing of Arctic and sub-Arctic water masses
from large to small scales;

* Determine the large-scale circulation of the
Arctic Ocean and circulation variability and
dynamics, including the role of shelf seas,
boundary currents, and exchanges with adjoin-
ing seas; and

* Determine the mean and natural range of vari-
ability of currents and hydrographic features
in the nearshore region of the Bering, Chuk-
chi, and eastern U.S. Beaufort Seas.

3.2.2 Ocean and Coastal

Ecosystems and Living Resources
The biota of marine and coastal ecosystems are
influenced by physical processes, including sea-
sonal extremes of light and temperature. Arctic
marine ecosystems are dominated by sea ice, while
coastal ecosystems are influenced by freshwater
input and seasonal sediment loads, as well as by
seasonal sea ice. There is a need to quantify the
resulting variability in the rates of biological pro-
duction of marine living resources through long-
term and well-designed interdisciplinary research.

Objectives
* Determine the status and trends of fish, bird,

and marine mammal populations and identify
their habitat requirements;

* Monitor coastal ecosystems to detect and quan-
tify temporal changes in nutrient and energy
exchange and their effect on biota;

* Determine the magnitude and variation of
marine productivity in Arctic areas through
studies of the structure, dynamics, and natural
variability of the ecosystems;

* Consider the influence of ice and human activ-
ities on both the biotic and abiotic components
of the Arctic environment;

* Study the influence of Arctic marine productiv-
ity on the global cycling of biologically active
materials, including carbon and nitrogen; and

¢ Understand the physical and biological pro-
cesses that affect fisheries recruitment in the
U.S. waters of the Bering, Chukchi, and Beau-
fort Seas.

3.2.3 Marine Geology and
Geophysics

The Arctic continental margin and deep ocean
basin constitute one of the least understood geolog-
ical regions of the world, partly because much of
the offshore area is covered with sea ice. A better
understanding of the tectonic history, geologic
structure, sediment processes and distribution,
and climatic and glacial history of the deeper basin
will require extensive geophysical and geological
research and the integration of newly collected data
on an international scale.

Objectives

* Develop and perfect new techniques for
deployment of instruments in the harsh Arctic
environment (for example, seismic tomogra-
phy, geophysical arrays, hydraulic piston cor-
ing, and scientific deep drilling);

¢ Initiate Arctic marine geological and geophysi-
cal studies to provide information on past and
present climate change and the history of the
ice cover, support rational development of nat-
ural resources, and address fundamental ques-
tions of global geologic history and regional
tectonic development;

* Define the geologic framework, deep structure,
and tectonic history and development of the
Bering Sea region;

* Develop the capability for systematic and com-
prehensive collection of geologic data in the
ice-covered offshore regions using remote
sensing and other technologies, such as the
nuclear submarine; and
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o Determine modern sediment transport by sea
ice, icebergs, and other processes; character-
ize the seafloor sediments by coring and
reflection methods; and establish a well-
dated stratigraphy.

3.2.4 Underwater Research

Marine scientists working in the Arctic are
severely limited by vessel capability and other
logistical problems. The development of submers-
ible technology, especially remotely operated vehi-
cles (ROVs) and autonomous underwater vehicles
(AUVs), may significantly improve our ability to
study and understand the physical and biological
processes of the polar seas. The increased U.S.
policy interest in the Arctic and the biological and
physical data accumulating about it challenge
undersea technology.

NOAA’s National Undersea Research Pro-
gram’s (NURP) West Coast and Polar (WC&P)
Center, located at the University of Alaska Fair-
banks, has supported many projects in recent
years, including studies of beluga whale feeding
habitats in the Arctic and benthic response to early
season deposition of algae in the Chukchi Sea.
During the Chukchi Sea expedition the Coast
Guard Cutter Polar Sea cut a path through the
Arctic ice and provided openings so that an ROV
provided by WC&P could obtain seafloor samples.
The underside of the ice pack was found to be
home to dense mats of algae that fall to the bottom
and feed a thriving seafloor community. Bacteria
were collected in a search for new drugs. Water,
biota, and ice samples provided data on carbon
dioxide sea—air exchange to help understand the
global carbon cycle and climate change. Pictures
and additional information on this cruise can be
found on the Polar Sea’s web site at http://www.
oz.net/~polarsea.

In April 1998 the WC&P, NASA, and the Coast
Guard convened a workshop on undersea research
in polar regions. The initial objective was to

develop opportunities to employ NASA’s shallow-
water ROVs equipped with telepresence capabili-
ties in science operations using Coast Guard ves-
sels in Arctic, Antarctic and Pacific Basin sites.
The use of those vehicles would enhance the capa-
bility of the WC&P to support scientific research
in those demanding environments. Conversely,
through the use of telescience techniques for data
transfer and remote operation of robotic vehicles,
NASA could hone its ability to conduct science on
other worlds while supporting significant research
opportunities on or under the Earth. Workshop
participants and agency representatives are in the
process of developing an interagency partnership
and initiative to enhance undersea research in
polar regions.

Objectives
o Increase our understanding of the relationship
of finfish and shellfish to particular habitats
and improve population estimates;

» Study shelf and slope ecology, particularly
important biological processes and the physi-
cal and biogeochemical processes that accom-
pany them;

Study tectonic environments, such as hot spot
effects, fracture zones, and propagating rifts,
including the ecology and chemical characteris-
tics;

Study the fishery potential of seamounts,
where unique biological communities have
developed due to a combination of isolation,
bathymetry, and ocean current regime, and
search for clues to the causes of intra- and
interannual variability of fish stocks; and
Using acoustic propagation, perform physical
oceanographic studies of biological activity
under the ice in the Arctic, particularly light
and chlorophyll studies, coupled with studies
of the biological communities and ecosystem
dynamics under ice and in areas covered sca-
sonally by ice.

3.3 Atmosphere and Climate

3.3.1 Upper Atmosphere and
Near-Earth Space Physics

The goal of this research is to study upper atmo-
spheric and near-Earth space phenomena unique to
the Arctic regions. These include the aurora, parti-
cle precipitation, auroral convection and currents,
polar mesospheric clouds, Joule heating, and geo-

magnetic storms and substorms. These phenomena
are intimately linked to the Arctic environment
and culture, particularly as Arctic inhabitants be-
come more dependent on modern technology and
the Arctic economy becomes more firmly planted
in technical systems.

Many of these phenomena are driven by parti-

57



33 A omosphere and
Clunate

cles and fields originating on the sun. Particles
from the sun impact Earth’s magnetosphere, which
is connected to the upper atmosphere and iono-
sphere through magnetic field lines that converge
in the polar regions. A large fraction of the energy
entering the magnetosphere is deposited in the
polar upper atmosphere with dramatic conse-
quences. Strong currents can disrupt electrical
power systems and cause accelerated erosion in oil
pipelines. Magnetic perturbations jeopardize the
accuracy of mining exploration technology. Arctic
ionospheric disturbances interrupt the performance
of GPS navigation systems, surveillance systems,
and high-frequency radiowave propagation.

The state of the space environment near Earth
and its response to solar inputs has come to be
known as space weather. The National Space
Weather Program (NSWP) is a multi-agency pro-
gram created to develop the capability to produce
timely, accurate, and reliable space environment
observations, specification, and forecasts. The
study of Arctic phenomena represents a critical
element in understanding the way the space
weather system works.

The Arctic region is also extremely sensitive to
atmospheric changes associated with global warm-
ing. Ongoing research is showing that the sensitiv-
ity of the Arctic upper atmosphere to climate
change provides an effective means to monitor
long-term variations of the atmosphere. Warming
of the atmosphere at lower altitudes occurs in con-
Jjunction with cooling of the upper atmosphere, a
change that is believed to be manifested in the
increasing occurrence rate of polar mesospheric
clouds. Changes in the thermal structure of the
upper atmosphere have also produced a measur-
able change in the height of ionospheric layers.
These effects are being studied intensively as part
of the U. S. Global Change Research Program.

Objectives

* Observe the global-scale response of the
polar regions through a coordinated program
involving a polar network of ground-based
optical, radio, and magnetic observatories and
space-based measurements;

* Develop special research tools to address key
problems, including establishing a Relocat-
able Atmospheric Observatory and upgrading
the existing incoherent scatter radars, the
array of HF radars in the Arctic, and the ar-
rays of optical, radio, and magnetic remote
sensors, and also including establishing a
coordinated rocket program, promoting the

use of special facilities, and making use of
research aircraft;

* Maintain active theoretical programs and pro-
mote the evolution of models to describe the
unique physics of the atmosphere and iono-
sphere in Arctic regions;

= Understand solar phenomena that affect the
Earth’s environment;

* Understand electromagnetic waves, fields,
and particles in near-Earth space; and

* Develop an understanding and the ability to
make long-term predictions of radio-wave
propagation in and through the Earth’s iono-
sphere.

3.3.2 Climate and Weather

The outstanding characteristic of the Arctic cli-
mate and weather is its dramatic variability in
clouds, radiation, and surface heat exchange. Most
projections of future climate change suggest that
high-latitude regions will incur the greatest tem-
perature fluctuations. Research is needed to clarify
the impact of potential change and to address Arc-
tic weather problems occurring on a variety of
spatial and temporal scales that range from micro-
scale to global. A major need is for accurate
regional and local weather forecasts, especially
to predict such hazardous weather phenomena as
Arctic lows, storm surges, icing conditions, and
fog, which can affect human activities.

Objectives

* Develop an Integrated Arctic Climate Studies
Program as part of the USGCRP, including
studies of climate effects on Arctic indigenous
people and biological resources, and a sys-
tematic program of intercomparison between
observations and modeling results, focused on
the Arctic radiative balance, cloud processes,
and their effects on local, regional, and global
climate;

* Understand the extent to which Arctic climate
variations are amplified signals derived from
elsewhere or are generated locally as a result
of the sensitivities of the regional environ-
ment;

» Understand whether, how, and with what
result Arctic climate anomalies propagate to
middle and lower latitudes;

* Quantify snow cover and ice feedback mecha-
nisms that amplify climate change at high lati-
tudes, quantify high-latitude terrestrial ice and
snow changes, and consider their effects;

* Quantify land and sea surface—atmosphere
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momentum and both sensible and latent heat
exchanges, and model the role of surface-atmo-
sphere interactions in influencing mesoscale
tropospheric and stratospheric dynamics; and

¢ Develop a “testbed site” on the North Slope
of Alaska for making atmospheric radiation
measurements to improve mathematical simu-
lations of cloud and radiative transfer processes
in general circulation models (GCMs) as part
of the USGCRP.

3.3.3 Tropospheric and
Stratospheric Chemistry

and Dynamics

The chemistry of the Arctic atmosphere is
dynamic, changing in response to natural and human-
induced disturbances. Stratospheric ozone depletion
is a global process accentuated at the poles. Ice
core chemistry reveals current and historic trends
in global natural and anthropogenic gas and aerosol
concentrations. Expected warming trends could have
a significant influence on biosphere—atmosphere
interactions, trace gas emissions and retention, and
atmospheric photochemical processes. In addition,
an annual average of 1.7 million acres of wildfire
in Alaska has an impact on airborne particulates
and atmospheric chemistry.

Objectives

» Establish the correlation, if any, among the
chemistry of polar stratospheric clouds in the
Arctic, the ozone concentration at northern
midlatitudes, and the incident ultraviolet radi-
ation reaching the earth’s surface;
Develop a database for determining long-term
regional trends in climate and air chemistry,
including solar radiation levels and anthro-
pogenic contaminant levels (organics, metals,
radionuclides, greenhouse gases, and ozone-
depleting gases), across the circumpolar
regions of the globe;
Conduct periodic sampling of the Arctic
stratosphere and troposphere to understand
ozone depletion, atmospheric transport phe-
nomena, and the role of anthropogenic air-
borne poliutants in the Arctic;
Conduct theoretical and experimental research
to understand the chemical and dynamical
processes that deplete stratospheric ozone in
the Arctic region; and
Establish regional and seasonal variations in
sources and sinks of carbon, nitrogen, sulfur,
atmospheric gases, and aerosol species and
assess the importance of local emissions.

3.4 Land and Offshore Resources

3.4.1 Energy and Minerals

The geologic framework of the Arctic is very
poorly known because of the complexities of its
geologic setting, its remoteness, and its relative
lack of exploration. The remote frozen environ-
ment requires long lead times for energy and
mineral development. Additional information s
necessary to allow the discovery, assessment, and
mapping of new and dependable sources of oil,
gas, coal, and strategic minerals. These resources
are important for national security and indepen-
dence, as well as for local use and economics.

Objectives

e Continue systematic mineral appraisal activi-
ties and expand programs to provide periodic
assessments of the undiscovered oil and gas
and strategic mineral resources in the Arctic
on both broad and local scales;

« Evaluate unconventional energy resources
(for example, heavy oil, tar sands, gas
hydrate, solar, and wind);

» Identify energy and mineral resources for
local use;

* Use new technologies to develop a more mod-
ern and complete geologic database, increase
geologic mapping, expand modeling efforts,
and design derivative maps to address broader
earth-science questions; and

« Evaluate the economic, environmental, cultur-
al, and social implications of resource extrac-
tion and transport.

3.4.2 Coastal and Shelf Processes

Erosion rates are extremely high along the
Alaskan Arctic coast, where sea ice and perma-
frost are common. Specific questions about where
to build causeways, man-made islands, and other
structures can be answered only after basic process
information is collected, interpreted, and analyzed
carefully. Studies of coastal erosion and sediment
transport in the Arctic are needed to understand
the long-term history of the coastal area in order to
intelligently manage the coastal region. Study of
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archeological sites can provide important informa-
tion on the history of coastal platforms, erosion
rates, and land—shelf interactions.

Objectives

* Map beach, littoral, and nearshore sediment
and subsea permafrost and determine its asso-
ciated physical and chemical properties;

* Define the processes controlling the formation
and degradation of the seasonally frozen sea
floor;

* Implement long-term measurements of tides,
winds, waves, storm surges, nearshore cur-
rents, sediment distribution patterns, and
archeological sites to understand coastal ero-
sion and sediment transport processes; and

* Investigate the direct and indirect effects of
ice on coastal erosion (the influence on waves
and currents) and on sediment transport (con-
tact with beach sediments, keel gouging,
entrainment in frazil ice).

3.4.3 Terrestrial and Freshwater

Species and Habitats

The Arctic supports many unique species of
birds, mammals, fish, and plants, which are impor-
tant resources to the Nation, as well as to Alaska
Natives. Some of these resources are harvested
commercially or for subsistence purposes (for
example, food, shelter, fuel, clothing, and tools),

and others provide recreation. To assure that bio-
logical resources are protected for future genera-
tions, management agencies must have adequate
data and information on the biology and ecology of
these species, as well as information on environ-
mental attributes of importance to vital biological
processes (for example, feeding and breeding).

Objectives

* Determine the history, abundance, biodiversity,
and distribution of fish and wildlife populations
and identify their habitat requirements;

* Develop new techniques and technologies for
studying and managing biological resources in
the often-remote and cold-dominated Arctic
environments, including recovery of ecosys-
tems damaged by wildfires and other natural
and human-induced causes; and

* Improve methods for detecting and determining
the effects of human activities on the environ-
ment and identify measures to mitigate the
declines of Arctic biological resources and the
destruction of habitats.

3.4.4 Forestry, Agriculture,

and Grazing

Increased knowledge of ecosystem processes and
the current and potential productivity of Arctic and
sub-Arctic forests and soils will lead to improved
management practices for increasing sustainability
and the productivity of renewable resources. The
goals are to promote self-sufficiency among local
inhabitants and to accrue economic benefits.

Objectives

* Continue and enhance a sustained program of
research into ecosystem processes of northern
boreal forest ecosystems, focusing on issues of
forest landscape and stream ecosystem sustain-
ability and productivity over long time periods;
ecosystem stability in the face of ep