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PREFACE

A giance at a globe indicates the strategic importance of the Arctie Ocean. Adjacent nation states are Canada, Greenland,
Naorway, the United States, and the Soviet Union. When one includes other states in the upper haif of the northern hemisphere,
each within easy reach via sea and air routes, one readily concludes that the Arctic is a central element of the world’s industrial
and military might,

Quite apart from nationa! aspirations, our interest in the Arctic concerns the bounty of its resources, For centuries the
Arctic has provided food from its mammalian and fish life and, with appropriate management, could continue to do so forever,
Recently, petrateum has been discovered and its exploration begun; most experts believe that the Arctic's resources will one day
riva those of the Persian Gulf.

[t is no surprise, therefore, that in recent years nations bordering the Arctic have intensified their efforts to resolve na-
tional and international policy questions, to develop new technologies, and to understand the characteristics ot the ice and other
elements of the environment that make working in the region costly and dangerous.

The Second Annual Lecture and Seminar Series, organized by the MIT Sea Grant College Program and the MIT Depart-
ment of Ocean Engineering, brought together in March 1983 many experts from fields that will be essential 10 safe and wise use
of the Arctic. More than 200 people representing governmental, academic, and industrial institutions from the United States,
Canadg, and abroad discussed the political, scientific, and technoiogical facets of Arctic deveiopment. Two principal questions
provided a focus for participants: Whal knowledge do we have today for working in the Arctic? What are the challenges in
science, engineering, and policymaking in the decade ahead?

To answer these questions, the conference was organized into three main sections: {1) Arctic Policy looked at the issues of
international law, strategic concern, state vs. federal jurisdiction, native rights, and regulatory processes. (2} Arctic Technology
covered advances in design and construction techniques and materials for offshore plattorms and ice vansiting ships. (3} Arctic
Science and Engineering aimed at understanding the geology, geophysics, and oceanography of the Arctic, and the characteristics
and properties of the surface ice which dominates the region.

To intraduce and put into context the 15 papers presented within these major subject areas, the annual Sea Grant College
Program Lecture and the third annual Robert Bruce Wallace Lecture were held as a single event,

The MIT Sea Grant Lecture was established in 1972 with support from the Henry L. and Grace Doherty Foundation to
bring issues that affect the development and management of ocean and coastal resources before the public and the marine com-
munity. The Robert Bruce Wallace Lecture began in 1980 with support from the Aldemere Foundation to tocus on advanced
ideas in ocean engineering and give faculty and students an opportunity to meet with eminent figures in the marine field Lo dis-
cuss the potential and problems of technology development for ocean uses.

This year’s tectures and the seminars offered participants an excellent opportunity to confer and 1o build future retworks
of communication which should further understanding of the Arctic.

Planning the lectures and seminars that made up the Arctic Technclogy and Policy conference has been a joint effort in
velving the faculty and staff of the Department of Ocean Engineering, the staff of the Sea Gram College Program at MIT, prac
ticing prafessionals in the offshore industry, and the Arctic scientific community. We would also like 1o thank Christine Simon-
sen, Marilyn Staruch, and Marge Chryssostomidis for their special help. We are indebted to the authors for their outstaneing
contributions to the proceedings, to Susan Stolz for preparing the index, to the Sea Grant and Qcean Enyineering staffs 1or
coordinating the meeting, and to the Division of Polar Programs, National Science Foundation, Washington, D.C.. and Det
norske Veritas, Houston, Texas, for their partial support of the conference,

fra Dyer
Chryssostomas Chryssastomidis
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ARCTIC POLICY:
OPPORTUNITIES AND PERSPECTIVES

R. Tucker Scully

Director, Office of Oceans and Polar Affairs
U.S. Department of State

The polar regions have a fascination for
.hose whose professional or personal experi-
ence involves significant contact with them,
These beautiful and seemingly remote areas
have a powerful attraction., At least this
has been the case in my own professional ex-
perience--both with reqgard to the Arctic and
Antarctic--though to date the latter has oc-
cupied more of my attention,

With all this attraction, however, the
Arctic has an elusive quality from the policy
perspective, This is not to guestion the
concept of the Arctic, the existence of the
Arctic as a region. To paraphrase Justice
Potter Stewart in his dissenkting opinion in a
1964 Supreme Court case on porhography, "I
shall not today attempt to define it ... but
I know it when I see it." In many disci-
plines--in oceanography, metecrology, geolo-
gy and biclogy, for example--~there is a clear
sense of what is meant when one speaks about
the Arctic. Likewise, the sociologist, the
engineer, and the geogcapher all have a con-
crete idea of what is meant by the Arctic.
Indeed, if one looks at the distinguished
list of participants in this seminar and the
panels into which they arce organized, it is
evident that the Acctic has clear definition
from the perspective of many disciplines,

Nonetheless, the picture of the Arctic
for the policy-maker can be a cloudy cne.
Efforts to treat the Arctic as an integrated
whole for the purpose of governmental activ-
ity--including the definition of objectives
and the means to achieve them--have encoun-
tered significant difficulties, certainly
here in the United States. These difficul-
ties have raised the issue of whether the
Arctic is a suitable subject of integrated
policy or policies. Puot another way, the
issue has been raised as to whether the U.S.
should have an overall Arctic policy, or per-
haps as an overall Arctic science policy.

The answer to such questions is not easy.

For example, one could legitimately take the
view that Arctic matters should be treated on
a discipline-by-discipline approach, in which
objectives are not defined on a region-wide
basis, but on a functional basis. ©On the in-
ternational level, Acrctic mattecs could be
considered simply as elements in the bilater-
al relations among the states bordering the
hretic Ocean,

It is this sort of guestion that most
particularly faces the policy-raker in ap-
proaching the Arctic. Seeking to provide
preliminary answers to this sort of question
is the topic of this address. 1In so doing, I
would like to start with gecography--or per-
haps political gecgraphy.

There appear to bhe a numbec of func-
tionally adequate definitions of the Arctic
for specific purposes, It is far more diffi-
cult te come up with a definition which is
suitable for the variety of disciplines which
must be integrated in a policy sensc.  When
we use the term "Apgctic" in a political as
well as a physical sense, what dre we talk-
ing about? What are its boundaries? It is
perhaps easiest to take the second guestion
first and attempt to draw a line around the
Arctic which will usefully delimit it for
policy purposes.

A basic geographic feature of the Arc-
tic, however defined, is that its nucleus is
an ocean basin. The Arctic Ocean proper and
adjacent seas form a distinct marine area
surrounded by islands and continental land
masses. [By contrast, Antarctica is a conti-
nent surcounded by marine acreas.) The pri-
mary question in delincating the Arctic as a
region lies in how to treat the surrounding
islands and land masses. FPortions of the
land areas adjacent to the Arctic Ocean form
an integral part of the Arctic from the point
cf view of almost any discipline. But how
much, and how much viewed from a policy per-
spective?

The Arctic Circle does not appear to
be a useful boundary because it slices arbi-
trarily through national territorics at
66°30' North, and has no close fit with Arc-
tic topography and conditions. The 10°C July
isotherm {(line bounding the acea which has an
average temperature ¢of less than 10°C for
July) is the boundary for the Arctic prefer-
red by many scientists but, again, arbitrari-
ly cuts across political jurisdictions.
somewhat more useful is the line marxing the
average southern limit of ice coverage at sea
and permafrost on land--although strictly
speaking this would include large areas in
the interior of China.

s a matter of fact, there is no single
physical phencmencn, or combination of phe-
nomena, that satisfactorily bourds the re-
gion of our policy interest, and we are



thrown back on rather acbitrary limits that
reflect the current human use of the territory
as well. I would chose a definition of the
Arctic designed to create a balance between
patterns of human activity and physical char-
acteristics associated with Arctic conditions.
This would result in a boundary that varied
between 60® and 65° North Latitude.

On this basis and starting with the
United States, I would include Alaska, except
for the panhandle. Within this definition
would alsc be included the Aleutian Islands
and the Bering Sea. 1In Canada, I would in-
clude in the Arctic policy realm the Yukon
Territory, all of the Northwest Territories,
the northern half of Quebec, and all of
Labrador. Further east, the Arctic, for
policy purposes, would take in all of Green-
land, Iceland, and Svalbard; the northern
fringes of Norway, Sweden, Finland and Euro-
pean Russia; and large areas of nocthern and
eastern Siberia,

Having set out a rough geographic frame-
waork, ‘it remains to identify, or circum-
stances which define or affect, the United
States view of the Arctic as a policy region.
A word first of all on history--at least U.S.
history. From this angle, the first fact that
strikes one is that the U.S. is a late—comer
to the Arctic, having become an Arctic state
in the mid-nineteenth century and almost by ac-
cident. “Seward's Folly", "the purchase of
Alagka in 1867, resulted from a series of
fortuitous circumstances... The territorial
aspirations of Secretary of State Seward were
not widely shared by his colleagues at the
time and only an unusual set of political and
economic circumstances facing the Russian
Czar allowed Seward to bring this off.

There were significant economic interests
in this country which strongly supported the
purchase of Alaska, and, of course, the [J.S.
has never had cause to reqret Seward's initia-
tive. However, though the first explorer to
reach the North Pole was an American--Robert
Peary--the exploration and development of Arc-
tic territory has played a more minor part in
the history of the U,S. than in the develop-
ment of other countries bordering the Arctic
Ocean, most particularly Canada and the
Soviet Union, The Arctic hasg played little
rele in forging of a national identity in U.S.
experience. By contrast it has played a much
larger role in the history of the other states
included in our gecgraphic region. In fact,
it has been comparatively recently that the
U.S. has begun to consider itself an Arctic
state.

The most significant catalyst for U.S.
awareness that it is an Arctic State was pro-
vided by the Second World War. On the one
hand, scientific and technological innovation
stimulated by the war effort accelerated
trends in transportation and communication
which have laid the groundwork for a revolu-
tion in human activity in the Arctic. Radio
communications and the airplane, for example,
provided for regqular and c¢lose contact be-
tween Arctic areas and their more populous
and developed hinterlands., Equally impogc-
tant, the war--and particularly the rapid
development of aviation it spawned--demon-
strated or perhaps created tha strategic sig-
nificance of the Arctic. This significance
lies in the fact that the shortest distances
between the major populaticn centers of the

Northern Hemisphere lie along great circle
routes that traverse the Arctic.

The emphasis upon the strategic and mil-
itary aspects of the Arctic intensified in
the years following the Second World War,
with the emergence of the cold war, with its
pericds of competition and tension between
East and West., HNorth America, Western Eucope
and the Soviet Union all face each other
across the Arctic Ocean. And in the era of
long-range aircraft and ICBM's, the shortest
path of attack and counter-attack between
Fast and West would lie across the Arctic.

In fact, one of the most important post-war
U.S. activities in the Arctic has heen the

development of early-warning radar systems

in the high Arctic in response to cold war

tensions.

The military importance of the Arctie
has contributed to the delineation of the re-
gion and remains a primary factor in U.S.
thinking about the Arctie, Similarily, the
strategic importance of the Arctic has influ-
enced the views of other Arctic states and
their perspectives on jurisdiction in the
Arctic. Soviet and Canadian jurists have
elaborated and supported the sector theory
according to which states bordering the Arc-
tic Ocean would claim jurisdiction over ice-
covered waters north of their land territo-
ries all the way to the North Pole. Strate-
gic concerns certainly are an important ele-
ment in Soviet perspectives on the Northern
Sea Route, Canadian concerns regarding the
Northwest Passage, as well as attentien to
Svalbard and the 1920 Treaty on the Status
of Spitzbergen.

There is a panel devoted to the subject
of jurisdiction in the Arctic which will
delve into these and other Arctic jurisdic-
tional issues in detail. From this more gen-
eral perspective it simply is worth noting
that the military/strategic component in per-
ceptions of the Arctic by those bordering
states have made them jealous in their ap-
proach to jurisdiction in the Arctic, in ef-
forts to secure control over water and air
space adjacent to their territory, and in
seeking freedom of movement beyond their own
areas of jurisdiction. There is some irony
in the faect that one of the primary motives
for viewing the Arctic as a regicn from the
policy perspective derives from the centrifuy-
gal forces generated by military competition
and rivalry.

At the same time there are other factors
which have emerqged, Particularly in recent
decades, which alsc contribute to the concept
of the Arctic as a region of policy concern.
The first of these relates to resource acti-
vities in the Arctic.

The lure of resources was one of the
primary inspirations to outside exploration
and settlement of Arctic areas. Gold, furs,
and whales were among the first cbjectives
to attract peoples from the mid-~latitudes.
Resource activities in the Arctic, therefore,
are not new. What is new are the incentives
and capacity to undertake large industrial-
scale activities in the Arctic. 1In pacticu-
lar, the search for new energy resgurces has
affected Arctic areas. Large hydrocarbon
deposits—--oil and gas--have been located in
both the Soviet and North American Acctic,
There has been a virtual explosion in the
technology necegsary for operating in these




frontier areas in the past decade. Soviet
Arctic gas fields are in production, as

is the U.S. oil field at Prudhoe Bay. Major
investments by Canadian interests have been
made both onshore and offshore in the Arctic,
and there is the prospect of hydrocarbon acti-
vities further and further offshore.

While the specific energy shortages which
followed the oil embargo in the mid=70's do
not at present exist, the long-term trend to-
ward major hydrocarbon resource development in
the Arctic is not likely to reverse itself.
Present and anticipated resource activities,
and their trans-boundary implications, are
changing the face of the Arctic. They consti-
tute a second of the major elements which
bring the Arctic into focus as a policy re-
gion.

Increased human activity in the Arctic
generally, and that attendant upon resource
development, have served as catalysts for con-
cexn about the environment of the Arctic and
the possibility of environmental disturkance
in the Arctic extending beyond it to other
areas of the globe. There is perhaps a ten-
dency to overstate the sensitivity of the
Arctic¢ environment to outside disturbance,
Terms such as "unigue™ and "fragile" are often
applied to the ecology of polar regions. At
the same time, the conditions under which life
exists in the Arctic are extreme and adapta-
tions made by species of a specilalized and
sensitive character. The margins of survival
for plants and animals alike are thin. In ad-
dition, the importance of polar regions to
world climate has become increasingly c¢lear in
recent decades. In the same way that the pat-
tern of circulation within the Arctic Ocean
links the coastal areas which border that
ocean, the pattern of meteorological circu=
lation links the Arctic with the mid-lati-
tudes. Again, one should resist over-drama-
tizing such connections but there are legiti-
mate guestions about the effects of activities
which could modify weather patterns in the
Rretic both within the region and beyond,

From the policy perspective, the signifi-
cance of environmental considerations is not
simply the fact that increased human activity
can have significant impacts upon the environ-
ment. It derives equally from the fact that
these impacts are not bounded by jursidctional
limits whether on land or at sea. Such ef-
fects can be felt on a region-wide basis.

The understanding which has developed of the

components of the Arctic environment, and its
inter-relationships, is a third and very im-

portant factor which delineates the Arctic as
a pelicy region.

Rapid change in the nature and scale of
human activity in the Arctic have likewise
exerted impact upon the indigenous peoples of
the Arctic rim, for example, the Eskimo com-
munities in Alaska and other Inuit peoples.
These activities can have negative influence
upon social and cultural values centcal to
these communities. Efforts to come to terms
with rapid change while preserving a sense of
cultural and social identity have been elic-
ited from native peoples throughout the area.
In fact, these pressures have contributed to
a sense o0f cultural kinship illustrated by
the formation of the Inuit Circumpolar Con-
ference. A fourth important factor in delin-
eating the Arctic, therefore, is the concept

of region which is emerging--or re-emerging-—-
among its original inhabitants.

The final major feature delineating the
Arctic lies in the realm of science. The
strongest and most consistent theme in human
activity in the Arctic has been the quest to
understand the region and its processes and
to fathom its influence on the planet as a
whole. The Arctic has been an object of co-
ordinated scientific investigation for sever-
al centuries, including the scene of coopera-
tive research undertakings during interna-
tional polar years and the International Geo-
physical Year of 1957-58,

It iz the major advances in Arctic sci=-
ence over the past half century that have
made possible the rapid acceleration in the
nature and scale of human activities in the
Arctic. It is also from scientific study of
the area that have emerged those integrative
elements which tend toward the concept of the
Arctic not only as a field of study but alse
as an area of collaborative acticen., Within
the sciences there has developed an inter-
disciplinary appreoach to study of the arctic
in which inter-relationships between phencme-
na and processes have taken precedence over
individual facts or events. It is from the
scientific research activities that the con-
cept of the Arctic as a region has most
clearly emarged. At this conference there
are specific panels which will illuminate, in
detail, contributions which the major scien-
tific disciplines have to made the concept of
the Arctic.

The emergence of factors bringing the
Arctic into focus as a region in the era fol-
lowing the Second World War has evoked re-
sponses in the policy arena. In fact, during
World War II itself, U.S. Vice President
Henry A. Wallace proposed both to the Depart-
ment of State and to the Congress that the
U.S. should take the initiatives to develop
an international treaty for the Arctic which
would provide for cooperative efforts to
promote transportation and communication in
the Arctic and to assist Arctic expleration.

The times, however, were not ripe for an
initiative of that sort. The concept of some
form of international agreement applying to
the Arctic, however, has periodically re-
ceived policy level attention. During the
late 1960's the concept of a "Northlands
Compact" emerged. This idea, which appears
to have been influenced by the Antarctic
Treaty of 1959, looked toward development of
an umbrella-type agreement to which Arctic
nations could accede for particular purposes.
Among the areas identified for coaperative
activities were scientific research and the
sharing of information and data relating to
economic development, environmental protec-
tion, and health and medicine, The idea for
such a "Northlands Concept" was discussed in-
formally for a number of years, but was
shelved 1n the early 1970's due to lack of
sufficient interest among the governments of
Arctic nations.

The interest in the Arctic, however,
which prompted attention to possible interna-
tional agreements for the area, also received
expression in the form of a White House de¢la-
ration on Arctic policy. This declaration is
contained in National Security Decision Memo-
randum (NSDM) 144 of December 22, 1971. It
provides that the U.S. will support the sound



and rational development of the Arctic guided
by the principle of minimizing any adverse af-
fects to the enviconment; will promote mutual-
ly beneficial international cooperation in the
Arctic: and will at the same time praovide for
the protection of essential security interests
in the Arctic, including preservation of the
principle of freedom of the seas and super-
jacent alr space.

In support of these policy objectives the
NSDM called for consideration of steps for in-
creasing cooperation with other countries in
such fields as exploration, scientific re-
search, resource development and the exchange
of scientific and technical data. It also
urged improvement in U.S. capability to inhab-
it and operate in the Arctic and to understand
the Arctic environment, as well as the devel-
opment of a framework for international co-
operation {the "Northlands Compact"™ approach).
While, as noted, the "Northlands Compact” did
not bear fruit, the general points articu-
lated in NSDM 144 have cremained.

The N5DM aleo provided for establishment
of a policy mechanism, the Interagency Acctic
Policy Group (IAPG). This group was charged
with the responsibility for overseeing the im-
plementation of U.$. Arctic policy and re-
viewing and coordinating U.S. activities and
programs in the Arctie, with the exception of
purely domestic matters internal to Alaska,

The general objectives articulated in
NSDM 144 hawe not generated specific policy
initiatives. Likewise, the policy group, es=-
tablished in 1971, became essentially inactive
with the fading of the "MNorthlands Concept®
idea.

In the past few years, however, interest
in Arctic policy has revived, The IAPG has
been reactivated and is engaged in seeking to
asgess the implementation of U.S. interests
in the Arctic in the years ahead. 1In addi-
tion, there has bheen concentrated attention
upon the issue of a U.5. Arctic science poli-
cy. The Alaska Lands Act of 1981 called for a
review and recommendationa on the need for re-
directing U.S. Arctic research policy. More
recently, the Alaskan congressional delegation
has introduced legislation in both Bouse and
Senate-~the Arctic Research and Policy Act--
which would create an Arctic science policy
council to develop and supervise an inte-
grated Arctic science policy. In addition to
guch a council, the bill would establish an
Arctic research commission to determine re-
search priorities, establish an Arctic data
center and provide for research grants.
Finally, the Naticnal Academy of Sciences,
in its A U.S. Commitment to Arctic Research,
has recommended:

1, United States Government sci-
ence policy should include a commit-
ment to the support of scientific
research in its Arctic territory

and in other areas of Arctic inter-
est, as a necessary and integral
part of its national policies for
economic, technical, and social de-
velopment, rescurce development,
environmental protection, national
security, and international coopera-
tion in the Arctic; and

2. To assure productive polar re-~
seacch, the United States Government
should improwve the coordination and
effectiveness of Arctic reseacch
programs and provide stability and
continuity of effoct.

In leooking at this renewed interest in
the Arctic as an area of policy attention, we
face a chicken and egg sort of question., Re=-~
newed interest reflects appreciation of the
changes which have taken place in the chacac-
ter of human activities in the Arctic in re-
cent years~--chanqges which continue at what
appears toc be an accelerating rate, As I
have attempted to show, these changes have
been the primary factors in making it possi-
ble to define the Arctic as a region for the
policy-maker, as well as for others concerned
with the area, However, there remain the
gquestions—--posed at the cutset--of whether it
is desirable or feasible to seek an overall
Arctic pelicy or overall Arctic policies.

In returning to these questions, it may
be useful to consider, first, whether there
are analogies between the Arctic and other
regions of the world from a policy stand-
peint and, second, to look at two aspects of
pelicy: its formulation and its implementa-
tion,

First of all, there are parallels be~
tween the north and scuth polar regions.

From the point of view of scientific phenom—
ena and processes, the Acctic and the Antarc-
tic both form distinct regions and should be
treated as such. The similarities in physi-
cal conditions and in the challenges facing
human activity between the two areas are ob=
vious, However, from the policy perspective.
it is the differences between these areas
that are most striking. An obvious, yet
often overlooked difference, relates to papa-—
lation. There is no indigencus or even ger—
manent human population in the Antarctic, as
is the the case in the Arctic. Second--and
perhaps there is a causal connection with the
first point-—the countcies active in Antarc-
tica have established a clear, regional
framework for their activities there, the
Antarctic Treaty, Within this framework
which constitutes a legal and political sys—
tem, these countries are able to formulate
and implement Antarctic policies.

No such regional framework exists in the
Arctic. Initiatives over the past several
decades to develop regional arrangements for
the Arctic have not met with encouraging re-
sponse. Of those factors which delineate the
Arctic as a region, the perception of the
area's strategic importance and emergence of
large-scale resource activities exert, or
tend to exert, centrifugal forces rather than
incentives for regicnal collaboraticn., In a
political and legal sense, these centrifugal
forces have an ascendancy. From this angle,
the region that most directly resembles the
Arctic is not the Antacctic but the Mediter-
ranean. Like the Mediterranean, the Arctic
is a marine basin surrounded by countries
which exhibit diversity in political systems
and diversity in political objectives. This
diversity can and freguently does involve
conflict among the nations bodering the
central marine area. 1In the 1940's the polar
explorer vilhjalmur Stefannson, ceferring to
the impact of air power upon the strategic



importance of the Acctic, noted: "In an air
age, the Arctic Mediterranean is the hub of
world power." However one evaluates this
conclusion, the analogy of the Mediterra-
nean--a middle sea surrcunded by major world
powers--certainly fits the Agctic.

The analogy may extend further. Ewven in
the Mediterranean, with its political rival-
ries and sensitivities, there have begun to
emerge certain patterns in region-wide collab-
oration. A good example may be found in the
ongoing efforts to develop region-wide mecha=-
nisms for dealing with marine pollution in the
Meditercanean. The Barcelona Convention and
related protocols involve important commit—
ments among the Mediterranean naticns to com=
bat marine pollution--a problem which cuts
across political divisions and perceptions.
The expeacience in the Mediterranean=--with its
functicnally defined efforts at regional co-
operation—-may provide a model which is of use
in approaching the Arctic.

These comparisons point to a useful dis-
tinction between policy formulation and imple-
mentation in approaching the Acctic as a
policy cegion, In my view, many of the diffi-
culties which have arisen in the realm of Arc-
tic policy relate to confusion or lack of
synchronization between the formulation and
implementation aspects of the policy process.
Oon the one hand there has sometimes been a
tendency to assume that, since the Arctic can
be defined as a region, regicn-wide policies
are reguired (for example, a "Northlands Com-
pact"). Such assumptions have run aground on
the fact that the Arctic does not, like the
Antarctic, offer broad scope for implementa-
tion of policies on a region-wide basis.
Conversely, at other times there has been a
tendency-—-precisely because of the fact that
the Arctic at present does not lend itself
readily to region-wide policies--to ignore
the need for a reqgional approach in policy
formulation. Turning again to the Mediter-
ranean example, it is my contention that
perception of the Mediterranean as a region
has become a major element in the formulation
of policies by Mediterranean states and has
lead to the identification of functional
areas where region-wide apprcaches are neces-
sary as well as desirable, This has taken
place even though the political consensus
necessary for region-wide activities dces not
exist in many areas,

I kelieve that there are significant op-
portunities for policy develcpment and for
policy initiatives in the Arctic. To do so
reguires that definition of U.S, interests,
programs and activities relating to the Arc-
tic should take place in a regicnal context.
This does not mean, necessacily, the elabora-
tion of an overall policy, or policies, for
the Arctic. What it does mean is that the
formulation of interests, objectives, pro-
grams and activities in the Arctic include
as a basic element consideration of their
region-wide implications. It seems to me it
is important to establish a region-wide prism
as one of the primary means through which we
examine the definition of our interests and
the conduct of our business in the Arctic.

By ensuring that 0.S. activities and actions
relating to the Arctic can be assessed in the
context of the region as a whole, we will
hest ensure that effective Arctic policies

can not only be formulated but also imple-
mented.

Tt do this requires an inter-disciplin-
ary approach~=an understanding of the connec-
tions and inter~relationships between the
various forms of activities which are taking
place, and which may take place in the Arc-
tic. Further, this implies an attention to
the mechanisms, both formal and informal, to
ensure that the inter-relationships between
interests, programs and activities in the
Arctic in a geographic sense, in a functional
sense, and in a precedential sense, are ade-
guately understood and assimilated. It is
for this reason that meetings such as this
one, which bring together individuals with
a wide variety of backgrounds, disciplines
and responsibilities, can play such an impor-
tant role in identifying what are the real
opportunities in the area of Arctic policies.
Effocts such as those being undertaken by the
Comite Arctique, which seck to provide a fo-
rum for intellectual integration in the dis-
¢iplines relating to the Arctic, are are an-
other example of what I believe to be the
necessary development of a context--a mind
set—-for policy formulation. Finally, of
course, we need to replicate this process on
the governmental level as well, to create
mechanisms which will ensure that the prism
fas I have called it) is established and
employed-—a prism which will permit the iden-
tification of legitimate and realistic oppor-
tunities for constcucting Arctic policies,
but which will alsc avoid elaboration of
sweeping but unimplementable policy pro-
nouncements.

I would conclude with the obsecrvation
that the curcent revival of interest in the
Arctic is on the right track. This revival
has been expressed through a variety of ¢han-
nels--through the Interagency Arctic Policy
Group, in which I am most directy involved;
in the Arctic Research and Peolicy Act, which
received Administration support at the end of
the last congressional session; and in the
work of the NMNational Academy of Sciences.
These activities ace not congruent in all re-
spects, but their common featuces far out-
weigh any divergences. An important and,
to me, encouraging aspect of these trends is
the assumption that if the United States is
to be able to act as an Acctic nation, it
must be able to think as an Arctic nation.

In other words, the prereguisite for nation-
al policy development in the Arctic is estab-
lishing an effective mechanisms to discern
where our interests and actions relating to
the Arctic do, and where they do not, have
region~-wide implications.
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L. INTRODUCTION

My goal is to share some observations of sea ice
and other physical features of the Arctic Ocean,
These abservations are a result of three fieid
programs in the Arctic since 1978 and have been made
possible not only by financial #nd logistic support
from the Office of Navai Hesearch but also by the
creative help of many colleagues and students.

To this point, our research in the Arctic is
iargely related to its acoustic properties. Hence
the title of my paper. We have in various ways
Tistened to the song created in the ocean by sea ice
under stress, and to other melodies of the Arctic
environment, For some there is an intrinsic
interest in the song, and for others the song is a
means of better knowing the singer. wWhile gifficuit
enough, it is somewhat easier tg collect a2 Jibrary
of songs than to interpret their fundamentai
messages. Thus ! offer my observations on Arctic
acoustics more as a systematic cellector, perhaps as
a speculative interpreter, and possibly alsao as an
evoker of new insights. Such insights, ] believe,
are relevant to basic engineering questions on the
Arctic with potential application to a wide range of
probiems, For example, noise radiated into the
ocean by sea ice relates to its mechanical strength;
and its strength, in turn, is of concern in
determining loads on petroleum platforms, jcebreaker
bows, and the like.

2, ARCTIC OCEAN FQCII

Why should we be interested in the Arctic Ocean?
The Conference of which this paper is but ome part,
emphasizes several reasons for concern with the
Arctic. Companion papers of the Conference cover in
depth, and with useful bibliographies, most of the
important technical focii. My immediate purpose is
to highlight a few of the more important societa)
motivations and to assess technological implications
of pursuing them.

Many geologists, petroleum producers, and lease-
sale managers believe that the Arctic contains oil
and gas in amounts which rival some of the richest
regions of the world, such as the Persian Gulf.
While market enthusiasm for oil has cooled in the
current recession, there is little doubt that it
will heat up in years to come. Not only wiil a
healthier world economy provide such heat, but also
the inexorable reduction of reserves in present ¢il
fields makes essential the development of new ones,
such as in the Arctic.
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Both onshore and offshore fields will be
developed. Either way, transporting exploration and
production equipment to the field and then
transporting the product to a distribution center is
an essential technological challenge, Ice-
strengthened or ice-breaking ships will no doubt be
directed toward this challenge. A loock at a rather
early attempt at a solution, the Manhattan
(Figure 1), suggests the nature of the chalienge.
Here the main problem is ice-structure interaction
for which we need better enginesring knowledge of
the mechanical properties of sea ice, including its
dynamic strength.

Offshore 0il is hound to be important in the
Arctic, as it is for other regions. Figure 2 shows
that the Arctic Ocean has a rather large continental
shelf, some high fraction of which is thought ta
contain petroleum. While not strictly in the Arctic
Ccean proper, [ include the Bering and Greenland
Seas and other adjacent seas as candidate areas for
petroleum exploitation. What is significant is that
all these candidates are in a marginal or seasonal
sea-ice zone, in that for at least some brief time
in the summer they are ice-free. The flip side is
that they are covered with sea ice at other times,
and this suggests that petroleum platforms would
have to be protected against both open water waves
and sea ice loads. Offshore engineers already have
considerable experience with wave loads in stormy
areas, and we can reasonably expect that such
experience would be brought to bear successfully cn
Arctic platform design. The newer and more
uncertain element is again jce-structure
interaction. Many approaches have been suggested to
counter ice loads, most of which take advantage of
the bimited mechanical strength of sea ice by
breaking it at the point of its interaction with the
platform.

We do not as yet have a thorough understanding
of the ice environment in the Arctic. But in one
region of intense interest for offshore o0il - the
Beaufort Sea north of Alaska and the Canadian
archipelago - we do know that sea ice tends to be
thicker and rougher than usual. Kpown as a rubble
field, the ice is variously broken up and piled
helter-skelter. It is grounded on the shelf and
relatively motionless, forming one edge of a high
shear zone in which the ice makes a transition to
the central Arctic pack ice perhaps 100km away.

It is not my central purpose to discuss Arctic
offshore platform design, but the rubble field often
encountered leads one to wonder whether surface-
piercing platforms wil) in the end be practical. In



temperate zones, platform technology has already
advanced to bottom production systems. Use of such
systems in the Arctic, at depths of B0m or more,
could avoid the ice canopy altogether. Ultimately
such deep completions would he considered anyway, as
production evolves from shallow water to the edge of
the continental shelf and beyond. The Arctic is the
kind of place that may well encourage this
technological Jeap to be taken early in the game.

I have seen a draft of an Arctic ice atlas being
compiled under sponsership of the US Maritime
Administration (Labelle, et al 1982). In my
apinion, this effort is both creative and
potentially useful, at least because through it we
can readily recognize our shortcomings in
understanding the ice field. Knowledge is
relatively good on degree of ice cover, including
area of coverage and mean floe size, fair on ice
drift rates and directions, and not very good on fce
thickness and ice roughness. Little is compiled on
ice strength. Figures 3 and 4 give some indication
of what is meant by floe size and, in this case, by
roughness caused by pressure ridges. Remote imaging
of large areas by satellite or high-flying aircraft
axplain why some parameters are better understood.
Ice thickness, roughness, and strength, however, are
generally obtained by In situ observations and dense
point measurements or track tines are required.

Thus far, such measurements have not been carried
out widely enough,

A quite different focus is formed by military
needs., I am not privy to the closed councils of
military pianners. But 1 do know from discrete
public announcements that the United States intends
to increasingly operate in the Arctic Ocean as a
caunter to presence of Soviet submarines carrying
strategic nuclear weapons. U.3. submarines have
transitted the Arctic almost from the dawn of
nuclear-powered submarines. HNow the thrust seems to
be long term presence or occupation rather than
brief demgnstration visits,

The submarine nuclear deterrent in the Arctic
implies ice capability. Surfacing through the ice
canopy LItimately reguires the submarine to break
the jce, and we see again the importance of
knowledge on ice strength, thickness, and roughness
as they affect submarine structure and shape. It
seems that the U.S. Navy, as it lays plans for the
next generation submarines, will insist on
appropriate structure and shape for routing Arctic
operations,

incidentally, the possible advent of Arctic-
capable military submarines has technological
implications for oil transport by submarine,
transport mode has many advocates among naval
architects and ship constructors, and couid become a
viable candidate as a follow-on to Navy development.

Another influence of the ice canopy pops out im
a rather different way. Sonar, which of course uses
sound waves, is the principal means of detecting and
monitoring intrusive submarines. Evidence exists
that transmission of sound in the Arctic Ocean is
greatly influenced by ice roughness, as one may see
by viewing Figures 5 and 6. Judging from the model
wavenumber spectra shown (Mellen and Marsh, 1963},
ice roughness is similar to ocean wave roughness.
Hut for a given root-mean-square roughness, sea ice
is significantly rougher than ocean waves for large
wavenumbers {K larger than about 1/3 wrl, or wave-
lengths smaller than about 20m). Thus with wse of
Rayleigh's diffraction grating theory, we can expect
significantly more roughness effects in the Arctic
when the sound wavelength is 1ess than 40m, or the
sound fregquency is higher than about 3bHz.

Such different behavior with respect to
roughness a5 shown in Figure 6, where I have

This
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estimated the reduction in acoustic energy versus

frequency fer a transmission range of 500km. We see
that ice scattering severely limits transmission in
the Arctic. [ndeed, ocean wave scattering is so
relatively weak that still another process,
scattering Into internal degrees of freedom of sea
water (Urick 1975}, is more important., As a
practical matter, therefore, we should compare ice
scattering in the Arctic with relaxation scattering
in the open ocean., We see that to achieve
equivalent sonar transmission range, a shift
downwards in frequency of about one
order-of-magnitude is required.

The implication of lower—frequency sonar for the
Arctic is that, for equivalent performance, its
linear dimensions must be larger, by as much as one
order- of-magnitude. Larger submarine sonar
piatforms and/ or larger systems fixed on the bottom
would be required,

Angther way to view figure 6 is that a sonar
capable of detecting and tracking a target in the
open pcean at ranges up to 500km would have, without
modification, its range capability in the Arctic
reduced to about S0km, Areal coverage would be
reduced by twg orders-of-magnitude. Thus submarines
in the Arctic have more stealth, and the mutual
strategic deterrent is made more stable. To my
mind, this is both a desirable outcome and the most
important implication of new-found interest by the
military in the Arctic.

While 1 have confidence thalt the arguments
presented here on sonar performance are at least
qualitatively correct, [ must make it clear that
systematic knowledge of sea-ice roughness and of
attendent acoustic scattering, falls below our needs
in engineering design. Thus I am pleased that many
scientists in the Arctic community, as well as the
MIT team, consider research on sea ice as essential,

There is one other societal motivation for
tnterest in the Arctic. Quite apart from petroleum
resources or mutual security, many of us care about
the Arctic as a relatively unexplored arena for
scigntific work, When asked about my interest, |
often explain first that I have enough of the
"1ittle boy" left in me to make the Arctic
attractive. Such a lighthearted response hardly
§atisfies the serious guestioner or the
introspective self, Frivolity aside, I like Arctic
research hecause it demands fresh approaches to
basic questions, awakens interest in physical
phenomena rarely met, and rewards innovative use of
ebservational tocls. Examples, not necessarily out
oi My own direct experience, might help make this
clear:

s The atmasphere-ice—ocean system is ne doubt
tightly coupled with a strong need to
quantify the exchange elements and the
feedback loops.

& Marginal ice zones are oceanographicaliy
complicated; vertical fluxes, water mass
fronts, and variable ice edges need to be
measured and modeled.

o Electromagnetic and acoustic remote sensing
equipment need to be developed and validated
far wide-area syncptic measurements.

s Frimary biological productivity, especially
near or in the marginal ice zones, needs to
be connected with basic physical processes
such as mixing, water transport, and nutrient
upwelling.

& The geology, geophysics, and topography of
the Arctic basin and its margins have not
been explored and modeled as thoroughly as
they should.



These scientific needs are intrinsically
interesting and worthy of fuifillment. The reader
will quickly discern their importance to society at
large. Among others they relate: 1o improved
weather forecasting in the northern hemisphere, to
safer navigation and piloting near or in the ice, to
understanding of the bivlogical chain linked with
endangered mamalian species gr with commercially
important fisheries, and to discovery and
exploitation of hard mineral rescurces. OQur
interest in the science, perbaps well ahead of
societal usage, is an affirmation that the Arctic is
important and has a future.

3. THE 50NG OF SEA ICE

A hydrophone suspended beneath Arctic ice senses
a rich symphony of sounds. The essential quality of
these sounds can be represented via spectral
analysis, and a composite of such spectra is given
in Figure 7. Each spectral sector making up the
composite was selected at different sample times.

By noting the reascnable agreement between
overlapping sectors, one can gain assurance that the
composite is at least a rough representative of the
family of sounds, as if each family member had been
observed at the same time. { call your aitention to
spectral changes that occur from family to family,
for these differences, as well as similarities, can
provide clues on the underlying physical mechanisms,

From about 10 to 5 x 10-1Hz, the pressure
spectral density falls sharply with frequency, about
as %, with an rms value of about.>Pa. My
hypothesis is that these fluctuations are caused by
quasistatic velocity fluctuations in the flow V¥ past
the hydraphone. The change in pressure Ap caused by
a fluctuatien in flow velocity AV is

(1)

where {n is the hydrophone drag coefficient and ¢

the water density. Thus the rms pressure of .5Pa
would convert to an rms velocity fluctuation of about
dmm/sec for V-1Scm/sec, and is reasonable when com-
pared to observed fluctuations (McPhee and Smith 1976)
Of equal interest s the velocity spectral density
which, according te Equation (1), can be_obtained by
scaling the observed spectrum by (L,n¥)™¢.

Starting at about 5 x 10~z and extending to
about 10Hz, one spectral member exhibits quite
narrow peaks. The other one shown in this freguency
range does not. These peaks are caused by
interaction of current with the hydrophone cable, an
effect often gquite variable and probably nonlinear.
Known as strum, it seems ta be caused in our case by
second-order length osciilations as a resylt of
transverse cable oscillations induced by vortex
shedding. [ note in passing that eddies in the
Arctic are most energetic in the upper 100m or so
(Hunkins, 1981}, and cable strum might be a useful
indicator of eddy energy. Uur hydrophones were
suspended on cables down to about 90m.

When strum is absent, it is clear that the
Arctic song has a broadly peaked spectrum extending
from about 1 to 100Mz and possibly beyond. It peaks
at about 10 to 20Hz. (Strum can mask this result
below 10Hz but rareily above it.) This broad
spectrum is caused by ice action, a mechanism I will
speculate on in great detail a few paragraphs from
here.

Also suggested by the data s a second broadly
peaked spectrum, extending at times from about 150
to 5000Hz. It is not an ever—present feature of
Arctic noise, is most intense at times of
atmospheric cooling, and was first related by Milne
(1972} to thermal cracking. This, too, will be

AD = CDp Vay
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discussed subseguently.

Finatly the composite shows a relatively
important spectra! peak at ahout 50U0Mz which,
however, 15 not always present. It is obseryeg when
wind speed 5 large enough to carry loose snow
pellets and impact them on the ice floe. Milne
(1967) observed and modeled this pheaginenon, but his
spectral shape is significantly different. 1 wil)
not pursue this discrepancy; instead | turn to those
mechanisms relevant to ice action.

The spectral peak at %O to 20Hz invariably hss a
spectral shape of about < and ~Z below and
above the peak respectively. We have observed this
as a regular feature of pack ice noise {Sheparc
1979, Chen 1982). 1 outline here ideas, or more
humbly, speculations on its origin. Ice is a
crystalline or granular material which, while mostly
regular in structure, contazins many defects. Under
stress, these defects act as locii for structural
reaarrangements and account for materizl properties
such as plasticity, cracking, and breaking. |
believe that defect motions account for the ghserved
noise; and to the extent that this is so, one ought
to be able to connect the neise with structural
properties.

Evidence that defect motions account for this
component of the sea-ice song is given in part in
Figures 8 to 10, The first shows a spatial spectrum
of the noise centered at 10Hz, with the stroungest
comporent arriving at an azimuth of (120,

The time series of the signal arriving from this
direction is given in Figure 9; it shows two short-
duration bursts separated by about 2 sec. Finally
the frequency spectrum of one of these bursts
(Figure 10) displays a spectral shape of about -4
and «w* below and abaove the peak, at first sight
suprisingly different than the shape shown in
Figure 7. But I delay explanation of this
difference in favor of first presenting a physical
mode] for the results of Figures 8 to i0,

Aki and Richards {1980) and Rice (1980) describe
elastic waves generated in solids by slip and by
tensile opening as a quantitative basis for
earthguakes and other damage processes. [ picture a
burst originating in ice in much the same way. In
simple terms, ice under stress accomodates to the
stress via slip motions. These, in turn, create
elastic waves, the most important of which travel
within the ice as a shear wave (Crary 1954, Oliver
et al 1954, Ewing et al 19597, Hunkins 196(). The
shear wave radiates sound into the water in the
vicinity of each hydrophene. By comparing the
arrival times among a tarqge number of hydrophanes,
we have estimated the group speed of these ice waves
to be roughly 1360m/sec at about I0Hz anc smaller at
lower frequencies. The horizontal phase speed of
these waves is, of course, expected to be larger
than the shear speed, the latter being about
1800m/ sec.

Following Aki and Richards {1980}, the shear
wave displacement radiated from a small siip region
in an infinite medium can be written as:
ug = Fir} M (t - rfgy} (2)
where £{r} is a function of radial distance r from
the slip, of siip orientation, and of material
propérties (ice density, thickness, and shear phase
speed g1}. Alsc M {t) is the time-dependent s$lip
moment, and M its time derivative. M can be equated
to GAU{t), with G the shear modulus, A the slip face
area, and u(t) the slip displacement averaged qver
the arga A, As may be seen, the radiated shear wive
displacement itself is proportional to the time
derivative of this moment, evaluated at a later time
rigi.



Qur ultimate interest is pressure in the water
which is governed by its continuity with traction
across the waterfice interface. For an unbounded
medium traction would be proportional to M, since
the spatial derivative related to strain can he
transformed to a time derivate via the functional
form, t - rfgl. Finally, traction in the ice must
be governed by the traction-free ice/air interface
which, for small slip regions, brings into play
another spatial or time derivative. {The icefair
interface acts as a neqative reflecting surface, so
in effect, each slip is represented by itself plus
an opposite slip sbove the dce.) Thus the sound
pressure p is expected to be:

(3)

where H{r) includes all the parameters in F(r} but
jn different form, plus additiona) ones relating to
sea water. Although the argument seems complicated,
the result js simple: The acoustic pressure is
proportionat to the third time derivative of the
s1ip displacement U{t}.

I model M, i.e. the shear wave displacement, as
a Gaussian time function. This results in a
sequence of time functions, and corresponding
spactral shapes, as shown in Figure 11. The
spectral density corresponding tao Equation (3) when
M is Gaussian is

p = H(r} B (t-rie])

5, < S (2% exp [-z (i}z] (4)
1 iy W

[+

where where $1 is the peak spectral demsity
corresponding to an arbitrary reference state of the
process, where the peak radian frequency s
vl = 4 {5}
and where T is the duration of the Gaussian pulse at
the e~1 level (see Figure 1l1}. My effort here is
to describe reasonably but simply the characteris-
tics of a single acoustic burst, and the Gaussian
mode! leads to a time pattern and a spectrum fairly
representative of the data {compare Figures 9, 10,
and 11}, To my knowledge, fundamental theories
relevant to slip dynamics In ice or ice-like
materials are not available, and acoustic sensing of
the siip moment as the foregoing shows is possible,
may well provide the basic data upon which te build
such theories.

The difference in spectral shape between
Figures 7 and 10 must now be attended to. When
averaging over many bursts, as in Figure 7, it is
Tikely that the duration 7 1S a stochastic function
rather than a fized value. We can estimate T as
L{v, where v is the average slip or rupture speed
and L the 5lip displacement. In Figure 11, g is
shown and v can be determined from elastodynamic
data:

(rffo)"

I R Ey e

(6)

where n is some number, - the resoived slip plane
stress, and 1, seme characteristic (high) stress
above which v reaches a plateau speed g, In
earthquake seismolaogy, & is taken as the shear speed
(Brune 1970); but for crystalline solids, g can be
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an order-of-magnituce less {Johnston and Gilman
1959, Gutmanas et a) 1963, Fitzgerald 1966}, Readey
and Kingery (1964} have found from laboratory
experiments with ice that n is about 2, but Weeks
and Mellor {1983) report n to be about 4,

In consequence of Equations {5) and {6}, the
peak frequency wg varies with stress. To be
specific, the variation of slip displacement with
stress is needed; Brune {1970) gives the basis for
the following:
R EIRY) (7)
In this equation, as in the definition of §1, the
subscript ¢orresponds to an arbitrary reference
state. We see that .y depends upon A= at
least for 1<<1q.

Energy radiated by a slip is given by {Aki and
Richards 1981)

E = ALt (8)
where n is a fixed fraction of total energy which
radiates, the remainder being invested in work as
the two slip planes grind against each ather. Thus
the integral of Equation {4), call it p]z. is
proportional to ART,, In the simplest case of fiked
slip plane area A, p5 is proportional to 2 via
Equation (7). I am encouraged to think of A as
fixed for a given process simply because it is
likely to be set or limited by a finite scale of the
ice canopy (grain size, columnar spacing, floe
thickness, ridge width, etc.},

I do not know how stress varies over the time
scales and ice areas typically invelved in
measurements such as shown in Figure 7. These
time-space series are now under study following a
path laid down by Humkins {1975). But if stress
values are broadly distributed, it is clear that its
distribution will dominate the Tong-time, largs-area
noise spectrum. It is, thus, not much of a leap to
speculate that the sea ice song can be inverted to
give stress distribution. I will sketch such an
inversion by starting with an assumed probability
density function (pdf] for wg,

L fog V!
Plug ) T, (—;) exp [-(L=1)uy/ 3] (9

where | is some positive number and wqp the value

of wy of maximum probability. Equation (3} is the
well-known gamma pdf (or chi-square pdf for 2L an
integer}, and we start with it simply because L can
be selected to give a wide range af probability
shapes. Nexit the spectral average over wg is

@

f Sp fwe wg ) Plug) dug

jal

<S(u)> = (10]

This integral may be evaluated quickly by noting
that S, is really quite narrow [see Equation {4}],
and to first-order can be approximated by

2
2 41 ,_
Sp (or wg)= py (—1) 5 {em wg) (11



in which I have explicitly included the stress
degendence (relative to the stress state leading to
P J. Thus

=5 = J {wlog) exp[-{L-1)wjuy]
L-1 + 2{{n-1),

p]Z(L—I)L Wm 2/(“-])
sl b ’

{12)

where a =

where J =
m

and where | have concluded that t<<1y since the
observed <5* shows no abrupt termination at a high
value of w,

Une can now select o from the cbservations, At
Tow frequencies o = 3 leads te a good fit, and this
¢an be obtained with L = 3 and n = 2, (MNote that L
is only weakly dependent upon the choice of n; for n
= 4, we would have L = 3,3,) Comparison of
Equation {12) with data for L = 3 and n = 2 i5 made
in Figure 12, As arranged by my choice of a, the
low frequency fit 1s satisfactory, but the model
falls far short at high frequencies. The difficulty
is in Equation (11}; the first-order approximation
that all energy for a single burst resides at wg
is only roughly tenable. One can go to a second-
order but still simple approximation to remedy this:

. 2 ? K+, 4 k+1.,2
Sp2 057 2y (7 L (57 e (-2 (K52 -

k=0
« A[we (E-gl} o] (13)

In effect this second approximation partions the
burst energy at 4 frequencies (%fZ, ¥,
392, 29;). As a more realistic representative
of Sp, it now leads to a much better fit with the
data {see Figure 12}. Analytical arm-waving aside,
it appears that Equation {9} is an adeguate pdf for
wg, With L = 3 and T°°T; as the experimentally
derived conditions,

I can now state a tentative but impartant
conclusign. MWe can transform P{ug)to P{ 1) via
wg ~ 11" to get, for na 2:

=3~/3-12
3
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F{x) exp[-v3 +/n] {14)

where o? is the stress variance. Thus the stress
is chi-square distributed with b degrees of freedom
{= 2L) and is shown in Figure 13 (see Cramer 1948
for a formal description of this pdf}, Whether this
result can withstand further experimental and
theoretical scrutiny is uncertain. Among changes
that may be expected are better choices of n and L,
use 0f other but similar pdfs such as the Erlang or
Weibul, and improvements in the description of the
slip dynamics. What I do feel comfortable with is
Equation (14) as a point of departure, not only in
further research, but also in present-day
engineering analysis. Equation (14) and its
successors are apt to play a role as important in
sea-ice engineering as wave-height pfds play in
open—ocean engineering,

One final comment seems to be in order and
concerns the song identified earlier as thermally
related. Its spectrum stands about 20 times higher
in frequency. Milne {1972) argues the relevant
mechanism here is tensile opening, and Rice {1980)
shows how close in character this mechanism is to
slip. Given that it might be, one can speculate
that its higher frequency means that its rupture
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spee¢ v fs more by an order-of —smagnitude aor its
dispiacement % is less by an order—of-magnitude. It
would be interesting {and valuable) to find ocut
which,

4, MELODY OF THE MID ARCTIC RIDGE

] conclude this paper with brief accounts of two
other uses of acoustics in the Arctic Ocean, These
reliate to sounds from earthquakes along the Mid
Arctic Ridge and to discovery of major topographic
features from sound echoes, the latter being the
topic of the next and final chapter of the paper.

The #id Arctic Ridge is lecated between about
B30-870K and 59W-1209E, running through this
region on a line as may be seen in Figure 2. It is
an active rift zone, i.e. a narvow line along which
plate spreading and earthquakes occur frequently.
While the study of earthquakes from oceanic rifts
is well developed (Lilwall 1982), seismicity of the
Mid Arctic Ridge {s Tess well known.

Our ice camps in 1980 and 1982 were located
within several hundred km of the Mid Arctic Ridge.
Consequently we recorded seismic activity from the
Ridge while carrying out other acoustic
experiments. Keenan {1983) analyzed five such
events from the 1980 experiment, and | show data from
one of them here. First, however, brief discussion
af the physical ideas will enhance ocur understanding
aof the observations.

Figure 14 is a cartoon of the physical
situation. $S)ip motign in the crust (earthquakes
are like icequakes of the previous chapter!) causes
shear (5} and Tongitudinal (P) waves to be
generated. These propagate as head waves along the
crust/mantle interface [Aki and Richards 1980},
radiate nearly vertically up through the water as
sound waves, and are received by our horizontal
hydrophone array. Also 5 and P waves radiate sound
waves intc the water vertically above the earthquake
and are scattered by the rough ice into nearly
horizontally directed sound waves, which then
transmit to our array. The latter group of sound
waves (T)] are predominantly waterborne, while the
former (5 and P} are predominantly earthborne.

A typical seismic event results in an acoustic
burst which can last for 50 to 100 sec. One such is
contoured in Figurel5™as a frequency/time/spectral
density plot. A cut through this plot at the time
of maximum spectral density, Figure 16, shows the
peak frequency at GHz, with an approximate w2 and
w=% shape below and above the peak. We are
presently wodeling this spectral characteristic to
uncover, as for icequakes, the slip displacement
u{t). For earthquakes, the freguency dependence of
ice scattering and of S and P wave attenuation in
the earth needs to be included.

We can further cut the frequency/timefspectral
density plot to distinguish between paths which are
predominantly earthborne versus waterborne.

Figure 17 partitions the burst into paths with
neariy vertical arrival angles (high phase speeds)
and nearly horizontal angles {low phase speeds).
Early arrivals are thys earthborne (S and P} while
the late ones are waterborne {T), the Tatter
carrying about 30 times more energy.

In addition to spatial analysis in the vertical,
the array can be used for horizontal analysis {as in
Figure 8 for ambient roise}. Figure lB is such a
horizontal analysis and shows the T wave
arriving at about 099°. When this line of
position is drawn to intersect the rift zome, it

*Color figures 15, 17, 18 may be found on pages 25
and 26,



doas 50 on a transform fault 31Bkm from the
observation point. The separation in time between
the earthborne and waterborne arrivals, as well as
the difference in their phase speeds {see Figure L7},
can be used independently to check this result. The
computed distance by the latter technique is 313km
and checks the former within experimental error.
Indeed, respiution in earthquake location for the
Arctic by other methods is generally considered 10km
at best {Lilwall 1982).

Beyond use of the foregofng observations to
model earthquake slip dynamics {e.g. seismic
moments, slip displacements), we are presently
studying:

# total duration of the observed T wave. We
observe the duration to be longer than a
single slip event, Is its duration caused by
a series of slip/stick displacements? 1Is 1t
caused by swarming or clustering of many
individual events? Or does the sigmal
undergo multiple reflections from various
layers above and below the earthquake source
and sc generate a longer T wave?

@ shape of the T wave frequency/time/spectral
density contours. Can the shape be inverted
to yield the fault plane orientation? {an
the shape heip distinguish between various
classes of slip plane motion?

e magnitude of observed earthquakes. The event
shown here was too small in magnitude to be
observed on the world seismic network
{International Seismolagical Center} but was
quite easily ohserved with our measurement
and analysis system. Interest is high on
relatively weak earthquakes, since their
magnitudes and occurrence rates relate to
spreading and other tectonic properties
{Lilwall 1982).

5. [ECHOES OF DISTANT PLACES

In each of our experiments, we have also
observed sound signals backscattered from various
Arctic underwater features. These signals are a
result of intense impulses created at {or near) our
camp by explosion of TNT charges, typically 200kg at
244m depth. Signals backscattered (reflected back
toward the canp? are then analyzed by the horizontal
array of hydrophones,

A three-dimensiona) plot of backscattered
signals analyzed at SHz from one such experiment is
shown in Figure 19 (Dyer et a1 1982). Significant
structure in the backscatter is evident out to the
maximum time displayed (3600 sec or 3431/sec after
shot instant}, which corresponds to a range of about
2500km. In this experiment, the camp was in the
Beaufort Sea some 350km north of Alaska. Thus, at a
bearing of about 0009, 2500km is the distance from
the camp to the Eurgpean margin. In simple
language, we have been able to echo-range across the
widest part of the entire Arctic dcean.

At a bearing and time, say of 1809 and 3600
sec, Figure 19 must be showing noise since in that
direction the Alaskan coast has intervened long
before then. Note, however, that the neise is less
than the noise just before shot instant, The
underwater TNT shot accounts for this, Shock
pressures up to 1 MPa act on the ice in the camp's
yicinity, apparently relieving stress and thus
decreasing noise for some time. It is not an
uancommon effect, but reductions are observed only
when noise {and stress) are low to begin with,

With suitable adjustments for energy loss in
transmission, and for analysis parameters such as
averaging time and array resolution, charts of

jso-backscattering strength can be prepared.

Figure 20 shows one for the Beaufort Sea. Thess
contours delineate major features, most motably the
continental slopes off the {anadian archipelago
(alang about 1259W} and off the Alaskan coast
{along about 720M), Further west, Figure 20 shows
a major submerged feature along about LEOCW, known
as the Northwind Escarpment. Compare Figure 20 with
Figure 2 to gain confidence that the echoes of the
Beaufort Sea are indeed meaningful. What is
especially interesting toc me is strong backscatter
from about 73.29N, 139.00. Figure 2 does not

show any prominent feature there, nor do other
accepted charts, at least not to the degree neces-
sary to account for strong echoes. [ am confident
that we have indeed discovered a prominent feature,
one that we have named in honor of G. Leonard
Johnson (Dyer et al 1982).

Other Features or differences with known
topography have been discovered. Fiqure 21 shows
fso-backscatter contours obtained from B86,4%K,
22,200 (Williams 19Bl), The data show clearly the
Horris Jessup Rise which, in Figure Z and cther
charts, 1ies in the region of about 840 to 869
and 150 to 30PW. The acoustic echoes show that
it actually extends much further to the north than
previously had been thought. At the eastern edge,
existing charts alsc show the Morris Jessup Rise
guite separate from the Mid Arctic Ridge, But our
data show a definite merger of the two, likely
caused by a more westerly extent of the ridge.
Indeed our data indicate that the Mid Arctic Ridge
5 broader and has more relief than shown on
accepted charts,

That iso-backscatter charts show new or
differently shaped features than those shown on
standard charts is onity modestly related to
resolution limitations of the acoustic technique
(Dyer at at 1982, Williams 1981}, It is simply the
case that bathymetric data in the Arctic Ocean are
sparse in many areas, and cartographers must sketch
depth contours as best they can. At the same time,
1 do not suggest replacement of standard bathymetry
with acoustic echo-ranging, But as a reconnaissance
tosl, it can readily highlight areas deserving
detalled bathymetric study or it can discover new
features in poorly charted areas.

& glance at Figure 6 will show why a low
frequency like 9 or 10Hz was chosen for backscatter
amalysis. Loss due to sea ice scattering is
expected to be tolerable at low freguencies, giving
an opportunity for sepsing major topographic
features at long ranges, Stated differently, ocean-
wide echo-ranging in the Arctic at say 100Hz would
have been as much as 3 orders-of-magnitude more
difficylt,

5. SUMMARY

Here are the main points. Knwoledge of fce
roughness and ice strength is important to societal
activities in the Arctic Qcean, including:

¢ safety of surface-piercing platforms for oil
and gas production,

s performance of icebreaking and ica-strengthened
ships,

e stealth of [mutually deterrent} submarine
nuclear forces.

We are gaining knowledge of ice roughness, though
questions remain:

¢ how general is the 3 roughness asymptote
{see Figure 5) over large sample areas and
for diverse sample times?
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# what physica) mechanisms explain K2, in
contrast to plaggtary topography, which is
asymptotic to K °7

¥ia inversion of the sea ice song we are on the
threshold of better definition of ice strength and
ice stress:

®» the probability density function for stress
{see Figure 13} reflects the combination of
varfations in impesed stress, and variations
of icedislocations ormacroscopic defects. In
principle separation of the two can be
achieved and is now under study.

¢ stress probability has profound importance in
engineering, since ultimately failure criteria
must entail knowiedge of a stress extremum in
relationship to the mean stress.

Advanced technology can and is being brought to the
Arctic. It has {ts own flavor and often a unigue
form. Based on progress to date, I know that the
rnext generation will find tasks in the Arctic less
an adventure for intrepid pioneers and more a
question of application of basic scientific and
engineering principles, It is an exciting prospect
with many rewards.
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Figure 1. Voyage of the Marnhattan to the Arctic in 1969. The Manbattan was
an experimental tank-ship/icebreaker to test the feasibility of transporting
Prudhoe Bay oil te eastern markets through Canada's Northwest Passage. It
lost out to the pipeline which now takes Prudhoe il to ar open port on
Alaska's southern codst.
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Figure 2. Bathymetric chart of the Arctic Ocean with contour depth in
meters, Major features with approximate coordinates are: Alaskan coast
{75°N, 140°-160°W), Canadian archipelage (78-83°N, 60°-125°W), Greenland
coast (83°N, 10°-60°W}, European and Asian margin (80°N, 10°-160°E).

The shelf area {depths Yess tham 200m) is quite large. Redrawn from
Canadian Hydrographic Service {1979).
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Figure 3{a). General view of pack ice in central Arctic, typical of April. A
pressure ridge runs from the lower

left to the upper right, and other ridges
and refrozen leads {breaks) can be jdentified.

D W,

Figure 3(b). Closer view of refrozen lead, showing smoather and darker ice.
or weathared pressure ridges can be seen on the older ice floes.
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Figure 4(a}. A weathered pressure ridge can be quite handsome, but poses
dangers to icebreakers ar petrofeum platforms as well as difficulties in
over-the—ice transport.

Figure 4(b). A& relatively fresh pressure ridge -an also pose gifficulties,
vut the ice nlccks are less consulidated and presumably the ridge has less
strength.  Note the recore of lagering in the ice.
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Figure 6. Forward scattering reduction of a sound signal for transmission

range of 500km ir deep water. Shown alsg is scattering into the internal
relaxation processes of sea water, an effect more important than ocean wave
scattering but less important than sea ice scattering.

23



PalHz2™

SPECTRAL DENSITY,

Io?. . -

=
£

-
|0'FL.
i_ . . i . 1 I ] l3 e R jc
10° o’ ] 10 10 10 10

FREQUENCY, Mz

bigure 7. Traces of data analyzed at different times in April 1982 on pack ice ot about H3°N, 207E,
Traces <elected fo form a compatibie composite and to illustrate various noise characteristics,
Interruptions in some traces occur where electrical hum at the line frequency and its odd harmonics
dominate the analysis bin, A mechanically coupled sub-harmonic was sometimes dominant, and the trace
was also interrupted there, (When lowest amalysis bim is located at frequencies Tess than 1 Bz, its
spectral dentisy it quite uncertain and is shown in Dbroken lines.)

24



FREQUENCY {(HZ)

48.8

39.1

29.3

19.5

9.8

TILTTRI™™ T YT
SYESTRUM LIVEL

dE re 1 uPa, 1 Hz

sk
b
i

108

103

9B

TIME (SEC)

tach spectral cut is taker an

Fi;ure 15. Sonogram of event on 14 April 1980.
4 ¢ S8C time window. The date are high-pass filtered at l3dB/octave witn a

vroli-of f of at 1Hz of 8dB (Keenan 1953)



12000 4

| I

g

.}
-
-]
o3 o B bt ok b L i sl
—

PHA:S YELOCITY {MSSECY
b
S

i :
..-..M,’.,...._.!..---“.iq- - {nA.\r...‘....?,,.....,i.,_,..T...... _I-,H_ i “\_‘I.‘M-ur —.,..:...,‘-.[2._“_?__' _: _._‘_T___...
A5 LT any s LFe LX ] ~hA P Kt £

ViIME (SECH

(50 s

Figure 17. Vertical arrival angle {phase speed) analysis of Figure 15 event.
ngle measured from the horizontal is cos™t {cy/c) where ¢y is the sound

speed in water (1440mfsec) and ¢ the observed phase speed. Oata anlayzed in a

2Hz bandwidth centered on SHz, in 2 sec time windows (Keenan 1983).

177 '3
.
3
203

3 T a:’:,::')’; AL
]
060 -
<
- F
- —3
o 3
iy E
o 000
“ 3
s 3
- :

;S
L=

nuuu;iuuulu;uuunut.u(.uu .ch

SEFEUTRM LEVEL
AR re § ¥a, 1 ue
MR bl umoorroctatd

W -
:«I 74

~240

_sBO—f - T T T H -

A T [ rmr g

! T ; ! _ . S
%60  S5TC 58D 590 &00 LD B20 830 &840 650 AR
TIME (SEC

Figure 18. Hurizontal arrival angle of Figure 15 event. Data analyzed in 2Zhg
bandwidth centered on 16Hz in 2 sec time windows (Keenan 1983),



MNaorth

South

Exp. 29
fo = I10Hz

Figure 8. Distribution of pressure spectral density in azimuth (resolution
about B9), Data cbtained in April 1978, under relatively quiet conditions,
in the Beaufort Sea, over deep water, with fairly solid pack ice. A& large
horizontal hydrophone array was used to obtafn the spatial distribution,
Scale is in dB re 1 pPa and lHz, i.e. 68dB corresponds to a spectral density
of 6 x 10~ PalfHz. Frequency bandwidth is 4Hz centered on 10Hz. A

spatial maximum occurs at about 0129 {Shepard 1979},
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Figure 9. Time series observed in direction of maximum noise of Figure 8,

0128, Freguency bandwidth is 4 to 30Hz. Fluctuations appearing other than
the two bursis represent noise of weaker and/or more distant events, noise

'Ieak;'ng through the side Tobes of the harizontal array, and strum {Shepard

1979}.
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Figure 10. Frequency spectrum of one burst in Figure 9. Sample duration 2
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Spectrum above 30Hz contaminated by other events, the lower freguency
counterpart of which is evident in Figure 9 {Shepard 1979). Broken line is a
model spectrum, Equation (4).
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wave displacement ug, traction in an unbounded medium, and socund pressure in
the water p. Time functions are linear - linear sketches, spectra log - lag.
[nstead of a Gaussian puise for ug, Brune {1970) uses ug - t exp (-at)

which would lead to a spectral shape for sound pressure the same as shown at
jow frequencies, but irdependent of = at high frequencies. From the data, the
Gaussian pulse appears to be a better candidate, Stephans and Pollock (1971)
proposed a Gaussian pulse to model very high frequency {105Hz) emission
spectra in nondestructive materials testing.
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Figure 12. Noise spectral density obtained in April 1980, eastern Arctic
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Figure 14. Scheme of seismic and acoustic propagation from an earthquake.
Vertical scale grossly exaggerated (ice thickness about 3m, water depth about
dkm, crust and sediment thickness about 10km, distance between source and
array about 300km).
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pack ice in the Beaufort Sea with water depth about 3.8km, and carried out in
April 1978.
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INTRODUCT 10N
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Not Tong ago it was considered isolated and
remote. But now the Arctic has come of age. Modern
society has come to the Arctic and with it the con-
cerns and issues of our times. The Arctic is immense,
so much so that changes brought by the buffeting pol-
itical winds of the past decade are not readily
visible, but rather must be seen as changes in per-
ceptions and circumstances.

Issues that affect the Arctic, and through which
make it possible to view this continuing process of
change, tan be identified as follows:

1. Natignal sovereignty and jurisdictional
claims,

National defense.

Gas and pil and other mineral developments
Transportation and navigation

Oceanic and atmospheric research

Living resource and environmenta] management
Native interests and self-determinism

Perceptions of shortages in matural resources,
particularly petroieum, pushed prospectors to remote
Arctic areds. Advances in science and technology
follewed naturally, as did improvements in trans-
portation, providing easier access to the entire
region. This growth took place along with growing
awareness of the importance of the region for national
defense. At the same time, the Arctic's role as a
nursery for world-wide weather became a factor in ail
northern hemisphere nations,

But despite this growing importance of the region
in internatignal affairs, the human systems needed to
reguiate change in the Arctic have lagged behind,

The five nations bordering the Arctic Ocean
(Y.S., Canada, Norway, USSR, and Denmark/Greenland)
are becoming increasingly aware of the importance of
the region in which they have a shared interest. On
severa) occasions in the past, experts have suggested
that thase circumpolar states might best manage
pelicy issues through cooperative efforts.

However, if the issues are scrutinized closely,
this form of management ar cooperation might be too
broad in some cases and too limited in others. The
policy issues, themselves, dictate who would be most
interested in which areas. {see Figure 1)

For example, in addition to the five nations
that border the Arctic Ocean, there are three more
nations, Finland, Sweden and Iceland, which are
subject to the same environmental conditiens and are
considered to be in the Arctic Environmental Region,
{north of the July 10° Celcius isotherm}. Finally,
there are four more nations which have major interests
in the Arctic: Great Britain, France, West Germany
and Japan.

e DT e Cad
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Some issues, such as national defense, petroleum
and othar mineral developments, lend themselves to
national zonal management. fthers, such as jurisdic-
tional disputes, principally involve the nations in
dispute. Transportation and navigation issues would
involve these nations with commercial or military
shipping interests. Oceanic and atmospheric research,
particularly relating to climate, but alsp to ice
qualities and other scientific phenomena, are probahly
of interest to all twelve nations. {see Figure 2)

In view of current Law of the Sea negptiations,
other considerations rust be notad which will
influence modes and levels of cooperation and col-
Taboratian. While these are simple examples, they
provide an international framework for thinking about
the policy and lega! matters which reiate to the
Arctic. Mr. J. Lawrence Hargrove and Ms. Nancy
Kellner address this framework in their paper.

As far as U.S, interests and current management
arrangements are concerned, many of the same ouestions
might be asked. With more than 14 U.S. agencies
having Arctic programs, the guestion arises, wro
should participate in which issues and coordinate with
which levels of government? [(see Figure 3) There
is only ane state involved, Alaska, but there are
more than six state agencies in Alaska “nvolved in
Arctic affairs, and numeraus boroughs and Native
American reservations. At the sane time, there are
private sector interests including major industries
involved in development. Add to these the incdustrial
assgciations and the public interest groups, which
mostly represent enviromnmental and native pencles’
interests

The U.5. has several optiors for management of
Arctic issues, utilizing governino arrangernents
currently in place. Palicy making can Se carried out
within the seven issue areas or across them, accerding
to the level{s} of government directly involved.

{see Figure 1)

Given increasing activities in the issue areas,
one ¢ould conclude that better coordipation, clanring
and cooperation would help avoid conflicts that may
occur as wel) as take advantage of opportunities.
¥et, there is an inertia against formal coordination.
There is a need to develop sufficient evidence to
overcome this affinity for the status cJo. Are there
sufficient problems now and in the near future to
promote a coordinating mechanism?

For example, do the costs of delay in develcping
0CS resources warrant instituting public intervertion
mechanisms to speed up develppment? Or, are un-
certa‘nty and ignorance resultirg fror the Gack of



coordination of R and O fmpeding development and
effective use of this area? Obviously, benefits
result from reviews by more than one agency. Ra-
dundancy always prowf{des the checks and halances 1n
the system. But the gquestion that must be addressed,
ustng the cese of the TransAlaska Pipeline {TAPS), for
example, is: Were the benefits derived from environ-
mental ravies and redesign of the project greater

than the costs resulting from delays and redesign?

There are several guidelines which should
influence Federal Government Policy in the Arctic,

° The government must provide a regional systems
perspective concerning the range of seven
tssues previously mentioned.

® The govermment should coprdinate Arctic regul-
atory activity among the federal agencies,

° The govermment must assure coordination of
Arctic research as well as set priorities and
assure that the research will be carried out
elther by government sponsorship or under
govermment regulatipn,

The past few years has seen a piecemeal attempt
on the part of national and 1ntemational legal
systems toc recognize the unique features of the Arctic
area. Mr. John Gissberg who has written about the
current management regime for Alaska and the United
States as he views 1t from his far northern per-
spective, mentions Some of that Tegislatian.

Some have said that although i1 and gas develop-
ment and mi1itary matters have dominated our interests
in the Arctic up te now, and that science and environ-
mental affairs have been pushed to the side, develop-
ment and military interests wil) ultimatley have to
rely on environmental and scientific information,
demanstrating a need to push those concerns to the
forefroat of their pricrities. If there i truth {n
that observation, then the 17 nations with Arctic
interests will have to make immense efforts, pulling
together to set Yong term research programs. [t will
take an especially inspired effort to putl in the
most uncocperative member of that group, the Soviet
Urion, the natfon which seems to pay least attention
to this observation.
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THE IUTERNATIONAL LEGAL REGIME OF THE ARCTIC

John Lawrence Hargrove and Hancy J. lellner
MAmerican Society of International Law

1. INTRODDCTION

The Arctic has long been popularly
regarded as toc harshly forbidding an enwvi-
ronment to allow protracted perlods of most
kinds of human activity except on the rigor-
ously constricted basis of what Arnold
Toynbee called, in referring to the hunter-
gatherer Inuit cultures, "arrested civili-
zation". Especially in the last decade or
3o, however, it has come to be widely ac-
knowledged that the Arctic is becoming at
once less of a mystery, and a more important
technical challenge. This widened awareness
was stimulated primarily by discoveries of
large 0il and gas reserves, which made
mastery of that environment at least for
purpeses of hydrocarbon exploitation an ec-
onomic and strategic imperative for some of
the five Arctic nations, and raised the
prospect of extensive use of Arctic land and
ocean areas for purposes of transport of
products and equipment., But it was contri-
buted to also by the develcpment of subma-
rine technelogies which made possible pro-
tracted navigaticn under the polar ice, and,
in the decade following World War II,
strategic planning on the part of the two
superpowers for the use of the Great Circle
route for the delivery of airborne nuclear
weapons against each other.

The practical concerns of states with
the Arctic--military, economic, scientifie,
environmental, or political--have thus been
increasing. This paper sets out, in sBummary
fashion, some of the features of interna-
tional law (the law governing amohg sover-
eign nation-states) that for various of
these practical reasons seem tc be of spe-
¢cial interest in thelr application to the
Arctic, and explains why this is so. It
alsc examines possible needs for c¢larifying
the law ¢or developing new law or institu-
tions for this region in the future.

it would be convenient but a it mis-
leading to say that we are concerned with
"the international law of the Arctic*,
since, for the most part, international law
takes no notice of the Arctic (or indeed
either polar region): with narrow excep~-
tion, the same general law applies in these
areas as elsewhere., That this is so has be-
come clear, in the development of the law,
only within the last few decades, and it i=s
instructive te note that the law could well
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have been arranged otherwise, The outcome of
developments during this period might con-
celvably have been a general law which
treated one or both polar regions--both
land and water--as distinct areas for
various purposes. In that event the like-
liest analecgues in actwval internaticnal law
would have been the concept of the “high
seas”™, recognized for several centuries as
an area in which the basic rule is a broad
laissez faire principle denying any state
exclusive prerogatives and ensuring egqual
access for all states, and the much later
but quite similar concept of "ocuter space",
Or the law could have developed in the op-
posite direction, granting special exclusive
prerogatives to states most intimately con-
nected geographically to the areas--a devel-
opment in fact encouraged, with some prac-
tical if not legal result, by certain Artic
states in their advocacy of the "sector
theory®™ as the legqal basis for determining
savereignty over Arctic land and {it was
sometimes suggested) ocean areas [1}. [See
algo discussion below under ®"National
Claims” and "Jurisdictienal Uncertainties.”]
In fact, neither of these directions
was followed, as we shall see in the fol-
lowing pages, and there is no special
international law of the Arctic or Antarctic
as there i3 an international law of outer
space., Neor, for that matter, is there even
an "international law of the sea of the
Arctic® in this sense, What is special,
rather, is a set of perplexities or legal
uncertainties resulting when states seek to
apply general international law in the
peculiar polar environments. In the
Antarctic, these difficulties have been met
to some extent by a special international
contractual--i.e. treaty-—arrangement among
2 few states with special scientific,
economic, environmental or political
interests in the area: the Antarctic Treaty
[2} . This treaty does not change general
international law in respect of the area,
nor could it, being of very limited
particlpation. Rather, it creates rights
and obligations among a limited group of
parties designed to facilitate the pursuit
of at least some of these interests, while
preserving others against serious injury.
The same is true of a new treaty on
Antarctic living resource exploitation
adopted in 1980 [3], and will alsc be true



of any arrangement resulting from the
current discusslons of a regime for mineral
regource exploitaticn.

With the exception of the highly
specialized treaty for the protection of the
polar bear, there are no such special treaty
arrangements for the Arctic reglon [4]. The
question of whether there ahould be, and if
80, what kinds of interests they should seek
to deal with and among what group of states,
has been fairly frequently raised in recent
years {51, and we will recur to it. OCur own
conclusion ie that the further development
of international law respecting the Arctic,
in the decades immediately ahead, is
unlikely to take place ln the form of any
major revisions of the fundamental law so as
to take special notice of the Arctic (a
courae for which, aside from the advccates
of the agector theory, there seems never to
have been an unequivocally committed
political constituency). Instead, it will
probably consist in clarification of that
law in ite application to the Arctic
particularly as regards ocean Bpaces,
coupled with an overlay of treaty
arrangements ameng a linited group of ptates
dealing with specific practical interests.

In any event, the only prudent
assumption as a matter of policy is that
some substantial legal development should
and probably will take place. The Arctic
falls cleariy into that familiar claas of
enviconmenta once relatively inaccessible
and uninteresting, which technology,
economics and pelitics have combined--often,
in thie century, with great abruptness——to
render otherwise. 1In such situtations it 1s
common wisdom that an established legal
framework acceptable at least to the prin-
cipal parties in intereet becomes more
desirable in rough proportion to the in-
creasing intennity of human activities and
importance of the intereats at stake. That
principle is now especially relevant to the
Arctie, where mome of the activities in
prospect require large capital investment
and involve high political stakes.
Clarification of existing law ot elaboration
upon it may well be necesgary to reduce
enterpreneurial risks to aconomically
acceptable levela and to keep the risks of
politicl conflict or environmental injury to
tolerable minimums.

2, THE INTERNATIONAL LAW OF SPACES
2.1 Land Territory

Claipms. There have been
stirrings of concern since the mid-1%9th
century regarding international law in the
Arctic in the form of disputed claims of
national sovereignty over discovered land
masses. With the exception of Alaska, these
land masses are islands lying wholly or
partly north of the Arctic Circle. The
terms of the purchase of Alaska in 1867 [6],
which seem almost frivolous by any
contemporary measure of the value of that
vast and only partly Arctic territory,
presumably provide some indication of the
level of importance attached to the eariier
disputes. In any event most actual disputes
ever land territory were settled, on an ad

hoc and bilateral basis, by the mid-1920's
although the dispute between Denmark and
Norway regarding portions of Eastern
Greenland was decided by the Permanent Cour
of International Justice only in 1933, and
in 1932, Horway had still not recognized
Soviet claims Lo sovereignty over the Franz
Josef Land archipelago [7].

There seems, in any case, never to hav
been any impetus to establish the kind of
tegicnal regime "freezing® disputed clajims
and establishing common rights that was set
up in the Antarctic Treaty. As to Arctice
islands, this is probably in part hecause
there were fewer such claims, and becaugse
the relative proximity of the continental
land territories of claimant countries to
disputable islands made these clalimg at onc
nore plausible prima facie and more readily
reassertible on the basis of research
expeditions or other naticnal activities
[8]. It is probably also due in part to the
fact that, unlike the southern polar ocean,
the Arctic sea lanes had long had a
perceived potential importance. As to the
continental territories, it is doubtful that
a "common tights™ appreoach could ever have
been politically conceivable.
Geopolitically, in short, the Arctic and the
Antarctic are radically different.

An exception to the foregoing is the
settlement regarding the Svalbard
Archipelago concluded in 1920 in the
Svalbard Treaty among Norway, the United
States, Canada, Denmark and a number of
additjonal European countries {9]. The
treaty resolved disputes as to the
territorial status of Svalbard by
recoghizing the sovereignty of Norway
sulject to the equal rights of all parties
to enjoy access and carry on economic
activities. While the Saviet Union was not
among the original parties (it became a
party later), the treaty provided that
Rugeian natiocnals were to have the same
rights as the contracting parties {Article
10). The Soviet Union in turn, unilaterally
recognized Norwegian sovereignty over tie
archipelago and drew the Soviet "sector
line® around Svalbard to reflect this
position [10], though there is now
considerable controversy over the Sovie:
contention that the economic rights provided
for on land also extend to the continental
shelf areas around the islands. [5See
discussion below, "Ocean Areas:
Jurisdictional Uncertainties,"]

As already indicated, there has been
some effort on the part of Canada and the
Soviet Union to assert sovereignty at least
over Arctic land masses on the basis of a
"sector" principle, according to which
sovereignty would be divided among the
Arctic states by lines drawn from the
East-West extremities of the land territery
of states abutting the Arctic ocean, north-
ward to the Pole. The principle has not
been accepted by other states and has been
explicitly contested by the United States
and Norway, among others. At the same Lime,
it appears that one of the practical objects
of its asserticn--uncontested sovereignty
over the islands of the Canadian archipelag:
and islands lying north of the Soviet
Union--has been accomplished through the
prolonged acgquiescence of other states,



despite the limited character of the actual
occupation of the territories in gquestion,
and--except for Wrangel Island and Franz
Josef Land--with relatively few actual
disputes [ll1]. It has been pointed ocut,
morecver, that the lenient criteria
respecting occupation as a basis for
establishing sovereignty that were applied
by the Permanent Court of International
Justice in the Eagtern Greenland case make
any actual contest of Soviet or Canadian
gsovereignty extremely unlikely [12].

Nevertheless, in view of the unaccept-
ability of the sector approach to other
nations, Canada has apparently been careful
to support claims to land territory with
other arguments, particularly in recent
years, The Soviet Union, for its part,
formalized in 1926 its claim to sovereignty
over “all lands and islands already
discovered or discovered in the future"
within their “regiog of attraction® (bounded
by She meridians 32704'357E. Long. and
L68749'20"W. Long.} which were not at that
time reccognized by the Soviet government as
tecritories of any foreign state [13].

As will be seen, moreover, the sector
theory, though moot as to sovereignty over
land territory, is still at issue in some
potentially important disputes over
boondaries of the various ocean zones
between adjacent Arctic states,

lssuey Lo Mative .
while dealing with the internaticnal law
question of national soverelgnty over land
areas, Lt should be borne in mind that, in
addition to national staktea, groups of
indigencus peoples may have certain legal
rights with respect to Arctic lande. In
EFact, many of these groups have actively
claimed such rights, and as commercial
development of the region becomes more
widespread and intensive, it is likely that
native peoples will continue Lo seek primary
control over the disposition of lands and
resources which they have traditionally seen
aa their birthright, and upon which they
continue to rely for sustenance and shelter,

It is important to note, however, that
these claima bave by and large not been
claims of the right to exercise sovereignty
aver specified areas-—-the basic prerogative,
in international law, of independent
states-— but rather have been claims of
rights under national law of ownership of
particular areas or other special
entitlements {guch as rights of political or
cultural autonomy, easements of access for
hunting or fishing or other purpeses, and
others} [14). They do not, therefore, raise
issues about the international status of
land areas, at least in respect of
underlying sovereignty over those areas.
This is true even though these claims may be
based in part on agreements with the
national government that, arguably, enjoy
the status of international agreements--i.e.
treaties-~or upon newly energent principles
of international human rights law, in
particular those which establish certain
minimum standards relating to economic,
social and cultural conditions of life.

International law and legal
institutions do, of ¢ourse, make provision
in some detail for claims by a people that
its international law right of

49

“gelf-determination™ has not been satisfied,
and for the exercise of that right
through--in the usual case~-the achievenent
of national independence and the sovereignty
over specified territory which being an
independent national state implies. The
typical "people® to which these provisions
have been applied, however, during the
period of decolonization since the Second
World War, is that of a recognized colony,
rather than indigenous peoples or other
groups, within the population of a natiocnal
state, that for whatever reasons may have
secessionist aspirations.

As we shall note below, the historic
position of indigenous pecples, upcn which
their claims may be based, may have a speci-
fic bearing on certain international law
issues relating to ocean areas, since the
traditional usages of these areas may be
invoked by national governments in seeking
to establish a status as national rather
than international waters of certain ocean
areas. [See discussion under 'Jurisdictional
Uncertainties as to Dcean Areas’, below.]

More importantly from the point of view
of public policy, these indigencus groups
constitute the main or only historically
settled population in some areas that may be
the areas most directly affected by
regource—management and environmental
decisions and the resulting stream of
activitiea. Their right to have their
interests taken into account in the working
out of such decisions is recognized in
variocus ways at the international level [15]
as well as the national, and their ability
to insist on this right with practical
effect seems to be growing, though the
specific terms of settlement may not be
identical to the original claims and,
further, the extent to which these peoples
are granted hearing at all depends heavily
on the country involved.

In the United States and Canada, for
example, the federal governments have
established native land claims settlement
programs, which provide generally for
settlement packages combining land grants
and financial compensation with wvarying
degrees of political autonomy [l16]. Also
recegnized is the obligation of the national
governments to consult native groups in the
event of federally orchestrated or regulated
future development of the area, e.g., as in
the case of pipeline construction which
might tend to disrupt the migratory patterns
of caribou or other species. This is true
in Greenland and Nocway, as well, though in
these two countries there has been a muach
higher degree of integration of native and
non-native peoples particularly
gepgraphically, but to & certain extent
culturally as well, In the case of
Greenland, which was conly recently granted
home rule by Denmark, there is the
additional guestion of national politica:
and economic independence. In the Soviet
Union, there appears to have heen little
action of this kind in respect of native
peoples,

Cn the transnational plane, the first
Inuit Circumpolar Conference was held in
1977 in Greenland, bringing tougether
representatives from all the Arctic states
except the USSR, There have been in this



connection some efforts by several nat;v?
groups to establish a kind of ‘panarqtlc
policy with respect to rights over mineral
and other natural resources, as well as to
attain the status of recognized nongovern-
mental organizations (NGO's) within the
United Nations system. The UN system has,
in tecent years, been mere directly
concerned with the rights of indigencus
peoples, if only in a small way thus far.

It would seem Jikely that these efforts will
continue, and that Arctic rnative peoples
will become more vocal in U.N. fora,
especially as commercial activity increasea.

2.2. Ocean Spaces

Law of the Sea. The
main bulk of the earth's surface north of
the Arctic Circle is salt water, and for
this reasen if no other, those portions of
general international law that determine the
righte and duties of states with respect to
ocean areas or regulate various ocean
activities could be expected to loom large
in the international legal regime of the
Aretic. As already indicated, this law, as
with the law of land territory, almost
without exception is the same for the Arctic
as for other parts of the earth's surface.

This is not to say that, as a practical
matter, the application of what iz called
generally “the law of the sea® to the Arctic
will always be satisfactory, since for much
of the year nearly 90% of the ocean surface
is frozen. The ice pack and ice islands
{the general permanence of which may vary
considerably) are for the most part not
specially provided for in existing law, and
because they permit some activities
(hunting, scientific regsearch from semi-
permanent statiens, and hydrocarben
exploration, among others) that are normally
carried out on lamd or from ccean vessels
may present special problems, Nonetheless,
a4 few remarks characterizing in barest
outline the main body of the law of the sea,
especially insofar as this law bears on the
Arctic, are in order here,

It should be noted first that the law
of the sea at the present moment is in a
state of some uncertainty. It has been the
object of efforts carried on intermittently
for perhaps fifty years, and continuously
fer the last decade and a half within the
United Nations, to draft a modern and com-
prehensive pody of treaty law supplementing
and accomodating to contemporary needs rules
developed over several centuries. These
eftorts produced the massive United Nations
Convention on the Law of the Sea adopted in
December of 1982 by the Third United Nations
Conference on the Law of the Sea, but with a
significant though small mincrity of states
tincluding the United States} declining to
vote for or sign the treaty [17]. The
treaty itself is not yet in force, and will
not be until the required 60 states have
ratified it--a process likely to consume
several years at the least. Bevertheless
its text is already an important element in
determining what the law is, for two
teasons: Firat, it carries forward many
features frem earlier law of the sea

ies, alsoc produced by the United
EEE?EQE in the course of the 1950's, which
are in force and have wide if ngt universal
acceptance. Secondly, most of its provi-
sions were widely supported during the
treaty negotiations and almost universally
at the conclusion of those negotiations, angd
to scme extent are already reflected in the
actual practice of states, Thus there is
some basis for arguing that they constitute
"customary international law"™ even before
the Treaty's entry into force and more
gtrongly so after entry into force.

Such argument has already been
contested, however, by some signers of the
treaty, to the extent that it might be put
forward by states like the United States
that will wish to claim the legal force of
portions of the treaty acceptable to them
while avoiding {through trefraining from
becoming parties to the treaty) portions
that they find unacceptable. The principal
objection of states refusing to sign the
treaty was directed to the deep seabeg
mining provisions [18]. Even 1If there were
no such controversy, it is in the nature of
customary international law that
establishing both the existence and the
content of its rules is likely to be subject
to greater uncertainties than is the case
with the written law contained in treaties
in force,

Fresumably the greatest uncertainty as
to the state of the law of the sea will be
ag to those portions of the new treaty which
consist most nearly completely of new law,
neither carried forward fcom previous
treaties nor reflecting pre-existing
customary law, The most important such new
portions of the treaty are those establish-
ing for the coastal state a broad coastal
band of exclusive jurisdiction for economic
purposes (the "Exclusive Economic Zene®, or
EEZ}, and those creating an international
deep seabed area beyond national
jurisdiction, and establishing arrangements
for mining of seabed minerals in that area.

The main function of the law of the sea
is the drawing of geographically definable
ocean zones within which states have dif-
ferent jurisdictional prerogatives. Like
the law of land territory, it mainly lays
down rules governing which states legally
m;y do what, or must refrain from what, in
what areas.

Only secondarily--but still to a much
greater extent than in the case of land
territory-—does it egtablish rules of
conduct prescribing how those prerogatives
are tec be exercised, and to what ends.

For example, there are same highly
general principles of conduct such as those
enjoining cooperation among states or making
states legally responsible for the harmful
consequences of their actions. These are
found in general international law and are
reflected somewhat more specifically, for
example, in the new Convention on the Law of
the Sea, discussed below, Additionally,
that Convention (as the pre-existing law of
the sea does to a lesger extent) , contains a
gocd &eal of material which is concerned,
sometimes in considerable detail, with
accommodating possible overlaps or conflicts
in the exerciseé of the various prerogatives
which it lays down, An important example i5



the proviszions of the Convention concerned
with teconciling the rights of free navi-
gation of the ocean with the rights of
cpastal states to regulate activities for
economic, environmental, or various other
purposes in zopes of national jurisdiction.
Moreover, the new treaty sets out separate,
fairly detailed sections relating to the
conduct of scientific research (particularly
in the international seabed area); the
development and transfer of marine
technoclogy:; and protection of the marine
environment.

The New UN Convention on the Law of the

The jurisdictional map drawn by the
law of the sea is that of a variety of some-
times overlapping zones in all of which
fwith the exception of *internal waters")
there is a mix between the prerogatives of
the coastal state and those of all other
states. The new treaty redefines in impor-
tant respects criteria for the determination
of both lateral boundaries and seaward
limits which could well hold implications
for current disputes in the Arctic. Of
perhaps even greater interest for the Arctic
is the Treaty's attempt, just mentioned, to
balance in each of several coastal zones the
interest of the coastal state in protection
against pollution from vessels with that of
vkher maritime states in unhampered navi-
gation, It does so by various regquirements
that cecastal state environmental rules for
vessels in effect be no more stringent than
accepted international rules--which all
maritime states may have had a say in
formelating--but makes an important
exception for the Arctic,

The territorjal sea. that which is
closest to the land territory of the coastal
state and therefore the most heavily
national zone, is set in the Treaty at a
maximum of 12 nauvtical miles ({Artiele 3), an
extension of the traditional three-mile
limit which the United States, notably, has
not recognized but which has over the years
been adopted by many states, including the
Soviet Union, The treaty contains specific
instructions for the drawing of baselines
from which the territorial sea is to be
measured, but where the coastlines of two
States are opposite or adjacent ko each
other, the median line prevails, except
where "historic title or other special
circumstances* require variance from these
provisions (Article 15}.

The concept of the territorial sea is
that of a narrow belt of ocean waters
adjacent te land in which the sovereignty of
the coastal state--including its power to
regulate specific activities such as
transportation--is like that which it enjoys
on land territory, subject only to narrowly
circumscribed, If guite important, rights of
Passage by foreign vessels. Within that
belt, the right of "innccent passage” of all
foreign vessels is subject to cegulation by
legislation of the coastal state in respect
of--among other things--environmental
Protection, conservation of living
fesources, and scientific research (Article
2l (1)), but these laws and regulations
cannot apply to the "design, construction,
Manning or equipment” of these vessels,
Unless they are giving effect to” already
established international standards (Article
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2l, (20).
fly contrast, in the regimes estabilished
for atraits used for interpational

which are or could he enclosed
by a l2-mile territorial sea, and for the
new 200-mile exclusive evonomis Zone, the
balance between the prerogatives of coastal
states and these of other states interested
in navigation is shitted significantiy in
the direction of the latter. States
bordering straits used for international
navigation may adopt laws and regulations
relating to "transit passage" (Part 1711,
Section 2) through the strait, for the
"prevention, reduction and control of
pollution™ Ly vessels, but they may do so
only "by giving effect teo applicable
dnterpatiopal regujations regarding the
discharge of o0il, oily wastes and other
noxious substances® in the strait (Article
42(1){b), emphasis added)., Moreowver, unlike
that of the territorial sea, the straits
regime does not make any distinction between
warships and other vessels, nor does it
require submarines to surface while in
transit. This pew right of "transit passage”
applies as well to aircraft,

In the exclugive cconpmic zone, as with
straits, the basic rule as to coastal state
environmental regulatijon is that laws and
regulations for the prevention, reductien
and control of pollution from yessels are
enforceable by the coastal state, but must
give effect and conform to generally
accepted international standards and rules
(Article 211(5}}.

However, the treaty makes an exception
to this rule which, though in theory
potentially applicable as well in the
Antarctic, was drafted with specific regard
for the Arctic, and is the first of its
kind. Article 234, often called the
"ice-covered exception™, applics to areas
"where particularly scvere climatic
condictions and the presence of ice cevering
suich areas for most of the year create
obstructions or exceptional hazards to
navigation, and polluticn of the marine
environment could cause major harr to or
irreversible disturbance of the ecological
balance,™ Tt gives the coastal state the
right to “"adopt and enforce non-discrimina-
tory laws and regulations for the preven-
tion, reduction and control of marine
pollution from vessels in ice-covered areas
within the limits of the exclusive economic
zone®, and therefore exempts the coastal
state from the requirement to keep its own
regulations within the limirs of stringency
set by international regalaticns.

As to pollution in conhection with
sea-bed activities, artificial islands,
structures or installatisns in the EEZ, laws
and regulations adopted and enforceable by
the coastal state must be "po less effecsive
than international rules, standards ang
recommended practices and procedures .,
{Article 208(3), emphasis added). Tates
have the further obligation to try to
harmonize such laws and regulations at the
"appropriate regional level" (Articie
208(4}},

The EEZ, a new concept in the law of
the sea, constitutes the nost ipportant
nationalization of formeriy commen rescurces
ever effected in international law. The



zone iz an area adjacent to the territorlal
sea, which extends beyond the coastal
bagelines to a4 maximum of 200 nauvtical
(Articles 55, 57). A8 on the high aeas,
freedoms of overflight, navigation, and the
laying of submarine cables and pipelinesB are
preserved for all statee in the EBEZ {Article
58) . However, in ita EEZ, the coastal atate
has the sovereign cight to explore, exploikt,
congserve and manage the living or non-living
resources of the waters, seabed or subsoil
{article 56(1){a)}.

In addition to these bamic economic
prerogativea,; the <¢oastal state has
ilmportant rights in the EBf with respect to
marine aclentific research, with potentially
reatrictive effects on research activitiea
by foreign vessels. Research is to be
conducted with the consent of the coastal
state, though consent is net to be
“unreasonably" delayed or denied, in keeping
with the express obligation on the part of
all statea to promote and facllitate marine
acientific reaearch for peaceful purposes
{Articles 239, 246). Resdearch muat conform
to certain "principles® which as a practical
matter would give an unaympathic coastal
atate coneiderable abillty to impede
research activities (Article 240), The
coastal state may, moreover, reasonably
regstrict or prevent such research if the
propoged activities have direct significance
for the exploration and exploltation of
living or non~living natural resources or
involve the construction or operaticn of
artificial ielands or other structures
fArticle 246). In any event, the coastal
state has juriediction cover these
installations or research activities
{Article 56} .

On the gontinental ghelf, the coastal
state has the pame bagic rights and
abligations with respect to marine
scientific research and environmental pro~-
tection a8 in the exclusive economic zone,
including the right to pass laws and
requlations with reapect to artificial
islanda, installations and seabed
activities, However, the coastal state pay
aot withold consent for marine scientific
research in such continental shelf areas as
may extend beyond 200 miles from the
territerial sea baseline (see below), except
for special, publicly designated areas in
which "detailed esploratory operations™ or
exploitation are or will be taking place
(Article 246(6)) . 1In addition, the coastal
Btate may regulate and determine the course
for the laying of submarine cables or
pipelines, although they may not prevent
other states from using the continental
ghelf Eor these purposes {Article 79).

The legal continental shelf may extend
to a distance of 200 nautical miles from the
territorial sea bageline or to the outer
limita of the submerged natural prolongatien
of its land territocy (the continental
margin), whichever is greatest, with a
maximom outer limit of 350 nautical miles
from the coastal baseline (Part VI, Article
76) . It is likely that thig would effec-
tively place most of the seabed hydrocarbons
within the exclusive jurisdiction of coastal
states, which have the sovereign right to
authorize and regulate any drilling to be
done on the shelf {(Article 81). MNoreover,

once any cuter limits beyond 200 miles £fros
the ccast have been reviewed and, as neces-
sary, revised by a special Commission on the
Limits of the Continental Shelf (Annex 11},
those limits are considered "final and
binding®, thus reducing in large measure the
risk of future disputes relating to, for
example, the division between naticnal and
international mineral resources (Article
76(8}) .

Aowever, there is no specific criterix
for delimiting the continental shelf bhetwes
ptates with opposite or adjacent states (a2
problem of particular relevance in the
Aretic, [See “"Jurisdictional Uncertain-—
ties®, below]l. In the case of a dispute @n
this point, the new treaty stipulates merely
that delimitation shall be by agreement “on
the basgis of intermational law . . . in
order to achieve an equitable solutiocn™
{Article 83), whereas in the 1958 Conventio
on the Continental Shelf, the line of
equidistance was to be considered the
boundary unless ancther line were justified
because of special circumstances. Failing
agreement, states are reguired to remprt to
binding dispute procedures set out in a
geparate part of the treaty (Part XV).

One wholly new aspect ¢of the Treaty is
that any exploitation in the area beyomd 2
miles of non-living resources be, in ef Fect,
taxed. These "payments and contributions®
are to go into an international fund manage
by the new Seabed Authority [see discussion
of deep seabed, below], and will eventually
be distributed to states parties on the
basis of "eqguitable sharing criteria®™,
enphasizing the needs of developing
countries {Article B2).

The high geas constitute the least
national zone, where all states have egual
rights and obligations, and are defined onl;
ag "all parts of the sea" not included in
the EEZ, territorial sea, internal or, as
appropriate, archipelagic waters of a state,
which would include waters superjacent to
the continental shelf (Part Vil, Article
B6} . Rules of the high seas apply as well
to the exclusive economic zone, providing
they are not incompatible with the regime o
the EEZ {Article 58). The basic defining
characteristic of the high seas is that no
part of jt may be validly subjected to the
sovereignty of any nation (Article B89}, a
provigzicn which greatly weakens any Arctic
sector claim to what would under the treaty
be high seas. [See discussion of
"Jurisdictional Uncertainties®, below]

On the high seas, all states may
exercise the freedoms of navigation,
overflight, scientific research {subject to
other relevant provisions), and fishing
(subject to conservation and management
conditions in the Treaty), as well as the
freedom to lay submarine cables and
Pipelines, and to construct artificial
islands and other installations permizted
under international law (Article 87).
Variocus more specific duties with respect to
operations on the high seas are also laid
down [19]).

If the exclusive econcmic zone can be
considered the most effective nationali za-
tion of what were formerly common resolrces-
the new regime of the degep seabed can be
said to do roughly the opposite: Under



pre-existing law of the sea, it can be
argued that all states would have freedom of
access to exploit the resources of the deep
seabed, analogouws to the freedom to fish on
the high seas. Under the new treaty.,
however, the "Area" (defined as the deep
seabed, ocean floor and subsoil thereof
beyond the limits of naticnal jurisdiction)
and its "resocurces" (all minerals including
polymetallic nodules) are designated as the
“common heritage of mankind® (Article 136).
Mineral exploitation is controlled and
regulated by the International Seabed
Authority {in conjunction with its various
congultative organs), whose activities are
supported through fees levied on mineral
production and/or profits. The "Enterprise®,
an organ of the Autherity, is an
intergovernmental mining company which is
concetned with the economic development of
the Area, much like any other company (Annex
I1V). However, there are gpecial provisions
to ensure the availability of the necessary
technology to the Enterprise (Annex III,
Article 5(5%)), and individual applications
ta the Authority for mining privileges must
propose for development two "sufficiently
large® areas of "sufficient and equal
eptimated commercial walue®”, The Authority
will designate one to be awarded to the
applicant, and the other to the Enterprise
or to developing countries. (Annex ITI,
Article B).

As noted above, the concept of the
international seabed area is that of a
"common heritage of mankind®, in which
activities are subject, in considerable
degree, to limitation by duties owed to the
international community as a whole and
posaibly by regulation emanating from an
agency representative of that community.
{The conflict between thia concept and that
of the freedom of the high seas was
accomodated In detailed provisions regarding
the international area, but not to the
gatisfaction of the United States and other
states that have declined to szign the Treaty
because of objectiong to the seabed
provisions.) Accerdingly the Treaty's
provisions on c¢onduct of seabed research in
the international zone contain a number of
restrictive if vaguely formulated
obligationa. Por example, scientific
resdearch in the area "shall be carried out
exclusively. . . for the benefit of mankind
as a whole™; states are required to "promote
international co-operation in marine
acientific research in the area by
participating in international programmes
and encouraging co-operatien in marine
scientific research by personnel of
different countries and of the [seabed]
Authority® and by engaging in other
co-operative programs {Article 143),

Jurisdictipnal Uncecrtainties as fo
Ocean Areag. Even if it is accepted that
questions of savereignty over land territory
are well settled, and that their settlement
has entailed no general recognition of a
sector principle or other special
international law {for land or sea) in the
Arctic [*], there remain several uansettled

* Indeed it would appear quite doubtful
{Footnote continued)

igsues about national rights in ocean areas,
and a number of these stem from efforts by
canada and the USSR to introduce special
considerations of law or fact into the
application of general international law in
the region.

For one, the sector principle survives
in the advocacy of these two states of
boundar ies separating their coastal zones
from those of adjacent or opposite states.
When this method of demarcation -- rather
than, for example, the "equidistance”
principle which is embodied in the 19538
Convention on the Continental Shelf, i3
applied to boundaries invelving Norway and
the the United States (in case of the USSR)
or the United States {in the case of Canada}
it produces some quite significant disputed
areas,

Another set of disputes arises from
differences as to whether earlier legal
agreements on the disposition of land areas
also govern, on the basis of general
international law principles, the division
or the status of the appurtenant ocean zZanes
{most importantly, the continenal shelf and,
potentially, the EEZ)., In the case of the
US-USSR and the US-Canada shelf boundaries,
the Soviets and Canadians have used this
argument in addition to or in place of the
sector approach, with at best, dubious
justification [20].

The same kind of gquestion has been
raised concerning the delimitation of the
continental shelf between Norway (Svalbard)
and the Soviet Union (Franz Josef Land) in
the Barents Sea, and the status of the
Svalbard shelf. The Soviets have invoked
the 'equal access' language of the Svalbard
Treaty in defense of their claim to rights
of equal access to the continental shelf and
ocean areas around the islands {(for which
there ig little basis, as the treaty does
not mention the sea or shelf zones), while
the Horwegians reject this view and support
the "equidistance principle®™ which is set
out in the 1958 Convention on the
Continental Shelf [21].

A further set of disputes, also

* (continued)

that either power would in the end have
wished to press the sector theory through to
ite most extreme logical conclusion --
namely, that there is no part of the Arctic
Ocean in which states enjoy high seas
rights., It is hardly likely that the Soviet
Union, for example, would have any interest
in calling into question its high seas right
to move freely in and above the open waters
offshore of other Arctic states, or exit
freely into the Bering or Norwegian seas, in
return for the only dubiously enforceable
right to exclude the United States and
others from navigation in a Soviet "sector”
of what is now the Arctic high seas. In
addition, it has been pointed out that the
long traditions by all the Arctic states of
sending research teams all over the Arctic
Ocean indicates that they subscribe in
practice to high seas freedoms and so
implicitly, sector theories notwithstanding,
recognize the existence of Arctic high seas
{D. Pharand, "The Legal Status of the Arctic
Regions™, op. cit., at 84.})



telating not to boundaries but to the status
cf the maritime zones themselves, grows out
of the efforts of Canada and the Soviet
Union to invoke the speclal historic,
geographic, climatic or physical facts of
life In the Arctic not in the application of
general inteznational law but to produce
cutright exceptions to it, applicable in
special circumstances., Pacticularly as
pressed by the Canadian qovernment, this
strain of policy produced in the new Treaty
what could be described as the only genuine
pelar-region exception to general
international law, the "ice-covered
exception” stated In Acrticle 234, Of a
similar sort are the claims advanced by
Soviet juriste, if not unambigoously
asserted by the Sovier government, that the
Kara, Laptev, East Siberian and Chukchi Seas
constitute internal watera of the Soviet
Union [22],

Pinally, there remains the guestion of
the jurisdictional status of the watarvays
of ths Northwest Passage, through the
Canadian archipelago, and of the Noctheast
Pageage along the northern coast of the
Soviet Union. The former was the ipsue
which underlay the dispute over the 1969
voyage of the U,8, icebreaker Manhattan
through the Northwest Passage and the 1970
Canadian legislation establishing a l00-mile
environmental protecticn zone (the Artic
Waters Pollution Preventicn Act), and was
irstrumental in producing the "ice-covered
exception® in the new treaty, just
mentioned. In light of the text of the new
treaty, the iesue is whether the right of
"traneit passeage" through straits used for
international navigation will apply to these
waterways, to pernit commercial ot other
vegsels to navigate ane or another of the
routes ¢onstituting the Northwest Pasaage,
It may well be that Canada does not intend,
as a practical matter, to impeds passage
even of foreign oil tankers. But it is safe
to predume that it will continue to insist,
on whatever ground, on the right to subject
8uch pamsage to environmental criteria, and
would prefer to be able to exclude military
vessela if it wishes. There appear to be
Several legal grounds, none completely
uncontraversial, en which Canada might base
these positions. (1) Because of the
historic usage of the waterways by native
pecples, it can be argued that they have the
status of internal waters, excluding any
internaticnal rights of passage, &
@ifficulty with such an Argument is that the
concept of historic rights in the law of the
sea in of dubious validity except where
specifically menticned (in other
connection--see, for exampile, Article 15 of
the new UN Convention) in treaty language.
(2) Becausze there has never been commercial
international navigation through these
waterways, it may be argued that they cannot
be international straits but are at most
territorial sea, in which Canada has the
rights with respect to environmental
requlation and passage of military vessels
that that statug implies. The concept of a
"strait used for international navigation®
is not defined in the new treaty, however,
and the outcome of a judicial determination
of this issue is uncertain. ({3) In any
event, Canada can argue that its right to

requlate for environmental purposes isB
augmented by the "ice-covered exception™ in
the new treaty, although the status of that
provision, particularly in a dispute between
Canada and the United States, might itself
be uncertain {23].

The situvation with respect to the
waterways constituting the Northeast Paasage
has been described as "roughly the same™ as
that of the Northwest [24). Soviet practics
vith respect to the control of foreign
vessel traffic through the Vil'kitasky
Straits and the coastal seas has apparently
not been entirely consistent [25). A L971
Soviet law establishing the Administrat for
of the Northern Sea Route did give that
organ broad authority to control navigation
on environmental or other greunds, although
it did not explicitly apply these rights to
foreign vessels {26].

There fs one further area which thus
far has not been treated specifically in
international law, and which is paculiar to
the polar environments—-that is, the
jurisdictional status of drifting ice
islande, or, perhaps, human activities omn
the ice generally. The ice has been used by
aclentific teama (mostly Russian and
American) for a wide range of research
activities for over a century. The problea
of the ambiguous status of ice islands in
international law can be thought of in terms
of the legal characterization of the islands
{i.e., should they be regarded as 'islands?’,
‘installations', ‘vessels', or something
else?), and the closely related matter ofF
Jurisdiction over the islands ang the
activities conducted on them. Probably the
most satisfactory application of the
existing law would consider the drifting
lelands as ships, which would give the * Flag
gtate" (however defined) jurisdiction owver
the activities aboard the jce island on the
high seas, and would give the coastal state
varying degrees of jurisdiction, depend ing
on the zone in which the island is drifting
(27}, Thie approach is, however, somewhat
111-fitting at least in that the course of
the island is often unpredictable, the means
of determining a "flag state” iz not elear,
and the original "vessel® may be in fact
shorter-lived than the activities taking
pPlace on it. Especially in view of the
recent changes in the law of the sea
proposed in the new Treaty regarding zones
of national jurisdiction (coupled with what
are likely to be higher levels of scientific
activity}, it would seem that there is a

dpecific
by global treaties and other arrangements.
One important body of regulatory law,
superimposed on the basic, mainly
jurisdictional law discussed in the
foreqoing paragraphs, must be noted because
of Its relevance to the Arctic. That is the
collection of treaties of global application
that address problems of marine pellution
from vessels and from ocean dumping .
International measures on vessel
pollution have been developed mainly within
the International Maritime Organization
(IM0, until recently IMCO--the Intergovern-
mental Maritime Consurltative Organization},
a specialized agency of the United Mations
concerned with requlation of shipping for



gafety and environmental purposes,

Beginning in 1954 with a convention limiting
deliberate discharge of oil by vessels (28],
a series of treaties was produced author-
izing intervention on the high seas by
states to deal with "grave and imminent
danger to their coastline or related
interests" by oil pollution from an
accidental oil spill (196%} [29]; providing
compensation for oil spill damage and
placing an upper limit on liability for each
incident [19%69) [30}; increasing that limit
(and providing for further increases), and
establishing a compensation fund (1971)[31].
Some coverage was provided at the same time
as these public compensation arrangements by
woluntary arrangements among oil companies:
TOVALOP (Tanker Gwnets Voluntary Agreement
Concerning Liability for Cil Pellution)
{1969) [32] and CRISTAL {(Contract Regarding
an Interim Supplement to Tanker Liability
for 0il Pollution) (1971) [33]. In 1973,
the 1954 oil pollution conventicn was
extended to cover pther hazardous substances
whether intentionally or accidentally
diacharged. This treaty, the Internaticnal
Convention for the Prevention of Follution
frem Ships (known ag the "MARPOL®
Convention) [34], is not yet in force.

Among other things it set certain tanker
design standards and has since been
supplemented by more stringent standards
[35]. During the same period a new
convention on Safety of Life at Sea was
concluded, setting a number of equipment and
cperational standards designed to reduce
risks of accidental pollution [36]. It
entered into force in 1980,

Meanwhile, a global treaty on ocean
dumping -- the deliberate disposal in the
ocean of waste substances transported to the
gite for that purpose -- was concluded in
1973 and entered into force in 1975 [37).

It applles a blacklist/greylist approach to
the prohibition of dumping of an expandable
list of hazardous substances.

The foregoing treaties and other
measures censtitute an impresaive body of
international legislatiocn, applicable in the
Arctic as elsewhere in the werld ocean, but
it is not without certain weaknesses, some
of which are especially relevant in regard
to the Arctic. First, they have on the
whole heen very slow to receive the
necesgary ratifications for entry intoe
Eorce, Secondly, arrangements for
compensation for damage from oil spills are
at present of doubtful adequacy to meet the
readily ascertainable cests of damage (e.q,
costs of c¢cleanup operations), and it is
guestionable whether general environmental
Gamage and loss of amenities--which might be
specially great in the Arctic-—will qualify
for compensation at all, because of
difficulties in measurement, establishing
causation, and determination of victim [3B].
To the extent that this is the case, not
only the compensation, but also the
deterrent, function of the compensation
Schemes -- which constitute a kind of public
insurance arrangement -~ will be badly
Flawed in respect of the risk of major
enviroamental injury from oil transport
cCasualties in Arctic waters. (Moreover,
design, equipment and operational standards
have in general not been devised with a

special view to operation in the Arctic
environment .}

3. INTERNATIONAL LAW IN THE ARCTIC'S FUTURE

When one examines the present legal
regime of the Arctic, as we have Seen, a
number of law-related problems emerge which
may be of conaiderable practical
significance for some of the array of
important human interests in the
area--notably extraction and transport of
hydrocarban and other mineral resources,
commercial navigation generally,
environmental protection, and scientific
{particularly marine) research--not to
mention a general interest in the
minimization of political conflict in any
area of new and increasingly intensive
activity. These problems may usefully be
grouped as follows:

problems growing oubt of yncertainties or
actual disputes as to the jurigdictional
gtatus of certajn areas, including disputes
over the drawing of national boundaries
separating adjacent or cpposite national
maritime zones, the status of the allegedly
closed Soviet seas, the Svalbard continental
shelf or economic zone, or the waterways
constituting the Neorthwest Passage; ©Or
uncertainties over the status of ice
islands. While a number of these problems
are straightforwardly bilateral, not only
are some of them multilateral, inveolving the
Arctic states, but some engage the interests
of non-Arctic states as well le.g., Japan
and cther non-arctic maritime powvers
particularly in northern Eurocpe, and the
non~Arctic parties to the Svalbard treaty).

For example, the new law of the seca
Treaty would sharply restrict the legal
freedom of foreign research activities in
Arctic marine areas newly embraced by the
exclusisve economic zone of coastal states,
and suggests the need for stable and
permanent arrangements of some sort to
ensure that that freedom is not curtailed in
fact.

Environmental management preblems, to
mention one other area, are not unrelated to
potential restrictions on scientific
research, and in their own right are more
complex and perplexing. The EEZ itself,
with its accompanying extension of coastal
atate environmental prerogatives, was
assumed to augur for more effective marine
environmental protection by enlarging the
powers of the state most directly concerned
with each segment of coastal ocean, But it
could have an opposite effect, through its
enlargement of the coastal state's
development prercgatives in the coastal
ocean, and removal of the ccastal ocean from



the area in which all atates have an equal
interest and voice. And leaving the EEE
aside, if there really are quite special
environmental vulnerabjlities in the Arctic
{of the sort that were invoked in the 1370
Canadian protective legislation, for
exanple, and led in due cpurse to the
‘ice-covered exception®), it is clear that
the poorly developed general law of
international responaibility for
enpvironmental injury is not an adequate
bagie for accomodating environmental and
development intecesta. It has not been so
reqarded in other, somewhat analogous ocean
aAreas which lack those apecial
vulnerabilities such as the Mediterranscan,
North Sea, and Baltic Sea, even when
conplenented by the growing body of treaty
law on accidental and deliberate pollution
from vessels diacussed earlier. In any
event, as we saw, that body of law iz in
considerable measure not yet in force, and
of questionable adequacy to compensate for,
not to mention deter, the form of
catastrophic oil pollution damage which it
covers., More importantly, it doem not cover
generalized damage from extractive
activities in the acean, such as an
uncontrolled oil flow, Nor does it cover
the marine pollution Erom land-baged
activities that are understood to constltute
the bulk of marine pollution in other parts
of the world ocean [39]. Land-based
peliution must prudently be presumed to be a
significant present and future factor in
Arctic environmental management,
particularly aas the size of populations near
the Arctic rim engaged in the full range of
activitien asscciated with wodern industrial
societies--like that of the substantial
Soviet population on the Xola
Peninsula-—increases.

It is noteworthy that the new law of
the sea Treaty enjoins states to develop
international standards respecting
land-baped pollution and pollution from
seabed activites (such as drilling) within
the EEZ or continantal shelf, and requires
that the coastal state's regulatione on the
tormer take the international ones "into
account® and on the latter be "no less
effective” than the international rules
(Articles 207, 208). The same articles also
enjoin regional harmonization of policies on
these matters. But until international
standards are in fact developad--a
protracted process at best--the coastal
state ia left a wide digcretion in balancing
ite development and environment interests,

Indeed, on the important principle of
the development of global standards
respecting lard-based pollution, the
relevant language [Article 207} is--perhaps
necessarily--s50 weak that it may be doubted
that coastal states will ever be much
restrained by such standards. That being
the case, regional cooperation particularly
in semi-enclosed seas is all the more
important.

What are the posesibilities for
addressing the two classes of problems
mentioned abeve, by clarifying the existing
law in general or in its application to
particular controversial Bituations; by
changing that law; or by grafting onto it
new rules or institutional arrangements?

Aand should these steps be undertaken, if at
all, ameng the Arctic states as a regiomal
group, or in a wider multilateral forum?

To turn to the latter question first,
our own view is that the Arctic powers
should begin promptly to explore the
possibility of regional treaty arrangements.
The question properly stated is not whether
there are sufficient shared interests amomyg
the basin states to warrant regional legal
and institutional arrangements among them
{perhaps other specially interested states).
The proper question is, rather: how stroag
a political base feor such arrangement=s cogld
the Arctic states reasonably expect to
develop and sustain, and consequently how
big a cluster of shared interests might such
arrangements encompass, at what levels of
complexity and burdensomeness?

To be sure, those of the jurisdictiomat
problems that are simply bilateral should b
addressed as such, with such speed aB
bilateral relations call for and can
sustain., Some that are legally of a broadly
multilateral character, such as the status
and use of the Northwest Passage, may in
fact be mainly bilateral for the time being.
Disputes over the Svalbard coastal zomes
could, presumably, be addressed in isolatioc
by the parties to the Svalbard treaty. But
in planning for dealing even with these morE
readily isolatable Arctic jurisdictional
problems, governments would be well advised
to conpider, as to each, its poasible legal,
pelitical or other practical connections
with other Arctic matters of more geheral
concern before determining how they should
be addressed.

It is also true that one importamt
component of a strategy for dealing in a
reasonably timely way with Arctic
jurisdietianal problems~-and to a
eignificant extent law-related problems of
management and cooperatlon--has nothing te
do with the Arctic states as such. That is
prompt resolution of uncertainties about tie
law of the sea, growing out of the positiam
of the United States and other non-signers
of the new Convention. A careful survey of
theae Arctic problems, with this aspect in
mind, might well reveal that the United
States' interest in the Arctic alone
constitutes sufficient reason for it to
reconsjder its pesition, and for all Arctic
states to seek ways to bring the U.5. ang
other non-signers into the treaty. Buot ever
iF it now appeared likely that the treaty
would enter into force fairly promptly for
all states interested in the Arctic,
substantial law-related problems, some of a
clearly regional character; would remain.

As to the pelitical base for
negotiating and sustaining regional
arrangements for the Arctic even in times of
special political stress, some Instruction
may be gained by examining prior experience
with the negotiation and operation of
regional treaty arrangements for the
Antarctic and certain regional seas,
particularly the Baltic and Mediterranean
[40] . Every Acctic power save Canada, and
four non-Arctic states that would be most
likely to be interested in Arctic regional
arrangements (United Kingdom, France,
Pederal Republic of Germany, and Japan},
have participated in at least one of these



arrangements, and several in two {(or more,
if the negotiation of the 1980 Antarctic
Living Resources Convention, and the curcent
negotlations on Antarctic mineral resources,
are taken into gseparate account]. The
obvious and important gecpolitical
differences among all of these regions
should nct be underestimated in this
connection, but neither should they be given
more than their due weight. By exact
contrast to Antarctica, the Arctic region
comprises the heart of the great land masses
of the northern hemisphere, which contain
the world's major power centers; and it
embraces some of the continental land
territory of each Arctic state, as to which
there will be no gquestion of any
arrangements for common use as in the
claimed areas of the Antarctic Continent.
But it is worth noting that the Baltic and
Mediterranean are ocean areas already under
intensive use for a wider variety of
purposes than the Arctic, and each is of
great military and commercial importance to
the litteral states, which have no
inclination to curtail in any very
fundamental way their individual
prerogatives as to either lard or ocean
Areas,

It should alsoc be noted that, in Arctic
regional negotiations, there may be a
certain analogy between the land territorial
claims of the Antarctic claimant states and
the claims for exclusive Arctic maritime
rights of Canada and the Soviet Union. The
original negotlation of the Antarctic Treaty
offered a convenient way to set agide for
the time being the political burden of the
claima. In later years, their continued
latent existence, with the poesibility that
they might be aggressively reassected, and
thereupon opposed by fresh competing clains
by presently non-claimant states or vocal
opposition from non-parties to the Antarctic
Treaty, has constituted one of the
inducements to the Antarctic states to
negotiate promptly, among themselves as a
select group, the potentially important
resource arrangements that have been
concluded or are now under consideration.

It is not inconceivable that the Canadian
and Saviet maritime claims, which will have
to be disposed of in some way if they are
not eventually to become impediments to
increased maritime transport in the area,
could end up with a similar history in
Acctic regional negotiations.

As to the scope, content, and form of
poBsible regicnal arrangements, experience
with the three regional arrangements just
mentioned, among others, provides an ample
stock of features from which to fashicn
arrangements appropriate to the Arctic. The
interests in scientific research and
environmental protecticn are presumably the
clearest candidates for inclusion. They
would seem to call for a treaty which, in
addition to laying down general principles
of cooperation, would establish some form of
consultative mechanism with the ability,
inter alia, to preoduce agreed recoemmenda-—
tions to governments or specialized treaties
addressing some of the specific problems
just enumerated, and others such as species
preservation, or scientific or environmental
reserves. In addition, there would be no

reason in principle why a regional forum
might not be used to address problems of
living-resource management, in the case of
fisheries problems of a more than bilateral
character; the 1980 Antarctic Living
Resources Treaty, with its greater than
usual emphasis on monitoring and broad
ecosystem management, would be an in-
structive model. More problematical, but
certalnly worth careful consideration, is
the possibility of addressing region-wide
jurisdictional uncertainties—-perhaps, in
the case of controversial claims by
individual states, through practical ar-
rangements on navigation that would leave
issues of jurisdictional principle to one
side. (The problem of the jurisdictional
status of ice islands, at least as used for
gcientific research, would seem susceptible
to straightforward negotiation of specific
rules, probably in treaty form.)

By contrast, and in distiaction to the
arrangements now being discussed for the
Antarctic, rights to hydrocarbon expoitation
would not be embraced by regional arrange-
ments, such rights being of an indisputable
national character in all or most areas with
hydrocarbon resource potential {41]. But as
already indicated, providing an economically
and environmentally sound basis fer
hydrocarben extraction and transport in the
peculiar environment of the Arctic is likely
to call increasingly for internatiocnal and
perhaps region-wide cooperation.
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No directed or comprehensive federal or
state legislation addresses human activities
in the arctic regions of the United States,
Mevertheless, a number of federal and state
statutes govern man's activities in the
arctic. This array of independent statutory
controls has dampened the development of an
effective, cocordinated policy-making process
that could promote the rational use of arctic
respurces to the benefit of local residents
and the nation.

Relationships between the State of Alaska
and the U.3. Government are increasingly char-
acterized by contenticusness; new initiatives
and commitments are necessary to establish
cooperative arctic policies that benefit the
citizens of the nation and the residents of
the state.

1. INTRODUCTION

Historically, nearly all development in
Alaska has been controlled by outside inter-
ests and little has been done to provide long-
term benefits to permanent residents of the
territory. Indeed, the primary impetus for
statehood was dissatisfaction over the control
of local fisheries harvests by outside manag-
ers in Washington, D.C., and the fact that the
primary beneficiaries of this exploitation
were nonresident seafocd processors and fish-
ermen. Statehood was designed to help Alaska
provide for itself by localizing resource
management decisions and maximizing the in-
state benefits of harvest activities conducted
in ARlaska. Yet, in many areas, outside con-
trol persists and continues to frustrate local
input into the decision-making that affects
Alaskans. Such barriers te local responsibil-
ity freguently polaricze state-federal issues
and frustrate attempts to establish the co-
ordinated policy programs so badly needed in
critical areas such as the arctic. It alsc
necessitates political activism by local commu-
nities and Native groups who may perceive
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their interests are not being represented by
either state or federal policy positions.

The proposed Arctic Research and Policy
Act of 1981 (8. 1562), introduced on July 31,
1981, by Aiaska Senators Frank Murkowski and
Ted Stevens and Washington Senator Henry
Jackson, may be a first step in supporting an
arctic comuitment that reflects the local,
state, national, and intermatiocnal values in
the area.

2. LEGAL PROTECTION OF SUBSISTEKCE USES
IN THE ARCTIC
2.1. Introduction

A key component of a successful arctic
policy is a close working relationship with
the permanent residents in the local communi—
ties. This working relationship cannot
succeed unless the importance of traditional
way of life and cultures is understood and
appreciated. 1In particular, drastic changes
in economic status and awareness restlting
from cil development and the Alaska Native
Claims Settlement Act of 1971 (43 U.5.C.%
1601-24) have led to increased concern for the
local subsistence economics and the way of
life associated with it.

The most commonly publicized subsistence
problem in arctic Alaska features Eskimo reli-
ance upon an annual howhead whale harvest. 8
harvest taken under strictly regulated quotas,
it presently allows a limit of 17 bowhead
whales taken in any one year during the three-
year pericd 1981-83. The overall total may be
45 bowhead whales taken or 65 struck. Irn view
of increasing restrictions imposed upon com-
mercial whaling harvests in Japan and a recent
vote by the International Whaling Commis:zion
te place a moratorium on all commercial whal-
ing for three years [1], Japanese delegaticons
to the International Whaling Commission have
pointed out the significance of cultural and
protein contributions made by the harvests of
whales to the Japanese [2]. However, unlike
the Japanese harvests which are sold and can-

tLegislation: U.§5.C., United States Cote:
CFR, Code of Pederal Regulaticns; AAC, Alaska
Adninistrative Code; SLA, Session Laws Of
nlaska.



sumed nationwide, the Eskimc hunt satisfies
only leocal subsistence uses and, in addition,
represpents a critical cultural activity for
the residents. .

The importance of the Alaska harvest is
not only difficult for other nations to appre-
ciate, it is also the subject of occasional
misunderstanding by American citizens. For
example, it would not be correct to assert
that supermarket foods can satisfy rural resi-
dents' subsistence needs. 1In the first place,
the regular air tranaportation service to
regional centers such as Bethel, Jome,
Kotzebue, and sdarrow is not provided to more
than 200 villages in ocutlying bush areas. In
the second place, air freight coets would be
proehibitive, Further, the healtih of Eskimos
suffere when they shift from locally available
diets and substitute commercial products in
their daily meals {(3].

This might be especially ro because
commercial advertising propaganda rarely
focuses on nutritious vegetables, fruits, or
other staples, instead celebrating the alleged
benefita of fast-cook, ready-prepared meals,
In addition, nc reliable cash economy exists
to pay for the food necessities that are ade-
quate substitutes for traditional diets,

Animal harvests are also important in
arctic Alaska because the taking of large
mammals reguires special community cooperation
and help from all village residents. In
particular, the huge bowhead whale, a marine
mammal as big as a semitrailer, is subject to
successful harvest throuwgh cumulative assist-
ance of all villagers. Whale hunting has been
found to be "perhaps the most important single
element in the culture and society of north
Alaska whale hunting communities™ (4]. The
hunt occurs in springtime when whales migrate
north and alang the Arctic Ocean coast during
annual feeding migrations. The enormity of
undertaking to harvest and prepare a bowhead
whale limits harvests and neutralizes any
suggeation of a superficial "macho" motivatian
in hunting such superb creature.

When hauled onto the ice near a village

or town, everyona -- men, women, and children
-- joins in the exhausting tagk of cutting the
meat and malvaging all parte for use in cloth-
ing, utensils, and other domestic needs.
Final sharing in the product by all residents
provides a unity to the villagers' lives and
is cause for a community-wide potlatch of joy
and appreciation.

2.2, Statutory Protections

Several recent federal and state laws
have acknowledged the subsistence interests of
Alaeka communities., Much of this increased
legislative interest in the north corresponded
to the discovery of oil at Prudhoe Bay in
1968. For example, the Alaska Native Claims
Settlement Act (ANCSA) of 1971 (43 U.S.C.
1601-24) was enacted to alleviate conflicts in
federal, state, and Native claims to land own-
ership in Alaska. It established 12 Tegional
and over 200 local Native corporations that
received title to approximately 40 million
acres of land in Alaska, Thig was supplement-
ed by provisions for a menetary settlement of
$1 billion. ANCSA Primarily resolved past
claims and did not directly provide for sub-
Bistence. In fact, it has even been suggested
that Native leaders may have to forego sub-
sistence activities in order to attend to the
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corporate responsibilities reguired in the ]ay
[5].

Nevertheless, section 17(d) {2} of ANCSA
directed the Secretary of the Interior to set
aside up to 80 million acres of federal land for
parks, national forests, refuges, and wild ang
scenic rivers. This was accomplished in a
subgequent act, the Alaska WNational Interest
Lands Congervation Act of 1980 (16 U.s.C.
3101-3233), which has important subsistence
provisions,

Three other important statutes of the
last decade have alsc included specific con-
sideration for subsistence harvests: {1) the
Marine Mammal Protection Act of 1972 (16
U.S.C. 1361-1407), (2) the Endangered Species
Act of 1973 (16 U.S.C. 1531~1543), and (3) the
Migratory Bird Treaty Act of 1972 (16 U.S.C.
703-711).

The first two ban or strictly prohibit
harvests of certain species. The Endangered
Species Act prohibits the taking of creatures
designated as endangered species (section 153%
(a} (1)), but provides an exception for any
'Alagka Native who resides in Alaska or any
non-Native resident of an Alaska Native vil-
lage if such taking is primarily for subsist-
ence purposes®™ (section 1539{e} (l1}). The
Marine Mammal Protection Act (MMPA) bans the
taking of marine mammals in order to achieve a
special management goal of an “optimum sus-
tainable population® of marine mammals (sec-
tion 1361{2)). Like the Endangered Species
Act, the MMPA recognizes the reliance of
Alaska Natives and their culture upon sub-
sistence harvests of marine mammals, so it
provides a qualified exception to the general
prohibition. Thus, section 1371(b) of the
MMPA allows harvests of marine mammals by

an Indian, Aleut, or Eskimo who

resides in Alaska and dwells on the

coagt of the north Pacific Ocean ar

the Arctic Ocean if such taking

{1) is for subsistence purposes or

{2) is done for purposes of creating

and selling authentic Native art-

icles of handicrafts and clothing
. and (3} in each case is not

accomplished in a wasteful manner.

The Migratory Bird Treaty Act, in section
712(1), allows the Secretary of the Interior
to promulgate requlations

to assure that the taking of migra-

tory birds and collection of their

eggs, by the indigenous inhabitants

of the State of Alaska . shall

be permitted for their own nutrition

and their essential needs . . dur-

ing seascons established so as to

provide for the preservation and

maintenance of stocks of migratory

birds.

The most comprehensive federal statutory
statement on subsistence is found in the
Alaska National Interest Lands Conserva-
tion Act {ANILCA) of 1980 (le U.s.C., 3101~
3233y, It provides for the subsistence use of
fish and wildlife by rural Alaska residents D
federal public lands as a priority use when the
harvestable surplus cannot satisfy all commer-
cial, sport and subsistence uses. Four cities
~-ietchikan, Juneau, Anchorage and Fairbanks--
are suggested to be urban centers where subEs5is-
tence uses do not occur [6). Although this
legislation does not confer special rights on
Natives, it does distinguish between urban and
rural residents. TIts three, key operative

.
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gections state a definition of subsistence
gimilar to- the Marine Mammal Protection Act
reference; astablish the priority subsistence
use in times of resource shortages; and creates
a system of public participation to assure local
input inte the regulatory process that deter-
mines seasons, areas, and other conditions of
each harvest (sections 3114-3116).

ANILCA protects subsistence uses in ap-
proximately 227 miilion acres of federal langd
in Alaska (sectiomn 3112(1)). However, the
state may continue existing management preroga-
tives on federal land if state laws of general
applicability provide for the required public
participation system of regional councils and
a rural definition of subsistence uses that
receive a pricrity in times of resource short-
ages (section 3115(d)).

Prior to passage of ANILCA, the state had
already adopted its own subsistonce statute
{ch. 151. SLA 1978): implementing requlations
in 1982 clarified the scope of the state's
subsistence priority (5 ACC 99.010-.020, 1932).
The Secretary of Interior affirmed compliance
in a letter dated May 14, 1932.

The implementing regulations that had
been adopted by the joint Alaska Boards of
Fisheries and Game identified subsistence uaes
in Alaska as customary and traditional uses by
residents in rural areas. However, many urban
residents opposed the developinc rural focus
because the state statute did not include a
geographical restriction on subsistence uses.
Nevertheless, practical experience with appli-
cation of the law since 1978 seemed to have
evidenced the survival of customary and tradi-
tional uses for personal and family consump-
tion only in rural areas. Thus, the boards®
regqulatery actions would have indicated that
subsistence uses may not exist in urban areas
of Alaska.

Extreme opposition to differential treat-
ment hetween urban and rural residents and
also dissatisfaction for preferential treatment
to subsistence uses over sport and commercial
harvests led to a November 1982 initiative to
repeal the state's statutory subsistence pri-
ority. 1If successful, it would have prevented
enforcement of a mandatory subsistence priori-
ty on private and state lands in the state,
However, the proposition failed by a vote of
79,679 to 111,770.

After general elections in liovember 1982,
the new governor discussed creating a task
force on subsistence to review existing laws
and practices. 1In late February 1983, the De-
parment of Fish and Game and the two boards of
fisheries and game were given this charge,

. Neither the federal nor the state sub-
§lstence priority requires exploration and
exploitation of nonliving or plant resources
to be automatically subordinated to subsist-
ence considerations. However, continental and
ocean development for oil, gas, mineral,
timber, and other rescurces may not proceed in
disregard of subsistence considerations. For
example, ANTLCA, in section 3120, requires the
head of a federal agency responsible for issu-
ing land use permits on public lands in Alaska
to determine that:

{A} such a significant restric-

tion of submistence uses is neces-

Sary, consistent with scund manage-

meént principles for the utiliza-

tion of the public lands,

. {B) the proposed activity will

involve the minimal amount of public

lands necessary to accomplish the

purposes of such use, occupancy, or

other disposition, and
(C) reasonable steps will be

taken to minimize adverse impacts

upon subsistence uses and rescurces

resulting from such actions,

A lawsuit filed in the United States District
in Juneau, Alaska on January 13, 1983 (City of
Angoon et al. v. Marsh et al., No. J83-0001
Civ.} challenges an Army Corps of Engineers
permit for a log transfer facility near the
village that allegedly would interfere with
local subsistence harvest of marine and shore
animals.

Other subsistence protections survive
through the National Environmental Policy Act
{NEPA} Of 1969 (42 U.S.C. 4321-4370) and the
Coastal Zone Management Act (CZIMA] of 1972
(16 U.5.C, 1451-1464). NEPA requires the
well-known Environmental Impact Statement
(EIS) for all proposed "major Federal actions
significantly affecting the quality of the
human environment®™ (43 U.5.C. 4322{(2)tlc)).

The EIS is the basis for discretionary deci-
sions whether to authorize a proposed project
or whether to modify development plans to
mitigate environmental damage. EIS reguire-
ments result in environmental evaluations
before oil and gas sales and again prior teo
development activities [7}.

The CIMA provides more substantive pro-
tection for subsistence because it requires
federal actions that will affect a state's
coastal zone to be "consistent” with the
state's approved management program (16 U.5.C,
1456(c} {1)-(3){B)). Alaska's appraved program
does acknowledge subsistence interests and
provides, in 6 AAC 80.120(a), that "state
agencies shall recognize and assure opportuni-
ties for subsistence usage of coastal areas
and resources." More specifically, subsection
{d) requires that potentially conflicting
activities cannot be authorized without con-
ducting a stedy of "the possible adverse
impacts of the proposed potentially conflict-
ing use or activity upon subsistence usage"
and "appropriate safeguards to assure subsist-
ence usage." Effective since 1978, these
safequards have not been the subject of any
formal complaint on noncompliance.

3. BOUNDARY DISPUTES

Though state lawmakers have sought to
harmonize subsistence sections of state law
with congressional enactiments and administra-
tion officials have worked to develop a degree
of consistency in the application of such
statutes, territorial disputes have not been
as amenable to cecoperative resclution.

3.1. Beaufort Sea

The hundreds of millions of dellars of
oil and gas revenues that are freguently at
stake in boundary disputes nearly always mask
the consequences of oil and gas development
that will affect local life long after the
nonrenewable resources have been exhausted.
Boundary disputes have traveled up the Pacific
coast from Dixon Entrance in Scutheast Alaska
to Cook Inlet [8), to Bristol Bay, and now to
the Beaufort Sea where rights to ©0il and gas
leases are before the U.S., Supreme Court,

The continental shelf of the Beaufort Sea



is the oceanic extension of the oil-rich North
§lope adjacent toc Prudhoe Bay in the Arctic
Ocean. When offshore tracte were auctioned in
December 1979, ownership to many of the par-
cels was unclear. In anticipation of the
problem that would be caused by title uncer-
tainties, the United States and the State of
Alzska entered into a cooperative agreement to
conduct the sale and resolve legal title ques-
cions in A court action. Filed in May 1979,
the case was lodged as a case of original
jurisdiction with the U.S8. Supreme Court [9].

Under the Submerged Lands Act of 1953 (43
v.8.C., 1301-1315), submerged lands within the
three-mile limit of the territorial sea veat
with the states (sections 1301 (a), 131l({a)}.
The baseline from which this three-mile terrci-
torial sea ia measured is defined in section
1301{c} as “"the line of ordinary low water
along that portion of the coast which is in
direct contact with the open sea and the line
marking the seaward limit of inland waters
[emphasie added].” Submerged lands outside
the territorial sea were designated as the
"puter continental shelf," an area which sub-
sequent provialons in the OQuter Continental
Shelf Landes Act of 1953 (43 U.S5.C, 1331-1343)
reserved to the federal government,

Because the Department of State has
elected to measure the limits of the territo-
rial sea using an arcs and circles procedure
that establishes a three-mile limit line
approximating the actual coastal configuration
instead of a straight baseline concept that
follows the general sinuosities of the coast-
line [10), several misshapen discontinuities
coma to describe the outer margin of the ter-
ritorial sea (Figure 1j.

Alagka ias convinced that barrier islands
along Alaska's arctic coast from 146° to 148°
W. repreeent the "direct contact" referred to
in the Submerged Lands Act, Three of the main
island groups are within esix miles of the

Prudhoe
Bay
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coast and the others are just slightly beyang
the distance that would otherwise provide
contihuous state territeorial Jjurisdiction frep
the Alaska mainland to the seaward limits of
the islands. However, because of the federa]
government's reliance upon arcs and circles ag
the basis for drawing baselines, federal areag
of "outer continental shelf® extend into in-
shore areas landward of the McClure Islands,
the disputed i=land of Dinkum Sands, and the
Midway Islands.

These intrusions result in illogical
jurisdiction responsibilities that find state
gubscil rights extending three miles offshore
where they are interrupted briefly by a narrow
band of federal authority before finding state
claims reestablished by the immediate proximi-
ty of the islands. Only after exceeding the
seaward three-mile limits of the islands is
the final, uwninterrupted, "outer continental
shalf" established.

This ancmaly is not only contrary to
rational effective planning programs but it
seams to violate the purposes of the Submerged
Lands Act. The Act was passed in 1953 as a
regponse to the California case in 1947 that
invalidated state claims to ocean areas and
set the stage for corrective legislation [11],
As a compromise measure designed to eliminate
boundary controversaies between the federal and
state governments, it should not be interpret-
ed in a manner that generates further con-
fusion and controversy between the parties,
Thus, the phrase "in direct contact with the
open sea® could effectively avert unnecessary
disputes if it is not read to include inshore
submerged lands that are isolated from the
continental shelf and do not extend directly
into the open ocean area.

Purther, in the second California case,
United States v. California, 381 0.5, 139, 168

5), the court indicated it would not coun-
tenance failure to ignore the internaticnally
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approved straight basel%ne_concept if it
;ppeared the more restrictive arcs and circles
rocedure had been select?d because it bene-
fitted the United States in a federal-state
dispute as opposed to valid foreign affairs
reafons.

In the suit, the state attempted to
impose the internaticnally recognized straight
bagseline method upcon the federal government so
as to enclose Santg Barbara Channel in the
il vt e b Lo, e
court foun a atalina Island, at 1]1=-2]1
pniles offshore, was not so proximate as to
justify the ter;ito;ial extension. However,
the Alaska barrier islands are nearby and, in
addition, no obvious or significant interna-
tional guestion is posed in the Beaufort Sea
cage an@ the measurement method seems primar~
ily designed to improve the extent of lands
under federal oil and gas lease authority.

Even though the isclated additional poeck-
etgs and enclaYes‘of federal jurisdiction that
are created within state waters by such a
reading of the Submerged Lands Act indisput-
ably produce }ncreased oil and gas revenues,
the countervailing costs are significant.

In the first place, the cost of original
litigation in the Supreme Court is consider-—
asble. All motions must be filed in the
nation's highest court or with a special mas-
ter who lives in California thousands of miles
fromf:?eddispugedfarea. Even though thilcase
was ed nearly four years agoc, it sti
lingers, awaiting completion of necessary dis-
covery‘procedures regarding the government's
selection of the baseline measurement methods
for the Beaufort Sea and Arctic Ocean.

In the second place, the uncertainties
ariging from extended litigation have been
further compounded because the local Inupiat
Egkimo community has registered its own claims
to the offshore seabed out to 60 miles from
the baseline. Their claims are based on the
aame aboriginal righte that were extinguished
in the Alaska Native Claims Settlement Act for
the atate. However, ANCSA did not address
Native rights to outer continental shelf
Tegiong. Therefore, as a result of this omis-
sion..local residents have initiated their own
lawsnit to resolve Eskimo claims to the sea-
bed and water column above the ocuter continen-
tal shelf. Consegquently, while the state seeks
to minimize federal offshore lands, local resi-
:::E:_m%qhttgrogis by a contrary conclusion

1zing e federal area.

~ The Inupiat case was filed in the U.S.
District Court for Alaska in Anchorage
SHIEEPR ST L N5 ek %
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October 1, 1982 ruling dismissed the action on
the grounds that ocuter continental shelf
claing are within the exclusive purview of the
fgderal government. An appeal has been filed
with the Ninth Circuit Court of Appeals.

Thus, while arctic litigaticn represents
3 primary concern between federal and state
anthorities, efforts designed to promote coop-
frative research and policy are subject to
Postponement and inaction while the property
claims are resolved.

3.2. United States-Canada Boundary Claims

Boundary disputes between the United
States and Canada are well known, as they have
arisen at Canada's southern boundaries at
Maine and Washington. However, a related

dispute at the northern United States-Canada
border, at alaska, receives less publicity and
certainly less attention from Department of
Synte officials, Hevertheless, like other
disputes, it causes uncertainties and endless
excuse for deferring arctic policy questions.

The dispute addresses whether the United
States-Canada border in the Arctic Ocean
follows a northerly extension of the 141° W,
longitude line or, instead, makes a sharp
nertheasterly turn at the coastline to corre-
spond to a right angle drawn to the beach
tangent at 141°wW.

Little progress is being made to resolve
this issue in spite of the fact that an ab-
sence of other contenticus issues or resource
enticements in the area would seem to facili-
tate timely resolution of the boundary problen
before it becomes embroiled in other pres-
sures,

4. FISHERIES PQLICIES
4.1 Introduction

The Bering Sea yields 1,300,000 metric
tona of fisheries products annually [12].

Most of this harvest is attributed to Japanese
and Soviet factory ships which dominate the
catch with Alaska pollock and yellowfin sole.
American fishermen seek out halibut, king
crab, and Tanner crab in the vast expanse of
the shallow continental shelf of the Bering
Sea and inshore fishermen target on five
species of Pacific salmen and Pacific herring
ripe with valuable ree. In additien, in
Jannary 1983, witnesses at hearings regarding
processing operations by foreign fishing ves-
sels within the state's internal waters under
section 1B56{cl of the Magnuson Fishery
Conservation and Management Act suggested
capelin, lamprey, and sea snails as candidates
for future interest.

The influence of arctic conditions on
these fisheries is enormous. The winter ice
pack has advanced well into the commercially
productive area of the Berirg Sea where it has
ripped away the surface buoys marking loca-
tions of large, seven-foot by seven-foot crakb
pots that will never again be retrieved. Dam-
age done in January and February 1980 resulted
in compensatory payment of $3,018,945,57 to 57
fishermen for "acts of God" related to sea
ice. The Fishermen's Protective Act of 1367
{22 U.5.C. 177 et seq.}) had been amended in
1978 to provide for such compensation but the
provisions were subsequently repealed in 1980
[13].
4.2, Fisheries Conflicts
The Magnuscon Fishery Conservation and
Management Act (MFCMA) of 1377 (16 U.5.C. 1801
et seq.}) has spawned a number of state—federal
fisheries conflicts. The MFCMA is applauded
far its controls over foreign fishing irn the
Fishery Conservation Zone from 3 to 200 niles
seaward of the territorial sea baselines, but
the Act's primary role in the s=tate-federal
arena is based on its establishment of a
national fisheries management program (secticn
1851). The national program with its systenm
of regicnal fishery management councils is
most applicable in coordinating and super=
vising the management of fish species sublect
to the jurisdictions of several states rather



than operating as a comprehensive subordina-
tion of traditional state fisheries autherity
to an overriding federal scheme, In particu-
lar, Alaskan regqulation of fisheries harveats
has been acknowledged judicially to extend
beyond the three-mile limit of the territorial
sea when the fishery evidences an appropriate
nexus to the atate's territorial resources and
activities [14].

Thus, in Alaska, where fishing grounds
are ingulated from other states by the Pacific
coast of Canada, the MFCMA hag been gaining a
reputation for challenging the local manage-
ment benefits achieved by statehood. Never-
theless, cooperative resolutions of conflicts
in several fisharies have besn able to pre-
serve the integrity of traditional state
management authority while complying with
national standards set forth in section 1851,

King crab. The Bering Sea king crab
fishery, where approximately one-third of the
flamt represents nonregident fishermen (18],
was one of the firat domeatic fisheries to be
subjected to extensive federal review. Draft
fishary management plans for king crab have
bean under review since March 1979 aeven though
federal and atate courts have acknowledged the
validity of extraterrjitorial state management
programs beyond the three-mile limit in the
absance of conflicting federal requlations
[1&].

This intense interest seems to have aris-
en from the original MPCMA requirement in
section 1B52(h} that “each council . . . pre-
pare and submit to the Secretary a fishery
management plan with respect to each fishery
within its geographical area of authority."
Despite 1nd§cations that strict compliance has
not heen neceasary [17), the North Pacific
Fishaery Managemsnt Council has followed the
requirement to adopt national plans for the
Baring Saa,

At the same time, there has heen an
admission that continued state management
responsibilities are essential for the conser-
vation and optimum yield of the resource,
Because of this reluctance to acrap the proven
state system and start again with new federal
managers, more recent council proposals have
favored the formal fedaral adoption of exist-
ing state regulations or the development of a
framework plan with accompanying notices in
the Federal Register to supplement state
administrative procaedures reqarding public
notice and extensive public hearings [18].

These cumbersome maneuvers apparently
will not be neceesary because new amendments
to section 1852(h) embodied in Public Law
97-4533 (1963) have limited the council's
reeponaibilities to preparing fishery manage-
ment plans eonly for fisheries *"that require
conservation and management.” This important
reemphasia of the Act upen conservation con-
siderations should help aesure the vitality of
the king crab resources by minimizing the
unnecessary waste and duplication that have
been caused by imposing federal management
plans on established domestic fisheries and
diverting management discussions to jurisdic-
tional questions.

Tanner crab. Federal-state give and take
has also been occurring in the Tanner crab
fishery. Initially, federal regulations,
modeled after existing state rules, presented
no conflict., The same regulatory program
applied to fishermen in the state's territori-
al sea and the outlying Fishery Conservation

Zone. However, annuval public hearings by the
Alaska Board of Fisheries have led to frequant
regulatory adjustments in response to changing
stock conditions and fishing operations,
Unfortunately, federal procedures reguire that
all regulatory changes be subjected to a
lengthy internal review process in Washington,
D.C., at least 6,000 miles from the fishing
areas. As as result, accompanving federal
approval has sometimes lagged so far behind
new state requlations that fishermen have haqg
to conduct thelr operations under conflicting
rules, For example, Beason openings have
varied (5 RAC 35.510{2) ve. 50 CFR 671.26), as
has the permissible configuration of the crab
pots {5 RAC 35.125, top-loading pots, vs. 50
CFR 671,26, side-loading pots).

The MFCMA seems to resclve such conflicts
by indicating that states can regulate all
vessels "registered under the laws of the
state" (16 U.5.C. 1BS6(al} but the Alaska
supreme court, in dicta, recently warned, "to
the extent that there may be a conflict be-
tween state fisheries regulations and federal
regulations , . ., Alaska's authority to regu-
late figheries . ., . has been superseded"
[{19). This pection of the MFCMA has not been
subjected to direct judicial review, sa, as
might be expected, both federal and state
officials have been posturing in support of
their respective authorities. In the mean-
time, fishermen attempting to harvest the re-
source in a manner consistent with a sustained
yield are tempted to select the most liberal
provision so they will not be penalized at the
marketplace by competition from less conserva-
tive cperators.

Fortunately, the January 1983 MFCMA
amendments will reduce the potential for such
conflicts in the future.

The firast and most promising amendment
greatly abbreviates the extended federal re-
view period that has frequently delayed timely
approval by the Secretary of Commerce of regu-
lations proposed in fishery management plans
submitted by the regional councils. Under the
new provision, section 1854 has been rewritten
to require "immediate® review of a fishery
management plan. In addition, "immediate”
publication in the Federal Register begins a
15-day public review cpportunity as soon as
possible. After completion of the public
review period, the secretary has 20 days to
reject or approve the plany failure to act
signifies approval,

The other important amendment to the
MFCMA regards the scope of emergency regula-
tions provided by section 1855{3}. Formerly,
emergency actions were limited to a specific
regource emergency. The new language address-
es emergencies existing in "any fishery" as
that term is defined in the MFCMA to include
the act of fishing as well as the stocks them-
selves as identified on the basis of geograph-
ical, scientific, technical, recreational, and
economic characteristics in section 1802(7).

The conflicting Tanner crab requlations
were the first to be harmonized under the
secretary‘s expanded emergency powers. As a
result, the 1983 Tanner crab seascn benefitted
from an orderly start on February 10 and simi-
lar gear was required in both the territorial
sea and the Fishery Conservation Zone.

Bering Sea herring. A third arctic fish-
eries dispute was averted without the help of
statutory amendments in January 1983 when the
Alaska Board of Fisheries agreed to approve a




ylation providing for consideration of an
offshore trawl fishery for herring in the
pering Sea. The approval followed widespread
1ocal ppposition to offshore operations that
exploited the same stocgs sought for valuable
werring roe when they migrated to coastal
spawning bays and beaches each spring.

initially, compromise did not appear
likely. Prior to the effective date of the
MFCMA in March 1977, foreign fleets had taken
up to 145,000 metric tons of Pacific herring
in the Bering Sea {20]. Accordingly, in light
of a minimal domestic effort the North Pacific
Fishery Management Council's proposed herring
management plan in 1979 acknowledged the role
of foreign harvesters in being available to
utilize the surplus not taken by U.S. fisher-
men. Under the MFCMa, section 1821 (d){(2),
foreign fishing may be conducted on "that
portion of the optimum yield of the fishery
that will not be harvested by vessels of the
United States.”

However, since the local ccastal fishery
was rapldly expanding, residents expressed
fear that the offshore fleets could decimate
one or more of the many local herring stocks
that dispersed to the spawning grounds each

Teq

gpring. The enormous size of the offshore
feeding populations -- in the hundreds of
thousands of metric tons -— made it difficult

to show that foreign fishing at past levels of
aeffort could result in the "overfishing™ that
the first national standard of the MFCMA
sought to avoid {section 1B51l{a}(1)). Never-
theless, the traditional subsistence harvest
in the coastal waters and the growing commer-
cial importance of a catch that leaped from
2,500 metric tons in 1977 to 25,000 metric
tons in 1982 combined to prove the potential
of & fully utilized inshore fishery that did
not require a supplemental offshore fishing
effort elther by foreign boats or by joint
ventures using American fishing vessels and
foreign processing ships.

A redrafted fishery management plan pro-
vided for the local needs and helped spur an
increase in the domestic fleet of seine and
gillnet vessels from 65 to 335 boats between
1977 and 1982 {211].

The final federal management plan pro-
tected a substantial spawning population of
some 115,000-200,000 metric tons of herring
during the time the various local stocks were
intermingled for feeding purposes in the off-
shore areas of the Bering Sea. Further, a 1id
of 2,000-10,000 metric tons was put on any
offshore fishing that might be necessary in
the future to achieve full utilization of the
stocks.

Although the state originally assumed a
very protective role over the stocks during
their extraterritorial migrations, the new
management plan favored the inshore fishery
and allowed the Alaska Board of Fisheries to
Provide for the possibility of an offshore
effort if inshore harvests did not fully uti-
lize available stocks [22].

5. CONCLUSION

. Both state and federal governments are
involved in the ultimate resolution of arctic
policy issues. Unfortunately, state—federal
conflicts are most frequently decided by time-
conswming litigation in which the parties
assume adversarial roles., Because of the high

&7

stakes, both real and perceived, final judg-
ments do not always erase the emotions of
lengthy litigation. On the other hand, more
cooperative approaches would allow both
parties to focus their undivided attention on
developing arctic pelicies and programs that
will promote comprehensive arctic planning
that reflects the true potential of the
American arctic, instead of the present unco-
ordinated efforts so inadegquate in comparison
?g3:he unifjed programs in other countries
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ARCTIC POLICY II
INTRODUCTION

Doan ¥. Haglund

Pepartment of Geography
University of Wisconsio-Milwvaukee
Milwaukee, Wisconsin

Good morning! My name is Donn Haglund and 1 am
chairman of the Department of Geography at the
University of Wisconsin-Milwaukee. My specialty is
cultural-economic gecgraphy of the Arctie and Sub-
Arctic and on December 31st I completed a three year
stint as Chairman of the Board of Governors of the
Arctic Institute of North America. For the past
eleven years I have offered what is believed to be
the only University-based Arctic Winter Field Course
in the western world, My presence have today how-
ever is in order to substitute for Professor Louis
Rey, President of Comite’ Arctique International,
the world organization, multi-disciplinary in
character, of Arctic specialists. Louis has very
Tecently left his home in Switzerland to serve for
several weeks as Visiting Professor at the University
of Alaska and was unabie to attend this conference
due to the prior commitments. He has asked me, in
my capacity as Vice-President of Comite' Arctigue
International, to fill in for him.

1 am sorry that Professor Rey could not be with
you, All of us would have benefitted from his parti-
cipation in this ¢onference., But then, if he wera
here I would not have this opportunity. Thank you,
Louis, for not bheing able to fulfill this assign-
ment.  Your loss is my gain.

On his behalf and my own, we bring you greetings
from Comite' Arctique International. We hope to
See all of you at one or more of the annual Arctic
oriented internatienal confercnces that are con-
ducted or co-sponsored by our orgamization. Should
you have any questions cancerning Comite Arctique
International and its activities, please contact me
some time during this conference.

Now to our speakers for this session.

Our first paper, "Repulatory and Environmental
Issues Associated with Arctic Marine Transportation™
was prepared by [, Bruchet and M. Robertson who are
associated with the Arctic Pilot Project of Petro-
Canada, headquartered in Calgary, Alberta. The paper
will be delivered by Mr. P. Douglas Bruchet.

For those who may not be familiar with the
Arcric Pilot Project it is "designed to produce and
liquify 7.1 million cubic meters of natural gas
per day in the Arctic and move it to Eastern
Canadian markets in ice-breaking ships. Arctic
Pilot Project proposes to test the feasibility of
producing natural gas from wells in the Arctic
Islands, transporting the gas by a 160 kilometer
buried pipeline, transforming the gas into liguified
natural gas (ING) and shipping the LNG by ice-
breaking carrier to a regasification plant in
southern Canada - all on a year-round basis."

{Quotations from a 1980 summary published by appy).

The proposal has not met with universal accep-
tance in Canada and neighbering Grecnland. Environ-
mentalists, Native (Inuit) leaders in both countries,
& mmber of Canadian goverumental regulatory agencies,
legislative bodles and task forces have all had a
diversity of "says'" on the Project and its proposals.

We are fortunate to have & distinpuished spokes-
man for APP with us te Jescribe the geographical,
historical and sociological setting of the Propusal,
the range of regulatory processes impacting upon the
Proposal and the environmental issucs that apply
{the effects on whales, ringed seals, hirds, ice, the
possible problems associated with cressing ice dis-
turbed by ship tracks, the controversial issue of
underwater sound and others which will undoubtedly
surface eventually) to the implementation of the
project. "That year-round transportation in arctic
waters is both technically feasible and environoental
acceptable' is a conclusion to which our speaker will
now direct us.

As the author of the study, "Maritime Trunsporta-
tion to Support Polar Resource llevelopment' recently
published by the U.5. National Academy of Sciences T
eageTly anticipate Mr. Bruchet's concurrence in many
of the conclusions we asserted ir that publication
from this side of the forty-ninth parallel.

The second of cur papers this morring is by lan
J. Jordaan, Head, Rescarch and Development, let norske
Veritzs [Canadal) Ltd. After receiving his haccalau-
reate and master's degrees in engineering at the
University of the Witwarerstrand, South Africa, Or.
Jordaan completed his Ph.D. at King's Cellege of the
University of London in 1968. Tlor the next thirtcen
years Dr, Jordan was a member of the Departrment of
Civil Engincering at the Uaiversity of Calgary, in
Alberta. Last year he left The university to accept
his present position with Det norske Veritas at thelr
Cangdian corporate headguarters, also in Calgarvy. D
Jordaan is the author of over torty publicaticus in
Lis echosen fleld.

Today he speaks to us on the subjeet, "Rish and
Safety Assessment for Arctic Offshore Projects”.
Ater defining risk and applwving it to concepts of
sifety and decision-making DT. Jordaan will wace 01
us with risk analysis methodology and its application.
through examples, to Arctic offshore projecls, sugpest-
ing a number of scenaries. CUrvirormental Fuctors are
considered and probability theery applicd o risks in
Arctic cperatioms. (uestions of risk aversian and
of proness to risk in utility theary arc develcped
as our speaker druws our attention to practical
safety ohjectives hefore supgesting convlusions,







REGULATORY AND ENVIRONMENTAL ISSUES
ASSQCIATED WITH ARCTIC MARINE TRANSPORTATION

C. Bruchet, M. Robertson

Arctic Pilot Project, Petro-Canada
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1. INTRODUCTION

. The relationships between rescurce
development, traditional land use and
congervation, and the course of
development - how much, how fast and
where, at times has set the stage for the
rather emctional debate on Aarctic
Development, The Canadian MWorth is
composed of the land and water areas
encompassed by the Yukon and Rorthwest
Territories and their associated offshore
areag, and constitutes almeost 508 of
Canada's land mass. The area has many
regional differences, as shown in the
Northern Land Use Planning Policy,([l] and
is one of several circumpolar regions
bordering the Arctic Ocean. Accordingly,
gartain international issues are also
discussed in this paper. The introductory
aections of this paper present a brief
background on: the Canadian North,
federal policles for northern development,
and the current regulatory controls over
arctic marine transportation in Canada.
Specific references are made to the Arctic
Pilot Project, a unique Canadlan Arctic
venture, which is later described in more
detail.

Although most land in Canada's North
lies above the 60th parallel, activitiesg
in mouthern Canada and the rest of the
southern world can have sigqnificant
effacts on the North., €Early encounters
betweaen native people and Europeans
occurred mainly due to whaling, the fur
trade, and exploration of the Horthwest
Passage. The nomadic lifestyles of the
northern natives began to change with the
appearance of fur trading posts, whaling
stations and misgsions. The eptablishment
aof government health and education
services in communities during the 1950s
and 1960a resulted in nearly all native
people adopting permanent resldences in
the communities, Wative people continue
thelr traditional harveet but now with the
aid of high-powered rifles, motorboats and
skidoos. 1981 statistics indlcate that
the majority of the Canadian non-native
northern populations resides in the
capitals of Yellowknife and Whiteharse.
The majority of the native population
lives in 60 small communities scattered
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throughout the North. The languages
spoken are either Inuktitut or
Athapagkan, together with English. The
northern wage economy now is based on the
export of minerals, limited quantities of
fur, fish and native arts and craft
products, and the existence of government
services. Large quantities of oil and
gas may be produced in the future and
will add significantly to the North's
aeconomic base.

The evolution of Canadian political
boundaries, the transfers of Rupert's
Land in 1870 and the Arctic Archipelago
in 1880 from Great Britain are important
historie events. Of recent impartance is
the report by C.M. Drury on
"Constitutional Development in the
Korthwesat Territories, 1980" [2]1 and the
plebiscite held by the Government of the
Northwest Territories where the majority
of votera favoured division of the
Territories into two parts. At present,
both the Yukon and Northwest territorial
governments have a Commissioner and a
fully elected legislative body. 1In the
case of the Northwest Territories, the
legislature consists of 22 members.

Because of the native northerners’
aboriginal occupancy of the land, many
native people are opposed to extensive
mineral exploration, and other
non-renewable resource-related
activities. <Thie opposition has led to
the formation of strong native political
organizations with a central demand for
the settlement of their land claims.
Land claims, until resolved, wilil
continue to be a major issue to be faced
by any resource devalopment project in
the Northwest Territories.

Particularly in the last thirty
years, the issue of Canadian sovereignty
has been an important consideration. 1In
the 1950's Canada moved Inuit into the
Arctic Tslands to confirm assertions of
sovereignty over that area, Furthar, the
Manhattan voyages of 1969 and 1370 served
as a catalyst in the development and
enactment of specific legislation to
protect Canada's sovereignty over the
Arctic Islands, and +toc initiate
environmental protection ower Canadian
waters.



Land claims and environmental
impact-ralated matters have also resulted
in the formation of the Inuit Circumpolar
Conference, an association of Inuit
pelitical groups from Alaska, Canada and
Greenland, Among other things, this group
is concerned with the Right of Innccent
Passage through Baffin Bay and Davis
Stralt, and the control and routing af
vessels carrying hazardous cargoes. The
repponae from the Greenland Home Rule and
the Inuit Circunpolar Confarence has bsen
to oppose not only Canada's Arctic Pilot
Project, but alec othar projects using the
route between Canada and Greenland. There
are two levels of negotlatians on ship
routing currently underway: one is the
Arctic Pilot Project Working Group,
comprised of Danish, Canadian, Greenlandic
and Petro-Canada membership, and the
second 18 the Marine Fnvironmental
Cooperation Agreement (MECA) between the
Governments of Canada and Danmaprk. Thare
are alae varilous studies on arctic marine
trangportation now underway which addreas
national, as well as international
implications of Arctic marine
transportation.

2. REGULATORY PROCESSES

The last two decades have been a
pericd of significant goclal and
technological change in the Canadian
arctic. Exploration for minerals and
hydrocarbong has been very active,
resulting in several discoveries of majer
deposits. As well, wrodern resupply
programs for northern communities have
been developed. Twoc mines i{n the High
Arctic, Polaris and Nanisivik, are now in
production, shipping lead-zinc concentrate
on a seasonal basls by nmarine mode. The
gummer resupply of northern communitiea 1is
by ship, suppeorted by Canadian Coast Guard
lcebreakera, Much of the resupply of the
Arctic 1Islands drilling ventures of
Panarctic Oils Ltd. also takes place by
ship. In 1982, approximately 39 500 tons
of resupply materials wera delivered by
ship into the High Arctic. 1In addition,
the 1582 resupply of tha Beaufort Sea saw
the first large hydrocarbon carrier move
into that area to support Dome Petroleun’s
fleet of drillahipes and icebreaking
support vessels.

Much of the present marine traneport
takes place in the cpen water period, or
with icebreaker support. HRowever, some
ships, such ag the M.V, Arctic, an ice
class bulk carrier, and the M,V. Kigoriak,
an lcebreaker used in the Beaufort Sea,
have significantly extended the
traditional arctic shipping season.

The requiresent for more reliable
year—-round tranaportation modes arcse in
the early sgeventies with the delineation
of major oil and gas deposits in Canada's
arctic Islands.

Subsequently, major hydrocarbon finds
in the BReaufort Sea hawe resulted in a
nead for marine tranaportation from that
area, For example, since 1961, industry
{mainly through Panaretic 0ils Ltd.) has

gpent approximately $947.0 million
Canadian dollars in energy exploration of
the Canadian Arctic Islands. Discoveries
to date amount to 18 trillion cubi¢ feet
of natural gas, and three-quarters of a
billion barrels of crude oil. These
reserves alone add 25% to Canada's gas
reserves, and 15% +to Canada's
conventional oil reserves,(3] In the
Beaufort Sea, the Geological Survey of
Canada estimates ail reserves at 6.9 to
9.4 billion barrels.

The use of ships rather than
pipeline to move arctic oil and gas is
advantageous because:

1. smallar scale reservoirs may be
exploited

2. there is flexibility in terms of
delivery point

3. the major investment needed for
plpeline aystems is not required,
and

4. reserves can be developed and
marketed in a shorter time frame.

The govermment of Canada recognized
the need to move Canada's arctic-
regources to market at an early stage.
In 1970, the Honourable Jean Chretian,
then Minister of Worthern Development,
dimcussed the Arctic Waters Pollution
Prevention Act Bill (AWPPA) in the House
of Commong, and identified Canada's
northern interests as: Canadian
security, northern economic development
and the premervation of the ecological
balance of the area, In passging the
AWPPA, the government expressed its
desire to develop northern technology in
a controlled manner, and to encourage
traneportation through the Northwest
Pagsage. In his 1970 speech, Mr.
Chretien pstated that the Canadian
Government wanted Arctic waters to be
opened up to commercial shipping.[4] By
passing the AWPPA, the Government
established shipping zones and mandatory
ship standards in order tc ensure that
vessels operating in the Canadian Arctie
are gufficiently strong to withstand
expected ice conditions In their zones of
operation. At the same time, it was
recognlized that Canada, cone of the
largeat arctic countries in the world,
wag falling severely behind both in the
technology of arctic transportation and
in the exploitation of arctic resources.
In 1971, The Science Council of Canadal5]
reconmended that Canada turn its
attentions immediately to the problem of
navigation in the Arctic in order to
fully realize the development and
utilization of northern respurces.

Again, in 1975 and 1979, the Science
Council of Canada ldentified the need for
Canadian development of arctic
tranaportation, particularly through
smaller acale pilat projects in the
Worth, with meaningful evaluation of such
projecta to obtain full value from the
knowledge gained. [6,7]

In 1977, a seminar on "Natural Gas
from the Arctic by Marine Mode®™ was
spongored by the Atlantic Provinces
Economic Council and the Science Council
of Canada{8]. This conference noted that



although the federal government had stated
in 1973 ite intention to move into areas
0f northern development and to achieve
world-recognized excellence in operating
on ice-covered waters, by 1978, in fact
very little had been done and rapid steps
needed to be taken to enhance Canadian
technological, scientific and industrial
capahility in the north,.[9]

In spite of the Arctic Waters
Pollution Pravention Act, Science Council
studies, stated government policy, and a
recognized need for Canada's northern
resources; little positive action haa been
taken so far in the area of hydrocarbon
transportation.

The first specific proposal to use
the marine mode for Arctic hydrocarbon
axtraction was made in 1977 by a
congertium led by Petro-Canada known as
the Arctic Pilot Project (APP). The
Project involves drawing gas from the
large natural gas reserves at brake Point
on Melville Island, overland
transportation of the gas by pipeline
167 km southwards to a natural harbour at
Bridport Inlet, liguefacticn at that site,
and removal of the gas to markets uging
two Arctic Class 7 LNG carriera, The
process undergone by the Arctic Pilot
Project since its  inception well
illustrates the dilemma facing northern
developers trying to operate within the
Canadian regulateory framework. Critical
to any investment decision, of course, is
the degree of risk involved, and the
question of how much a company must spend
before receiving approval to proceed. The
APP hasa sgpent about 60 miliion dollars in
developing and defining the Project over
the last six yearas. It i3 no longer
possible for companies to aspend such sums
befors an approval in principle is given.
The front-end costs and time frame must be
reduced to meet the requiremenkts of the
highly competitive world in which we live,
It shauld also be remembered that Canada’'s
competitors in the area of gas exports are
countriea such as Algeria, Australia,
Indonesia and the Soviet Union, In a
globally competitive business, any
hindrance or risk factor unique to a
single competitor puts that competitor at
a disadvantage. In Canada, duplicative,
lengthy public hearings have become a
competitive Aisadvantage.

The Canadian Northwest Territories is
an area of shared jurisdiction between the
federal and the territorial governments.
wWhile ¢the territorial government has
responsibility through an elected council
for such areas as soclal welfare, health,
community management, wildlife management,
etc., the federal government, largely
through the Department of Indian Affairs
and Worthern Development, retains control
over moat non-renewable regource
management, including oil and gas
axploration and preduction. Since 1972,
ne firm northern development policy has
been enunciated. All preojects are
required to proceed in a relatively ad heoo
way, depending upon the areas of
jurisdiction within which they fall. In
the case of the Arctic Pilot Project, the

Project was required to wundergo a public
environmental and gocio-economic review
under the Federal Environment Assessment
and Review Process, although neither of
the two heavy metal mines in the same
area had done 80, nor had the
approximately one billion dJdollars of
exploration activity in the Arctic
Islands. The Beaufort Sea exploration
activities did not undergo a public
review process, however, the development
proposals for that region currently are
in the early stages of such a review,.
The Envircnmental Assessment and Review
Process is required by cabinet policy
rather than by any piece of legislation
and results in a review panel being
formed, the issuance of a sgeries of
guldelines feor an environmental impact
atatement, the preduction of an impact
statement by the proponent, a series of
public hearings tc review the Project and
the publication of a report by the Panel.
In the case of the APP, this process took
approximately three years from start to
finiah. In October 1980, the
Environmental Assessment and Review Panel
on the APP recommended that the Project
was environmentally acceptable provided
certain conditions were met([10].

Notwithstanding such a wide review,
the Department of Indian aAffairs and
Northern Development, which retains
general authority over northern
development, also tock the initiative for
a regulatory review and referred the
Project to the National Energy Beard
which recommends to the federal Minister
of Energy, Mines and Resources.
Traditionally, the NEB has dealt with
issues such as interprovincial pipeline
licenses, export to the United States,
rate base matters, etc., and has not been
involved in a major way with any High
Arctic proposals requiring marine
transportation. However, in the AFPP's
cage, in addition to dealing with the
issue of gas export from Canada, the
Board was requested to held a general
inquiry into the Project. This hearing
began in February 1982 and was adjourned
by the Board in August 1982 due to
oppesition to the fact that APP was
exploring the possibility of new markets.

An encouraging devalopment during
1982 was the establishment of a Ministry
of Transport Control Authority to
regulate all shipping in the Canadian
Arctic. This Authority is now advised by
an environmental committee, which
includes membership from industry and
government to allew for the development
of environmentally-compatible shipping
requlations for ships using Canadian
waterz. In 1981, the federal government
alsc established the Canada 011 and Gas
Lands Administration as part of the
proposed Canada 0il and Gas Act. This
new body, referred to as COGLA, is
responsible for administering ¢il and gas
activity on Canadian lands, including
exploration and production, and to
coordinate the development of related
Canada benefits plans and the resclution
of environmental concerns.



Concurrent with these -other
activities, the Government of Canada
undertook a atudy known as the "Lancaater
Sound Green Paper™. This exercise wap
designed to identify land use options for
the Lancaster Sound area, which servez as
the entry and exit polnt of the Canadian
Horthweat Passage. The Green Paper began
in 1979 and included a series of public
workashopa to discuss and review the
preseant re¢gource bage, present land use
and future coptions. A "draft* Green Paper
for public discusaion was produced in
Dacenber, 1930, and a final "Green Paper®
wap released on July 30, 1982,[11] The
final paper suggested two optionm for a
regional planning process, and the
government then started planning a further
meries of public reviews to determine
which land use option was most needed for
the area. The paper was unclear regarding
the aignificance of the early 1970s
policias, of the Arctic Waters Pollution
Pravaention Act, or of ths Bavirommental
hssosmment and Raview Process report on
the Arctlc Pilot Project which had
indicated that the Project could proceed.
At this time, the 1980 Environmental
Rasessment and Review Process report was
being considered by the National Energy
Board as another input to their process,
and all the issues aired at tha EARP
hearings ware being raised and discussed
at length in the Hationa)l Energy Board
hearing. The advice to tha proponents of
the APP was that the Department of Indian
Affalrs and Northern Developmant would
recelve the reports of the Wational Energy
Board and the Environmental Asses=ment and
Review Process and would racommend to
Cabinet a position on approval or
digsapproval of the Project. To date the
APP haa spent approximately five vyears in
the requlatory process.

In October, 1982, the Department of
Indian Affaira and Northern Davelopment
issued a new policy on "land use Planning
in Northern Canada.® This policy was ..,
not intended to replace any exiating
planning mechanisms; rather, it is
designed to complemant them."[1] This
plan identifies a procese of establishing
Regional Planning Areas, Northern Land use
Planning cCommittees, Horthern Land use
Planr:ing Commissions and Area Planning
teams to produce land uses plans for the
aix large regions and fifty sub-regions
identifiaed, In +this draft, 1t is
interesting to note that the Lancaster
Sound/Parry Channel region is divided down
the centre of that channel, and falls into
three regions and eight sub-regions,
Naturally, proponents wonder how this new
process will affect their interactions
with the regulatory process in the
Canadfan ¥orth,

The above clearly shows the
convoluted and overlapping structure of
the Canadian Regulatory Process. The
Environmental Agsesement and Review
Process, National Energy Board, the
Department of Indian Affairs and Worthern
Development, the Canada 0il and Gas Lanpds
Administration, the Department of
FPisheries and Oceans, and the Department
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of Environment all identify environmental
issues under thelr mandates., Therefore,
companies nust constantly determine who
is handling what to ensure that stepsg in
this proceas are not missed, and that
further delays 4o not occur,

This dilemma is exacerbated by the
perceived need of regulatory bodies to
reviaw projects within a static
situation, It is typilcal of large
projects to evolve and change from
concept to final design during the whele
development phasge. Options muat be kept
open to allow the best engineering,
economic and technological parameters to
be used when the project ias constructed,
Lengthy reviews therefore, must be
willing to accept that designs cannot be
final, and that there may be changes both
during the review periocd and before
conatruction commences. It ie
unrealistic to expect companies to move
large projects to a final deaign stage
bafore gubatantial assurances have been
given that the project will proceed.

This paper will now discuss the
types of environmental issues that have
arimon as a result of the reviews haid to
date on arctic marine transportation.
Specific references will be made to the
APP.

3. ENVIRONMENTAL ISSUES

It should be kept in mind that many
ships currently travel arctic waters,
mainly in the June to November period.
Thase include oil tankers, general
freightera of several sizes, Coast Guard
icebreakexs, and an ice class bulk
carrying freighter. None of +this
shipping has undergone any review ather
than baing required to meet the
conditionas of the Arctic Waters Pollution
Brevention Regulations. However,
hydrocarbon development proposals are
being subjected to major public hearings
and regulatory review,

The Arctic Pilot Project ships will
carry liquefied natural gas, a
non~polluting cargo which rapidly
vapourizeas when placed in contact with
water. Consequently, there are none of
the risxe inherent in ocil transportation
where cargo loss could lead toc a major
anvironmental problem.

The majority of the concerns ratsed
in environmantal reviews of the APP deal
with possible interactions between ships
and marine mammals, although the issues
of lce regime changes and ship track
crossings also have been widely
discassed. The asven major issues can be
describad as follows:

3.1 Entrapment of Whales in Icebreaker
Tracks

Whales, particularly narwhal and
beluga, tend to mill arcund the ice edge
in Lancaster Sound in the spring, waiting
for break-up tu allow a westerly
migration to the summering areas. Barly
arriving animals follow open leads into



the fast ice. Concerns were raised that
the whales may follow the icebreaker
tracks into Parry Channel at this time,
and become trapped when the tracks
refreeze. Observers were placed onboard
Canadian Coast Guard icebreakers in two
successive years to determine whether this
phenomenon occurred as the ships entered
the faast ice of Lancaster Scund in the
spring. Observations from the ships and
helicopter surveys of the icebreakers'
tracks revealed that no whales were
present in the track.[l12] The whales, as
one might expect, seem to know the
difference between an open lead and a ship
track filled with ice rubble.

3.2 Physical Interference with Ringed
Seals
Studies by the Depactment of

Fisheriea and Oceans and the Canadian
wildlife Servicell3] identify Barrow
Strait as an important area for ringed
geal. The ringed seal is a major hunting
itep for the Inuit, and a major prey
species for polar beara. The potential
for year-round icebreaking to interfere
with ringed seal denning and pupping in
Barrow Strait was thus inveatigated.
Initial calculations made for the
Environmental Assensment Review Process in
1980, estimated that 1.0% of the annual
recruitment could be effected assuming a
worst case ecenarioc i.e. with the ships
taking a different course on each passage.
Subsequent conslderationa have indicated
that there may be fewer passages during
the pupplng period than originally
predicted, that the ship will be able to
reugse the same track, and that the
pressure ridges, where most dens are
located, will generally be crossed at a
90° angle, These developments lower the
estimate of annual recruitment potentially
effected to 0.2%, a portion considered
biclogically insignificant compared te the
40% mortality which occurs naturally
during ¢the firat year of life.

Ringed seals are also being studied
in Baffin Bay. Some pecple have suggested
that the ringed sgeals which are harvested
inshore by the Greenland Inuit may
overwinter in the offshore areas of Baffin
Bay, Studies of appropriate ice habitat
conditions were undertaken using remote
gensing.[14] The results of these studies
were, in turn, used to develop a model of
the ringed seal population dymamics in the
Baffin Bay region,[15] Inveatigations of
the age structure of the inshore
population by aging of seal teeth, and of
posaible migration routes by tagging, were
also undertaken. The results are not yet
sufficlently clear to provide a decisive
angwer, but it does appear that there is
some population interchange between the
two areas.

3.3 Bird Colonies

The APP is not expected to effect the
marine-asgociated bilrds which summer in
the High Arctic(l16,18]). APP ships will,
of course, carry liquefied natural gas
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which i a non-polluting cargo even in
the unlikely event of a spill., If a
spill occurred, the gas would very
rapidly dissipate into the atmosphere,
The operational corridor of the proposed
carriers is located in the center of the
passage over 25 km from the coasts. No
impacts are anticipated from passage of
the ships. The ships will carry a
raserve of diesel fuel which, if spilled,
could threakten any seabirds in the
immediate vicinity. However, conasidering
the double hull of the carrier, the
location of the storage tank high above
the waterline, and the seascnal presence
of the birds, the prebability of such a
spill ie very low.

3.4 Ice Edge Effects

During the EARP hearings, attention
was drawn to the peasibility that passage
of ships through the ice in Parry Channel
might alter freeze-up and break-up
patterns. The APP conducted research
into the recurring ice crack patterns,
ice crack morphology and behavioural
praocesses in Reaolute Passage and Barrow
Straitf17]. As testified hefore the
National Energy Board in 1982, evaluation
of +this material indicates that the
forces involved with the ships' passage
are far too small, compared with those
naturally-occurring forces, to influence
the freeze-up and break-up of the
Lancastar Saund area.[18] This
conclusion is confirmed hy review of
Landsat photographic images of a Canadian
Coast Guard icebreaker penetrating the

Lancaster Sound ice edge with no
detectable alterations to the fast
fce[l9}.

3,5 8Ship Track Crossing

Hunters from Resolute Bay Cross
Barrow Stralt by skidoo to hunt mainly
caribou on Somerset and Prince of Wales
islands to the south, and polar bear in
Barrow Strait itself. The potential for
the icebreaker's track teo interfere with
these travel patterns has thus been
gtudied. An initial theoretical analysis
predicted that refreezing rates would
allow safe crossing of the track within a
few houars during the winter period[20].
To determine where and when hunting trips
acrass Barrow Strait occur, a resource
harvest study was initiated in January
1981 in ceonjunetion with the Aunters and
Trappers AssBociation of Resclute. Three
actual ship track crossing trials have
been completed, using an icebreaker
stationed at McRinley Bay in the western
Arctic, The tests were carried ocut in
November, March and June. In all three
tests, the ship track was safely crossed
by a skidoo and loaded komatik within 2.5
hours of the ship's passage. TIn an
attempt to summarize and interpret the
many investigations of the ship track
croseing question, the Arctic Pilot
Project prepared and submitted to the
National Energy Bopard a report entitled
"Ship Track Crossing®[21]. This study



concluded that for the large majority of
the winter seamson, the track will be
filled with ice rubble that will rafraeeze
very quickly and will not affect hunting
activities. For a vary short period at
8pring break-up, there may ba areas of
open water in the ship track that will not
refreeza. Such occurrences will be
similar to the natural situation
encountared when trying to cross laada and
cracks in the ice at this time of year.

3.6 Integrated Ship Routing

One condition attached to the
Environmental Assessment and Review
Process Panel's approval of the APP wae
“the i{ntegration of physical Factors and
bilological factors so as to minimire
adverse impacts on wildlife. “An
Integrated Houte Analyeis" (IRA)} has been
developed, covering the 5200 km shipping
route, to delineate an operational
corridor that ensures public and ship
safaty with minimal environmeantal impact,
while maintaining economic feanibility,
The document is an evolving routing guide,
intended to incorporate new information as
it becomes available, which will result in
further refinements of the operational
corridor. The IRA was firat published in
April 1981, and wasz then revised in
December 1981.

1.7 Underwater Sound

The impact, or lack of impact of
ship-generated underwater sound on marine
mammals has heen a prominent area of
investigation for the Arctic Pilot
Projact.. The 1lgsue was raismed at the
pubiic Environmental Asasessment and Review
hearings in 1980, and a recommendation was
then made that further work should be done
to better understand tha poasible
interactions between marine mammals and
shipping{10], “his matter ia not
exclusive to the Arctic Pilot Project as
all ships generate some nolse and even
considerably smaller ohips now operating
in the area produce comparable levels of
neise to that expected from the APP
carriers, Present shipping also takes
place during the time of year when moat
marine marmals are in the area.
Notwithstanding these facts, little was
known of the interactions betwaen marine
mammals and ships,

To develop a mcientific, rather than
a mpecelative contaxt for avaluating the
isgue, the APP convened a workshop of
recogriized Llnternational experts to define
the parametera of the underwater sound
equation relative +o the APP[22].
Prograsaing from this workshop, subsequent
studies were undertaken to jdentify
eritical areas for wintering marine
mammals[23], and to determine noise levels
produced by APPF ships[24]. A conputerized
sound trangmisasion modal was developed to
predict the zone of influence of wvarious
source levels. The Project also is
preparing a noise research plan to guide
research on underwater acoustice during
the pre-operational and operational
perioda.

Thi= issue has been focused on
certaln groups who predict larga-scale
environmental problems due to ship noisae
in arctic waters. Recent studies done by
the APP and others do not support this
view.

4. CONCLUSIONS

The main issues discussed abovae are
not unique to any particular shipping
project, but should be addressed by any
Arctic shipping operator, Wevertheless,
the onus seems to have besen placed
exclugively on year-round operators to
address these lmanes, even though arctic
shipping has been a reality for many
yoara, One reason given as possible
justification for thias approach ie the
fact that year-round shipping does not
yat exiat. However, most marine mammalg
uge the Lancaater Sound and Parzy Channel
during the open water period, when most
shipping now takes place.

At this point it should he mentioned
that the Arctic Pilot Project has been
required to address environmental issues
and concerns sgouth of 60° latitude as
well. The Project appeared before joint
federal /pravincial environmental reviews
in the provinces of Quebec and Nova
Scotia, both of which were being
considered as possible regasification
tarminal sites. 1In addition, a review of
the pouthern shipping route and terminal
oparations was conducted by the federal
Ministry of Transport. Along with
environmental concerns, significant
emphasis was placed on economic and
industrial benefits during these reviews,
In all three review cases, the APP
received conditiocnal approval.

Deepite the time, money and effort
devoted by industry to the study of
arctic issues, there are, of course,
areas in which some intarests Ffeel
information is lacking. The questich to
be addressed, however, is not how much we
do not know, but whether we know encugh
to allow year-round transportation to
comménce., Apart from the basic legal
issue of whether or not shipa meeting the
Arctic Waters Pollution Prevention Act
requirements can in any way have their
right of innocent passage regulated by
Canada, there is a clear concensus
emerging that Canada does have the
information necessary to make the
informed decision that year-round
transportation in arctic waters is both
technically feasible and environmentally
acceptable, Recognizing that all the
anaweras to detailed environmental
questions raised by frontier developments
Gannot. be available before a project
begins to operate, the APP included, as
part of its management plan, a 35220
million Research and Development Program
to study northern environmental,
soclo-economi¢, technical and operational
issuas. These funds will be gpent under
the direction af a comprehensive advisory
group, including northerners, academics,
technical and government people, and will
work under a policy of "northern studies



done by northern people in the north®,
This concept, and the inclusion of such a
large Regearch and Development fund to be
dedicated t¢ northern studies, is a major
commitment by industry to Canada's
northern research efforts.

For many years envirommental
interesta were excluded from project
planning, now they are an integral part of
such planning in all northern davelopment
activities. However, the cosat of being in
the mainastream of decision-making is belng
willing to make useful, constructive
decisions based on the information
available. Indecision, ©or a constant
pearch for further information, will
ultimately relegate environmental issues
to the back rows of both government and
industry. Such a move would be extremely
destructive, but can only be prevented by
the generation of high levels of
accountability and responsibility by
academic, government and industrial
environmental adviscore,

The matters raised in this discussion
of northern marine transportation, from a
regulatory and environmental perspective,
are not necessarily unique to the marine
mode, Several project review procedures
have Dbeen used in the past, and the
process continues to evolve, for example,
with the recent creation of the Canada 0il
and GCas Lands Administration. The process
is, however, still so lengthy, slow and
poorly defined that it ias considered a
major risk factor in project development.

The point has been made that when a
project is the first to ge through the
regulatory process, it will understandably
gsuffer from the learning curve that any
naw procedure regulres. However, it can
he shown that because the procesa ia so
frequently adijusted, every new project
propoged has had to enter new regulatory
waters. The HMackenzie Valley Pipeline,
the Arctic Pilot Project and the Beaufort
S5aa proposals are examples which support
this, The search for effective, yet more
efficlent methods of regulatory review is
encouraged and must be actively pursued to
produce a timely, yet comprehensive review
and approval process,

The environmental issues associated
with northern transportation are
well-defined. It is now time fdr a
concerted industry-government program to
be developed to expedite northern
transportation projects by concentrating
on tha few areas still in gquestion to fine
tune the knowledge bhase. This will give
industry the necessary guidelines for any
operational constraints within the lead
time which can be accommodated in project
deaign. It is obwvicus to all that
industry has now generated the majority of
information in northern environmental
study over the last ten years, and that we
can be expected to behave in a responsible
manner. What 1s needed is less public
review and supervision and a greater

degree of synthesis and cooperation in
working toward common goals.

1 would like to conclude with a quote
that comes to mind by a gentleman named
Geoffrey Vickers: "We seem to be in an
infinite regress, leading sooner or later
to a choice made by applying a process
which cannot yet be specified to data
which remain obscure.”
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RISK AND SAFETY ASSESSMENT FOR ARCTIC OFFSHORE PROJECTS

Tan J. Jordaan

Det norske Yeritas {Canada) Ltd.
Calgary, Alberta, Canada

Risk is defined in terms of both the probability,
generally small, and the undesirability of an event.
Risk analysis is a systematic procedure requiring
estimation of probabilities and an analysis of the
consequences of the event, It can be seen as part of
the decision-making procedure and is aimed at deter-
mining an optimai decision from a set of passible
actions, in addition to delineating levels of risk.
The methodology is most suitable for problems in fron-
tier areas of technology such as are involved in
Arctic projects. Some typical problems are discussed
in a general way, such as the choice between fixed and
mobile production systems in iceberg-infested waters.
Envirgnmental loading and the probabilistic analysis
of pressure ridges as a Poisson process are discussed,
An example of application to the risk of scour of 2
pipeline system is given. The use of utility theory
for combining attributes is suggested as a fruitful
area for further development. Practical guides for
dealing with problems of risk are discussed.

1. [INTRODUCTION

It is the task of the engineer to plan and conduct
offshore projects with due regard for the protection of
human 1ife and the environment. The questions that
arise with respect to such protection may be placed
under the single umbrella term "safety.”

The development of Arctic areas peses challenges
of a high order, Apart from the more obvious climatic
difficulties, such as the effect of low temperatures on
metals, there are uncertainties with respect to the
environmental data which add a dimension to the problem
The river engineer may well have many years of records
of flpads; the offshore engineer, likewise, will in all
Tikelihood be able to base his designs on records of
some length regarding wave heights, When considering
the freguency and size of multi-year pressure ridges in
the Arctic, there is no equivalent data bank.

Te ensure 2 certain level of safety requires,
inevitably, that the parameters in the analysis of
offshore projects be quantified. Thus, numerical
criteria for design, for operational facilities, and so0
on, need to be set. The motivation in the present
paper 5 to suggest that an overall methadology exists
far approaching such prehlems and for developing poticy
The methodology may be adapted to the different areas
of decision-making and it will therefore be introduced
in a general way.
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2. WMAT IS RISK?

The term "risk" is defined in Webster's as "the
chance of injury, damage or loss" or "a dangerous
chance." This involves two aspects: first, probab-
ilities: and second, the conseguences which will in-
¢lude possible fatalities, injuries, environmental
damage, loss of production, the installation, plant
and equipment. Risk is therefore related to undesir-
able events as well as the chance aspect. Occasionally
risk 7s defined as the probability of failure alone,
but [ considar that some measure of the consequences
should be included. There is more risk if 1000 people
might die with a certain probability than if 10 might
die with the same probability. As emphasized by Tveit
[17 the important aspects are probability and undesir-

ability.

3. RISK, SAFETY AND DECISION-MAKING

There are several levels upon which decisions are
made or influenced. For instance, governments and
regulatory authorities will issue and interpret regu-
Jations aimed at controlling the level of safety. Such
requlations may contain a "zero-risk" type of recommen-
dation [2], e.g. to the effect that structures should
be capable of resisting any "foreseeable" environmental
Yoading, etc. Spch a regulation does not explicitly
account for risk. It is impossible {and guite unecon-
omical to attempt) to obtain & completely "safe”
structure or system, A more realistic approach is to
delegate responsibility for judging whether the risk

is excessive or not to a regulatory agency. As noted
by Starr and Whipple, [2], the mandate might be to
provide against "unmreasonable” risks.

The question of influencing decisions regarding
acceptability is a question of the interaction of tne
public and the regulatory authorities. Controversial
areas can lead to extremely strong and motivated
pressure groups, such as in the guestion of nuclear
energy programmes. Such issues will not be censidered
further here, but the attainment of 2 public consensus
is an important consideration. The whole area of
levels of risk % a sensitive one deserving much atten-
tion,

The remaining part of the present work will add-
ress the analytical tools that an engineer might vse in
evalvating risk and in making decisions. One tool
commonly mentioned in the 1iterature is cost-benefit
analysis. The intention is to weigh costs against the
possible benefits arising from implementation of a



project/proposal. However, the formal application of
this method involves some rather arbitrary assumptions,
for example, the following:

(1) A1 consequences are converted to costs;
this raises some awkward questions for
intangibles, value of mman 1ife, etc,

(2) The usual formulation of the methad does rot
permit the inclusion of probabilistic
aspects, 1.e. all costs are deterministic.

(3) Cost-benefit ratios are not the best indic-
ators for making optimal decisions. A more
comprehensive and flexibie analytical tool is
based on decision theory. This will be out-
1ined 1n the next section.

4. RISK ANALYSIS METHODOLOGY

The decision-making process can be eas{ly under-
stood and visualized by means of a decision tree [3,4),
A typical simple example of a decision tree is {1lus-
trated below in Figure 1, The branches emanating from
the decision fork (@) represent decisions whereas
those from the fork denoted {o) represent events in-
volving chance. The tree {Jlustrated is & simple
example and the tree decided on for any particular
study would consist of a series of decision €3) and
chance {¢) forks. The number of decisions or outcomes
is, in principle, unrestricted and continuous parameter
spaces can also be used., An example of the latter
would be "volume of @il spill". Practical analysis
requires that a reasonable set be decided on,

To relate the tree of Figure | to the previous
discussion, one should make the following associations,

(1) The chance events should relate to the key
possibilities in the risk/safety assessment,
For instance, one might consider various
possibilities such as blowouts, pipeline
failure, tanker accidents or collisions
between ships and fixed or mobile platforms,
Other undesirable events are fires, explo-
sfons and accidents 1n general, Some scen-
arios typical of the Arctic are i1lustrated
in Figure 2, Decision theory is not neces-
sarily linked to undesirable events -
any random quantities c&n be considered.
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Fiqure 1. Elementary Decision Tree

Here, we emphasize the point that risk amalysis is
associated with undesirable happenings, and is there-
fore 2 part of decision theory.

{2) The “"consequences” shown in Figure 1 would
involye quantities “at risk." These should
be guantifiable, and examples such as the
following will ilJustrate the kind of quant-
ity (attribute) to be measured,

(i) Cost. As far as risk apalysis is con-
cerned, this relates to economic risk and
includes allowance for possible loss of pro-
duction, etc.

(1) Fatalities,

(141} TInjuries.

{1v) Measures of pollution, such as voluse
of oi! §pill, area affected, etc.

If there is a single attribute, it is possible to
célculate the expected vatue of the attribute i.e.,
the sum of the attribute vatues weighted by thetr
probabilities, at the conclusion of the amalysis, For
the various decisions under consideration, one cam
obtain that decision which gives the smallest expected
cost, expected deaths and so on. However, the use of
expected values can lead to difficulties if certain
1imitations of this approach are not appreciated.
These will be discussed in section 6.

5, APPLICATION TQ ARCTIC OFFSHORE PROJECTS
5.1 QOverview

The methodology introduced above is quite generai
and can, in principle, be applied to any project. A
few examples will be outlined so as to clarify the
approach in practical problems.

A typical problem of decision regarding produc-
tion systems in iceberg-infested waters relates to the
choice between a gravity platform and a collection
system with mobile drilling and lozding systems
(Figure 3}. In the latter case, the system will dis-
connect in the presence of the larger ice-features dut
might be expected to have some limited capability to
operate in pack ice and to resist smal) icebergs [5].
A complete risk analysis of the choice between the twa
systems would require considerable effort and should
include consideration of attributes such as initial
cost, disconnection costs, repair, delay time, poss-
ible fatalities, injuries and pollution. It would be
necessary to develop probabilistic medels of loading,
using the rate of arrivals of icebergs, and possibly
statistical descriptions of their kinetic energies,
such as has been developed by Blenkarn and Knapp [£].
Other scenarios could also be incorporated, such as a
mobile gravity system [7] or a system with protectise
berms to fender the targer icebergs,

A myriad of subsidiary risk/decision problems
arise in consideration of the problem outlined abovz,
for example strategies for iceberg avoidance; whezther
iceberg towing is an economical procedure for the
mobile gravity systems mentioned above; how pipeline
systems should be protected against possible iceberg
scour; what Toading to use in the design of fixed o~
floating systems; and so on.

Another area that might be mentioned as an intro-
ductory example is Arctic shipping. Here the probab-
1lity of encountering hazardous ice is the essential
aspect, It is important to be able, in the first
instance, to define what fs meant by "hazardous ice”,
This could be multivear ridges with a keel greater
than a certain depth, or an iceberg/bergy bit of & cor-
tain mass. Given an encounter with such a feature, v
change of various kinds of damage is estimated. Tne
decision might relate to the installation of a detec-
tion system {Figure 4), Having dealt with some
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Figure 3. Possible Fixed and Mobile Production System for lceberg-Infested Waters. The Sketch of Fixed System
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problems in a general way, more specific discussion
followed by an example problem will be introduced.

5.2 Environmental Loading of Structures and Ships

In the introduction, the fact that certain Joad-
ings on structures {wind, water) have Tong histories of
study was mentioned. Quite sophisticated probabilistic
models have been developed and implemented in desigr.
The situation with regard to the Arctic environmeat is
not quite as advanced; in many ways the appropriate
models have yet to be tailored to a specific end-
purpose, In the present work, the modelling of ice
features will be addressed but 1t should be moted that
there are many other envirommental aspects, such as the
effect of temperature and other climatic varfables,

The guestion of end-purpose may be highlighted by
contrasting the requirements for ships and structures,
A structure is essentially fixed and has to resist
whatever forces are applied (more precisely, the force
should be related to some risk level). However, a ship
has the ability to detect and avold certain features,
and, in addition, the ship does mot have to resist the
kinetic energy of a moving plece of ice. One may
summar{se this briefly as follows:

{1) & structure has to resist either the forces
imposed due to movements of landfast ice, or
the forces transmitted by moving 1ce masses,
In the Tatter case, the kinetic energy of the
ice mass 15 of interest (together with the
ice properties - not addressed in detail
here). The kinetic energy is dissipated by
trushing/plastic flow of the ice, Fracture
of an ice sheet into pieces is also possible,

Figure 4,

Becision Tree regarding Installation of
Detection System in Arctic Shipping

{2) In the case of shipping, it is the shape,
topology and properties of the ice masses
that is of importance,

A typical statistic that might be used in desigm
of a fixed instaliation is the kinetic energy of ice-
bergs. Figure S shows a typical histogram developed
at OnV (Calgary), based on statistics for the Dawis
Strait [8]. Arrivals might be treated as a Poisson
process.

In other parts of the Arctic, icebergs are
cemparatively rare. Pressure ridges, and im particu-
lar multiyear pressure ridges are of interest. A
striking analysis of pressure ridges has been conduct-
ed by Hibler and his associates [9, 10 for example].
The analysis was based on both thecretical and empir-
fcal considerations. The probability distribution of
depth of a ridge (below a certain fixed distance) was
derived by finding the most probable distribution,
Actually the method is essentially the same as the
max imum-entropy method which has received much atten-
tion in recent literature; see Tribus [11], for
exampte. The resulting probability distribution,
found on the basis of Hibler's formulation and con-
straints, is the truncated Gaussian distribution.

Hibler also obtained the probability distribution
of n ridges along a line segment of lenqgth L, n=0,1,7
«s.oy Which was the Poisson distribution. The concly-
sion is that the occurrence of ridges may be model’ed
as a Poisson process, One may conclude, also, that
the probabiiity density distribution of the distance
z to the kth pressure ridge is given by the Erlang
distribution, The probability distribution of n is

e o)

p[n) = _'_nf_"'__'i n= 0;1‘2..... <}}
where } = rate of process, i.e. number of ridges per
kilometer. A special case of the Erlang distribution
is the negative exponential distribution which giwves
the probability density for the distance to the mext
ridge. Excellent correlation with measurements was
found by Hibler and his colleagues.

The Poisson process has a Teng history in appli-
caticns of piobability theory, early examples of which
are the study of yeast particles in beer, the number
of men killed by the kick of a horse in Prussian
cavalry units, and radicactive disintegration. The
rate & of the process for ridges varies with gesgraph-
ical location {9, 10], and in {707 an analysis is
presented of optimal routing, such that the largest
ridges are avoided, The analysis reguired information
on ridge lengths., There is considerable potential to
be gained from extending this kind of approach,
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From the analysis above, it is a simple matter to
obtain new Poisson processes with different rates,
e.9. in considering ridges greater than Z20m the rate
would be iq where q is the proportion of ridges great-
ar than 20m. However, this approach cannot be used
in every case. In some Arctic zones, multiyear ridges
occur in floes and a modified model is necessary.

The models above should be most useful in studies
of ships in the Arctic; for fixed structures the kin-
etic energy of floes might be of interest, Indeed,
there are seasonal variations that must be considered,
The area of interest may be in the shear zone during
summer and in pack ice during winter. An interesting
analysis of these effects has been presented by
Wheeler [12].
5.3 Example: Undersea Pipelines

Undersea installations, including pipelines and
cables, can be damaged by floating masses of ice, in
particular by the deeper keels of pressure ridges and
by jcebergs, The particular prebiem to be addressed
here is that of protection of undersea pipelines by
placing them in trenches as described by Mellor [12].
The ploughing of the seabed by pressure ridges will
be studied for the continental shelf of the Beaufort
and Chukehi Seas. Mellor shows a convincing set of
data which gives an exponential probability distribu-
tion for the gouge depth s, i.e.

(s} = e, 0 (2)

It can easily be deduced that the probability of a
gouge being greater than any specified value 57 i5
e-usy,

It is worth noting that the distribution above
for the gouge depth is for significant gouges def ined
as those with depths greater than 0,3m. Also, the
distribution is somewhat different in form from the
truncated Gaussian distribution found for the depth of
pressure ridges; ore might expect the distributions to
be simjlar, but the empirical evidence presented by
Mellgr is accepted for the present work,

The formulation of the problem is shown in Figure
6, The question to be decided is the optimal depth
for trenching; if too shallow, there is a high risk
of the pipeline being damaged whereas the tremnching
jtself is an expensive operation, In the present
analysis, the number of gouges is taken as random, and
will be modelled as a Poisson process using eguation
(1}. The rate of “arrivals" is taken at 7 per km-yr
based on the data in the paper by Mellor, considered
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Figure 6. How Deep Should the Trench Be?

to be appropriate for water depths of 25m. The pipe-
line it taken as 100km long with a lifetime of 25
years, This gives an expected number of gouges as
17,500; however, this has to be multiplied by the fac-
tor e-US1 where sp is the depth to the top of pipe-
Tine. u was taken as 3m-l, based on data by Mellor.

The cost associated with the burial was takenm as
$20,000 (sy + d)}¢ per km where d is the diameter of
the pipe in metres; this was based on reference [14],
The costs associated with a gouge are the sum of {1
loss of production, (2} repair costs and {3) costs
associated with possible poliution, cleanup, including
"intangibles," Estimates were made of these quanti-
ties and two extreme allowances were made for the
intangibles - either $15 million and $900 million.
The depths considered were 4.2, 4.4, ... and S0 On
{in metres). The optimal depth (i.e. giving minimum
expected cost) was 4.4 and 4.8 respectively, far the
two extreme values regarding the intangibles.

Other strategies could be considered - comstruc-
ting two pipelines (Figure 7) or optimising the spac-
ing of block valves. Some of these have been consid-
ered during the present study.

6. COMBINING ATTRIBUTES: UTILITY THEORY

As noted previously, it is notl entirely satisfac-
tory to use money alone as an attribute. Expected
values are useful indicaters for decision-making but
they must be wused with care. The main difficulties
relate to the following aspects:

{17 These might be two different situations with
equal expected values, the first with a high
value (the value could be cost, or some
other attribute) and low probability, the
second with a lower cost and a higher preb-
ability. Although the expected values are
equal, we might prefer the second option.
This is essentially a question of risk
aversion [3, 4].

{2) There is a dilemma when one is confronted
with several attributes; how does gne com-
pare one "mixture" of expected values, say
of cost, fatalities and pellution damage,
with another "mixtyre"? Clearly the
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different values have to be "weighted” in some manner
but it is not at 211 obvious how to do so.

On what basis can one resalve these difficulties?
The most promising area with potential for future
development appears to be utility theory [4], This
provides a detailed and logical methodelogy for
dealing with both of the difficulties noted above.
Some of the attractive and vseful aspects of the
theory will be hightighted. :

First, the question of risk aversion fs dealt
with by having a non-linear relationship between the
attribute and utility, This has been dealt with ex-
tensively 1n the Titerature espectally with respect to
money, and does not need further elucidatfion, However,
the question of risk aversion in the case where
"number of fatalities" 1s the attribute does merit
some discussion. It is common experience that Targe
accidents involving many casualtfes cause more pubTic
reaction and attract more media attention than do
smaT! accidents. Whether this $mplies risk aversion
in society as a whole is doubtful (see aTs0 reference
{15]). Some authors have even suggested risk-prone
or mixed prone and averse curves.

Whether one is risk-averse can be datermined by
one’s attitude to a lottery such as that shown in
Figure 8{a). This shows a sityation with risk
{1attery} invalving a 50-50 chance at 0 and 200 units
respectively. The “units" could be any attribute
and there is no reason why fatalities or Injuries
should not be considered. What number of the units
(for sure} would one exchange for the lottery?
Clearly, the expected value of the Tottery 1s 100. If
we would exchange 105 units for the Tottery, this in-
dicates some risk-aversion since one would *sacrifice”
an additional 5 units (over the expected value} to
avoid the chance of obtaining 200 units, Similarly,
the exchange of 95 units for the lottery indicates
risk-prongness. In considering the lottery of Figure
8(a} one should think of the maximum number of units
that one would exchange for the Tottery. In this way
one obtains an "equivalence® to the fottery,

(x.y)

(x\y)
(b)

Figure 8. Lotteries for Utility Theory

Proneness to risk, if used in a decision-making
as a policy, will bias decisions towards those result-
ing 1in Targer accidents (even if other factors, such
as expected fatalities are kept constant), 1 consider
that a stightly risk averse function to be mast ress-
onable; in addition, if one accepts the notion of
constant risk aversion [4], then a utility function of

& form

ulx} = b{1-e?) &H

results. If a is small, as one would expect for the
case of slight risk-aversion, then e2x:1 + ax and

ulx} =- (const.) «, {4)

i.e. a simple linear relationship results and the
number of fatalities is a measure of disutility.

A further illustration of the use of utitity
theory relates to multi-attribute functions, Many
theorems have been developed [4] teo aid in the logicat
treatment of the case where there are several attri-
butes to be taken into account. Consider, for exanple,
the two attributes x, the number of fatalities and ¥s
cost. If we consider two sets of values (x, y) and
{x", ¥'), and if we are indifferent between the two
50-50 lotterles shown in Figure 4{b). for all arbi-
trarily chosen (x', y') then we have additive indep-
endence {4]. The indifference noted seems to be
reasonable in the present case and consequently we can
Write the utility function as

ulay) = ky up(x) + kp uply) {5]

where u represents utility and k1 and kp are constants,
Using equation (4}, we can write

ulx,y) = ~ky 2 + kp uz(y) 6!

The importance of this aquation is that the criterion
of maximum expected utility can be shown to constitute
2 logically satisfactory basis on which to choose be-
tween possible decisions.

7. COMMENTS ON PRACTICAL SAFETY OBJECTIVES

The first issue to be settled is a question of
aversion to large accidents. Following the arguments
of the preceding section, %t is suggested that the
media attention that follows Jarge accidents is more
2 result of the news “industry” than an expression of
risk aversion in society as a whole.

A “target" value of probability of failure pg ras
been suggested by some authors: for instance Flint and
Baker [15] suggest

R :
P = 107 s Ny (73

where Ny = design Vife in years, Ny = number of people
4t risk and K¢ = social criterion factor, varying from
5 for hazardous activities to .05 for structures pro-
viding sanctuary, One sees that the socip-ecomomic
factor has been addressed. The probability of failure
per vear averaged over Ny years is then

-4 X
=10 {23
P¢ Nir'
The use of the factor N to express risk aversion
might be guestioned on the hasis of the comuents
above. A value of pe that is independent of N would
better express the risk neutrality {(or very slight
aversion) advocated herein. Socio-economic factors
do, however, have to be taken into account.

In order to obtain a better appreciation of pass-



ible target values, the following tables have been
compiled; the first on the basis of statistics Canada
1978 fiqures and the second based on reference {16].
A target cut-off probabiltity of 10-4 per year, for
the total probability of situations which should be
disregarded in precertification reyiews, has been
suggested by Fjeld [17]. This appears to be very
reasonable in light of the values in Tables 1 and 2.

8. CONCLUDING REMARKS

The overall methodology outlined constitutes a
flexible tool! for decicion-making and should play a
major role in evaluating Arctic offshore projects.
1t does, however, have to be tailored to any specific
end-use, whether precertification of a project or a
comparison of competing systems, The techniques for
most appltications need to be further developed, and
potentially offer a practical toel for rational deci-
sion-making in many novel areas.

Table 1. Risks for the Population as a Whole
-m-,_Th_,____..,__m_____g]
Annual Risk Hours of Exposure ! Risk per 10 f
Cause or Activity /10,000 Persons per Person Persomn-Hours |
i
~l
AT1 Causes 7.6 8760 81.7 :
Al1 Causes -
age 20-24 11.2 8760 12.8
age 40-44 4.2 8760 27.6
agqe 60-54 156.9 8760 179.1 i
Heart Disease 24.5 8760 28.0 |
Cancer 15.8 8760 18.0 i
Lung Cancer 3.5 8760 4.0 :
A1l accidents 6.85 8760 7.8 i
Motor vehicle accidents 2.20 300+ 732 i
IAccidental falls 7 - - i
Accidenta’ drowning .28 - -
lAccidents due to fire | - - |
|

Annual Hours
of Exposure

Annual Risk
/10,000

i
Participants|

*tstimate

Table 2. Risks in Particular Activities or Occupations
Risk per 10°
Person-Hours®

Activity

Mountaineering (International) 2700

Air Travel (International) 120

Deep Water Trawling 39

Loatl Mining p]w+

Construction sites 7w

Structural failures 002+

100

100 - passenger
1000 - crew

2900
1600
2200
5500

|
— -
|

27
1.2 :

*for Eersuns exposed
% {j K, data
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ARCTIC TECHNOLOGY 1

INTRODUCTION

F.P, Dunn

Shell 011 Company
Pouston, Texas

The Arctic environment presents as formidable a
challenge to our engineers and sclentists as does deep
vater. Moreover, it is & totally new enviromment for
most of ua, We are accustomed to dealing with the
problems confrouting us in over 1000 feet of water--
wiave forces, wave helghts, currents, earthquakes,
dynamic response of structures, etc. In the Arcric ve
encounter most of these, but in additlon we are faced
with the awesome forces gemerated by moviag ice-—
farces sometimes more than an order of magnltude
greater than wave forces imposed on a large Gulf of
Mexlco structure. The Cognec s{ruaccure, & permanent
drilling and production platform instelled in 1025
feet of water in the Gulf of Mexico, was designed for
8 total lateral load of 14,000 kips, including dymamic
amplification. A structure whose sole purpose iz to
dril]l one or two exploratory wells im lesas than 100
fagt of water in the Beaufort Sea must be designed to
reaist as much as 200,000 kips-—-quite an increase.

The firac offshore arructures designed for ice
loada were those installed in Alaska's Cook Inlet,
nearly 20 years ago. These weve designed to resist
four=faot thick sheet ice., The design ice pressure
used for most of them was 300 psi. Fourteen strue-
tures were lnatelled, and they are all still there.

More recently, our Canadian neighbors have led
the way in Arctic development, starting with gravel
islands ten years ago in the MacKenzie River Delta
area., As they moved into deeper water, the haul
distances and the volumes of dredged fill required
made islands prohibitively expensive, Economics thus
dictated eteel and concrete structures set on prepared
pubsea berms. Both types have already been built.
The Capadians have also ploneered in the use of drill
ships for exploratory wells, using lce breakers for
support. They are now building a conical floaring
drilling vessel, to be held in place with 12 anchors,
supported by ice breakers.

On the American side of the Beaufort, we are
following the Canadian lead, using gravel islands out
to about 50-80 feet, then probably switching to steel
or conctrete structures, set elther on prepared berms
or designed to be set on the sea hottom Eike the
Morth Sea structures. Teno years from now, when
several of such structures have been installed (hope-
fully alao some production platforms), we will still
be arguing the merits of steel vs, concrete for the
Arceie.

These structures must be designed to resist
multi-year pressure ridges, which can generace local
forces as high as 1000 psi, depending on the area and
shape considered, and global forces of 500 kips per
horizontal foot of structure expased to the ridges,
Saveral different concepts exlst: some have vertical
faces, others are of conical shape; some are

segmented, others monolithic; sowe rely oo piles for
lateral resistance, others rely solely on bottom fric-
tion. The next few years will provide the test period
for such concepts.

I might mention in passing that the expleraticn
structurez we are building and will build in the next
few years present an excellent opportunity to learn
much about che Arctic envirooment, s0 that we can be
better prepared to design the larger production plat-
torms and structures in even deeper water-—to 200 feet
at least, We will learn more abour ice forces and
movement [row sensors imbedded in the structures andia
the 1ce surrounding the structures. We will learn to
quantify the benefits of purposely built rubble piles
gurrounding the atructutes. We will learn a lot abour
the merits of different types of slope protection on
our gravel islands. TInstrumentation of such protocype
structures over a period of years will prove far more
beneficial to the industry than bullding instrumented
test structures and then waiting. We may wait fer
years before we learn something of comsequence, simply
because the statiatical grobabllity of getting any-
thing close to the design ice load on any one strue-
ture per vear is something less than 10X,

Let me touch upon the other areas of the Arctiv
where we'll be operating in the next few years.

In the Bering Sea, we will not be faced with the
large ice forees we'll encounter In the Beaufort Sea.
As a matter of face, the Southern Bering S5ea will
pregemt no more structural challenges than we have
already faced and solved in the North Sca. As we
move further nerth into the Navarin Basin, we will
have t¢ take ice floes into account, but these should
present no insurmountable problems. The majer pre-
hlem in this area is going to be one of transportarion
economics—-how much it i3 going to cost to transport
the gas and oil. Norten Sound will not be nearly as
formidable as the Beaufort Sea, though we do have
significant ameunts of first year ice to contend with,
The big problem here, again, is oil and gas transpor-
tation. The Chukchi Sea will present the =ame pro—
blems as the Beaufort Sea, with the additional compli-
cation of extremely costly transportation.

in summarvy, we face a number of significant
technical problems in the Arctic, and we certainly do
not have all the answers vet. [ am confident, however,
that as we have shown before in other areas time afrer
time, our engineers will solve problexs, given the
opportunity. They wen't sclve them overnight, and
they. will make some wromg turns; but the preblens
will be solved, and, if there's enough oll and gas uwp
thera to warrant development, then we'll tind wavs 2
develop the teserves safely and, bopefully, economi-
cally.






STEEL STRUCTURES IN ICE
COVERED ARCTIC WATERS
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1. IRTRODUCTION

The title of this conference is
"Arctic Technology and Policy:s An Assess—
ment and Review for the Next Decade". Two
major guestions are to be addressed: What
knowledge do we have today for working in
the Arctic? What are the challenges in
science, engineering and policy making dur-
ing the decade ahead?

The majority of papers and lectures
deal with offshore arctic issues. There-
fore; this is essentially a marine con-
ference dealing with arctic science and
technology and with arctic policy of local,
national and international scope.

The ofishore arctic resocurce which we
will be exploring for and hopefully produc-
ing in the next decade is petroleum, Other
respources may come 1intg the picture, but
for the next decade, petroleum will be the
focal point.

The organizers asked that discussion
from the participants be encouraged. The
presentation by Mr. Maxwell immediately
fellowing these remarks deals basically
with the same subject. Therefore, this
presentation will be brief, The status and
potential of steel structures for petroleum
activities in offshore Arctic will be re-
viewed. Several <ritical environmental
work areas will be suggested.

A reliable prediction of steel struc-
tures in the Arctic in the next decade is
not possible. Stee]l structures will be
competing against concrete, frozen earth,
ice and hybrid structures, In addition,
the timing of constructicn of exploratory
and production structures depend on many
things including timing of lease sales,
developing economic and safe designs,
satistying regulations and the concerns of
private citizen groups and the price of
eil. Last, but surely not least, con-
struction of structures will depend greatly
on what we discover in terms at petroleum
reserves. Nevertheless, we will speculate
on what is in store for steel structures
vifehore Arctic in the next decade or so.

9
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During preparation of this discussion
& story attributed to the late Professor J,
¥rank Dobie, histeorian and humorist of the
southwest United States, came +to mind.
Prof. Dobie remarked, during a graduation
address in a half sericus half humorous
tone, that "most dissertations were simply
the digging up of dry bones from several
graves and burying them into a deeper
grave", Gramnted, there has been repetition
in the literature; but there alsc has been

some appropriate burying of bones. Wise
development of the Arctic reguires much
debate and airimng of critical issues, The

critical issues, important data needs and
viable approaches are being brought to the
attention of all concerned groups. An ob-
jective of this conference is to assist in
this focusing,

2. ASSESSMENT OF ARCTIC OFFSHORE TECHNOLDGY

Ice conditions offshore Alaska north
of the Arctic Circle are a principal en-
vironmental constraint. Arctic ice makes
these areas truly frontier for petroleum
exploration and development. Frontier in
the sense that the industry had not cper-
ated in these extreme ice conditions prior
to the 1970's. There still remain many
"firsts"” in terms ot structures and opera-
tions. An illustration of this is the fact
that as of 1982 there is not a permanent
petreleum platform in the Arctic offshore
North America, Soviet Union or Scandinavia.

The Natiomnal Petroleum Ceouncil in
their report, U.S. Arctic 0il and Gas,
December 1981, advised the Sccretary of

Energy that,..."the basic technology 1is
avaiiable to safely explore for, produce,
and transport oil and gas in most of the
U.S. Arctic". This report correctly places
some gualitications on this conclusion.
Regarding petroleum development offshore

U.5. Arctic, the gualifiers basically are
four:

Economics. Key regulrements are
large IesServes and sufficient market
price tfor wo©il and gas. Exploration,
production and transportation of petro-

leum in the arctic coffshore are very



expengive because of both remoteness and
environment.

Time. Primary lease terms should be
at least 10 years with an automatic “sus-
pension of production provision®™ for margi-
nal reserves. Considerable time im needed
after leasing to explore and define re-
serves, to design, permit and construct
production and transportation systems and
to drill development wells. The time be-
tween leasing and delivering oll to a tran-
aportation system could ba 9 years for
shallow water locations close to the exist-
ing cil fields and pipelines on the North
Slope of Alaska. For deeper water and re—
mote locations in the Chukchi and Beaufort
Seag, this time could bhe 15 years.

Regulations  and Policy. Regqulatory
systems need gome redesign. Agencies need
to be staffed adeguately. Local, state and
federal regulatory systems are conplex,
overlap and need more coordination. Federal
energy policy is not clear. Leasing needs
to be kept on schedule to allow efficient
planning and timely exploration of thesa
virgin areas.

Research and Develcpment. Eatabljish-
ing safe and efficient facilities and ope-
rations will require considerable effort by
industry, concerned private groupé and the
government. This effort should be continu-
ous and coordinated as much as practical.

The “can do" statement of the National
Petroleum Council iz bhased in part on the
industry's experience on the North Slope,
the Trans Alaska Pipeline, Cook Inlet, Gulf
of Alaska, Beaufort Sea and North Sea. In
particular, the experience gained £rom ex-
ploration activities offshore Alaska and
Canada contributes to this “can do"
cpinian, This experience, technology
development and future study needs are
summarized in several statua reporte and

proceedings of technical conferences angd
workshops., [1,2,3,4,5] Mr., Maxwell's paper
will illustrate the knowledge and ex-

perience gained thus far in the Canadian
Beaufort.,

The author has been involved in most
of these frontier activities uand shares
this optimism, but with perhaps a alightly
more guarded posture. Ewven though industry
has been studying and operating offshore
Arctic for ten years, we very probably have
not yet experienced an "extreme ice event®
or the more severe "maximum credible ice
event”. Yet, this exploratior phase af-
fords us an opportunity to "test the water"
betcre more costly permanent structures
are built. Industry are taking advantage
of this opportunity. We simply must not
become overly confident and think the
Arctic will be like she has been during ocur
seasonal visits. Reliably predicting the
extremes of the Arctic at a specific EBite
is ane of cur most difficult problems.

&5 a general guideline permanent
structures will paed to sSurvive a maximum
credible ice event of a recurrence interval
of possibly 500 vears or more with predict-

able but severe damage. A permanent
structure should function reliably for
twenty plus years with only seasonal

maintenance and minimum down time for ap

ice event of return intervals of 106
years or less.
It appears that economic structures

for these environmental criteria are feas-
ible. Degigns will reguire considerable
scientific and engineering studies of both
environmental and structural systems. Risk
taking is wunavoidable regardless of the
quality and amcunt of study.

3. APPLICABILITY QF STEEL STHUCTURES IN
ARCTIC WATERS

3.1. Exploration Structures

Chief competition tor steel structure

in the shorefast ice zone and shallow
waters (60 ft or less) will be temporary
earth islands, earth filled caissons,
mobile concrete drilling structures and

open water flcating drilling wvessels with
adequate ice forecasting and ice management
support vessels, Some candidate steel
structures for these conditions are cones,
vertical siaed gravity structures and mono-
pod jackups. Figqures 1,2 and 3 are example
sketches of these steel structures. Steel
Btructures will be hard pressed to wim out
over earth islands in the shallow water
depths and even in deeper waters given an
economic borraw source and a suitable
marine dredge.

Chief competition for steel structures
in the shear zone and beyond in deeper
waters (60 to 200 ft.) will be mobile con-
crate cenical drilling structures, earth
filled caissons placed on below water berms
and floating drilling vessels during the
ice free season. This 1list is basically
the same as for the shorefast ice zone ex-
cept that earth islands probably will not
be competitive. A candidate for year round
operations is the conical shape structure
shown in Figure 1. For less severe ice
exposure or during a restricted drilling

season, the steel moncopod, steel piled
barge (Figure 4} or monoped Jjackup are
candidates.

The ice free seascn in the southern
part of the Chukchi Sea is significantly

longer than in the northern part. With
reliable ice forecasting, conventional
exploratory drilling vessels or jackups
are considered possible in the southern
Chukchi Sea,

For areas beyond 200 ft water d&epth

it appears that conical shaped struc-
tures resting on earthen berms are @
possibility. Experience gained ip
shallow waters in the npext 10 +to 1§
years will aid us in designing explor-
atory structures for these depths.
Design ice events for 200 ft water anl
deeper probably will not be any more
severe than for 150 feet depth. The

cost differential will be the bherm or 2
submerged steel raft on the sea floor.
Ancther possibility would be to use

;E



vertical sides on a monolithic steel ot
concrete structure below the depth of
significant ice strength. This depth may
be less than 150 ft, Ice gtudies are
needed to confirm this possibility.

3.2 Production Structures

The operational life of a production
structure at one site is 20 to 10 years.

The size, complexity and cost of a
permanent drilling and producing structure
are several times that of a exploration
system. The cost of a production facility
could exceed 1 billion dollars., A produc~
tion structure in the Arctic may support 20
to 60 producing wells, production facili-
ties, two drili rigs and crews totalling
over 100G personnel. Therefore, for the
same location, environmental design
criteria for production structures will be
mire severe than an exploratcry structure,

For shallow water (0 to 50 feet)} and
locations well within the normal shorefast
ice, earth filled islands with substantial
slops: protection probably will be chosen
over steel or concrete structures. Produc-
tion and drilling facilities will be con-
structed on barges or in modular form and
transported to these islands,

For 50 to 200 feet water depth and
beyond the shorefast ice, conical struc-
tures are the probable structural approach.
Steel will compete with concrete. Hybrid
structures such as an earth berm and cais-
scn or combination steel and concrete may
be a better approach than a pure steel or
concrete structure.

Designs of production structures will
evolve from exploration structures, The
knowledge gained during exploration will
influence the design of permanent struc-
tures.

4. SELECTED STUDY ITEMS FOR THE 1980-90's

While much research and engineering
studies have been made to develop struc-
tural designs for offshore arctic strue-
tures, there remains a myriad of tasks for
the next decade or two. These tasks range
from collecting environmental data, to
monitoring performance of first generation
structures, to developing design criteria,
to building fabrication yards, to final
design.

The literature contains many papers
and reports from which one can cbtain list-
ings of research and development needs and
necessary design studies., Two topics are
suggested here as critical to the design ot
permanent structures in the Arctic, These
topics have not received enough emphasis to
date.

4.1. Influence of Water Depth on Ice
Wasting and Force

Past modelling efforts of ice action
against and around structures have not ac—
counted for the effects of shallow water,

Similarly, present ice force predie-
tion formulae d¢ not accournt for the ef-
fects of shallow water. The basic question
is "What are the effects of bottom contact
and resistance on ice wasting arcund a
structure and the ice force aon the struc-
ture"?

Some predicted extreme and maximum
credible ice events involve ice thicknesses
approaching or egualling the water depth,
This being the case, the seafloor will in-
teract with the moving ice as it breaks
against or moves up on the structure. This
interaction between the ice and the sea-
floor could cause the resultant ice force
on the structure to be somewhat larger and
the rideup to be higher than tor the case
of no seafloor interacticn. Figure 5 is a
simplified illustration of this problem,

Even if we find that ice rideup and
ice force are not influenced greatly by the
ratic of water depth to ice thickness,
surely +the amount of ice rubble formed
around a structure will be more if this
ratic otf water depth to ice thickness is
near one then when it is two or more. In a
situation of large and continuous ice move-
ment and a water depth to ice thickness
ratioc of one, considerable rubble will form
which may cause serious logistic-access
problems. Also, this large rubble dam may
cause high bottom scour from currents and
thus expose pipelines and structural
foundatiecns,

4.2. Extreme and Maximum Credible Ice
Events and Design Approach for
These Events

Permanent production and drilling
platforms traditionally have been designed
to withstand extreme environmental events
with considerable safety margin. In the
Gulf of Mexico and North Sea a steel plat-
form will resist the "100 year storm® and
wave loading within the elastic stress
range. Present design of platforms for
earthguakes are similar. Platforms are de-
sign to resist a “100 year earthguake"
within the elastic or linear range. These
are called “extreme events".

In the past few years design con-
siderations for more severe, less frequent
events have been made. The best example is
in earthguake design. Platforms are de-
signed to survive a "maximum credihle
event” with substantial damage. Under a
maximim credible earthguake the platform
would suffer plastic yielding perhaps,
visible distortions and complete loss of
some structural members, but the structure
would have a high probability of surviving
with no loss of life and no loss of wells
fluids. The structure may be rendered
useless by the maximum credible event, yet
the probable loss would be only investmenc
and income.

In the design of permanent arctic
structures, a similar design approach will
be required. Clearly, we will need to pre-
dict these extreme and maximum credible
events and then to design and construct



structures to withstand these events within
predictable, acceptable damage limits.
Figure 6 illuastrates this design problem.

Acceptable "happenings® under maximum
credible events could be severe local rup-
turing of the structure, a rubble pile o©f
extra ordinary extent or even a movement of
the structure off location with hreakage of
wells above their safety wvalues. These
possibilities may £first appear unaccept-
able, but this type design approach is con-
sidered prudent., We now have the computer
capacity to model progreasivea failure of
complex structural systems. The stakes are
high in the Arctic. The environment is
obviously very severe. It is difficult to
se2e any other design approach.

S. ACKNOWLEDGEMENTS

The cffshore Arctic is truly a fron-
tier area. Our best technology will be re~
guired to evaluate its potential and wisely
develop its resource. Social and environ-
mental impacts are unavoidabla., To minie
mize these impacts and to make them accept-
able will regquire much thought and open
debate between all concernsd groups.,

During the past decade or mnoxe the
ability and willingness of all cancerned
groups to constructively discuss and %o
reach reasonable conclusicns have improved.
The author wises to acknowledge this pro-
greseive move and to encourage its continu~
ance. This conference is ap illustration
of this willingneas to discuss these issues
upfront and with candor. HWa should con-
tinue our eiforts to reach informed, wise
decisicns.

The agtructures illustrated in this
briet discussion are examples of many pro-
posed structures for the offshore Arctic.
The conical structure shown jn Figure 1 is
the Arctic Cone Exploration Btructure-ACES.
The ACES and the steel plle barge, Figure
4, are designs of Brian Watt and Asspci-
ates. While the ACES structure is con-
crete, a4 similar design could be made for
ateel,

Figures 2 and 3 are structures pro-
pesed by Global Marine Development Company.
The vertical sided structure in Figure 2 is
a concrete structure and is named Concrete
Inland Drilling System or CIDS. A similar
steel structure design is poesible,
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ARTTIFICIAL TGLAKDS

AND STEEL STRUCTURES
IN THE BEAUFORT SEA

5.V. Maxwell, [, McCGoonigal, and C. Geaham

Gulf Canada Resources Inc.
Calgaty, Canada

This paper presents a dbrlef history of the evp~-
lution of artificfel islands and caigesn atructures
for oil exploration in the Beaufort Sea. TFellowing
& brief pummary of the cceanographic environment and
geafloor genlogy of the Beaufort, the factore influ-
encing design and construction of structures are
discuseed with examples from oil Industry experience
In the morth, Next, meveral case histories of
felande and calseons are described. The cufrent
planaing philosophy for the building of praducetion
platforme {3 alao discussed, and finally the areas
where new developments are pneeded are outlined.

L. INTRODUCTION

The search far new sources of hydrocarban energy
has carried the petroleun fndustry into Increasingly
hoatile offshore environments. Recent exploration
has confirmed the presence of najor hydrocarbon ac-
cumulations on the continental shelf of the Canadian
Beaufort Sea which extends scme 120km frow shore to
water depths of approximately 18(m as shown in
Figure 1, Potentlal recoverahle reserves for the
area have been cstimated at 1.3 million cu/m (8.0
billfon bbl.) of oil and 1.5 trillion cu/m (S5
trillion cufft) of gas.

As a sguthern eatension of the Arctle Ocean,
this ares 1s characterized by a meascnal ice cover
which presents formidable challenges to the design
and cperation of exploration and production sys—
tems. Since ice covers the sea For at least nine
wonths of the year most offshore constrectioa
activity, with a few excepticns, has taken place in
the ahort open water season, while drilling from
islands has been done in winter and summer.

In the shallow waters of this area, explorstory
drilling frow artificial {slands has been carried
out since 1973, The deepest island to date,
Isaungeak, was bulle in 1978 and 197% in a wvater
depth of 1%, Since 1976, exploratinn has extended
into the deeper watera {up o 70m) using ice rein-
forced drill-ships, In the summer of 1981 the first
concrete caisson retained island wae constructed at
the Tarsiuvt locatfon (2Im}, A& steel calsson struc-—
ture bullt from a supettanker was placed on the
Uvilek locationn (30m) in the gummer of 1982,

Plans for the next several years call for an
escalation of exploration activity, and a econcurrent
detailed eveluation of production struccures and
systems to bring Beaufort Sea oll economically to
marhker. The explarattion effort will inwvolve the
bulldfng of additionsl artificial 1lslands in shallow
water (up to 10m) and the Increasing use of fnnova-
tive concreie and steel structures in the inter—
medlate water depths (10-40m). Demonstraticnal
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production structures wmay be seen in the Beavfort
Sea by the late 1980's. These structures wust
safely withstand the hareh eavironment, and at the
same tlme must be cost-effective. Since the costs
are so high, this is an area wheve considerable R&D
effort will be focused In the next few yegrs.

2, ENVIRONMENTAL CONDITIOQNS

The Beaufort Sea environment has been described
as one of the most hoatile in the world with opera-—
tional constralnts ranglng from the axtreme]y low
temperatures and darkness of wipter to subsea perma-
frost (Hnatiuk, 1976), However, sea jce is the most
gignificant constraint in this area.

The southeastern Beaufort Sea Is usually ice
covered nine months of the year. Figure 2 illus-
trates the natural diviglon in winter into 3 zones
l.e. a stable landfagt zone and the moving polar
pack and transition zones. With the onset of winter
in early October, freeze—up commences and progresses
scaward with the growth of landfast Ice., This 1ce
may be subdivided Into two zones, a swouth area
extending 23km cffshore to about the %m water depth
and beyond that a rough pressure—ridged area extend-
ing ta the 18-33m water depth range where the land
fast fce stabllizes 1n early January. The undis-
turbed winter ice witchin the landfast zone reaches a
thickness of 2o by May. Multi-year ice floes and
small glacial ice fslands may occasienally be incor-
porated into the landfast ice some years. A recur-
ring cpen water lead exists aleng the suter edpe of
the landfast ice which opens and closes under the
influenre of wffshore and onshoTe winds respectively,
Ar ite outer edge, the landfast ice is characterized
by dense pressure ridging which Is partially grounded
uvn the sea—bed, The ridges have an average thick-
ness In the order of Bm, Figure 1 shows a view of
the edge of the landfast {ce.

Beyond the landfast ice 15 a transition or
scasonal pack ice zone. Here, the ice canopy is in
sporadic notion which creates changes In ice type,
floe size and ice thickness distributisns. This
area is alsc chartacterized by first year pressure
ridges which are produced by the motion and
resulting deformation of this sea ice. Most pres-
sure ridges in this area have safls in the 1-lm
range, hovever, occasionally they may exceed Hm
above sea level and have keels exceeding 1Cm.
Mulli-year ice floes, 4Bn In thickness, multiyear
pressure ridges, and glacial ice lslands up to 30m
thiek may alsc be incorperated in Lo the Ice cavaer,
These features which sometimes drift ints the zone
of operations pose the malnm hmzards to structures
(Flgures 4 and 33,
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Beyond the seasonal pack ice zone exists the
polar pack which 1s comprised primarily of old
multi-year 1ce. The overall movement of the ice in
the egragomal and polar pack ice zones is 1o a clock-
wise rotatlon in the Beaufort Sea. Yearly lce move-—
wments on the outer edge of this gyre average under
3km per day but In spting can reach 24km per day.

Breakitp occure in late June or early July,
Sumner ice conditions are variable depending on the
direction of the prevailing winde. PFigure & ghows
the nmumber of daye of open water by year at a
typical drill site in the Besufort Sea in (30m) of
wveter. Some years no open water existed, while
other years there have been 120 daye, Thie graph
does not include those perioda of thin fce doring
which drilling vessels can also operate with ice-
bresker suppott.

Waves are generally wminor because of reduced
fetches and the presence of sea ice, Significant
weves however can reach 5m. Currents are generally
Less than 50cm/sec. Total darkness in winter,
extended periods of extreme cold, drifting snow and
fog hasper operations in the Beaufort Sea.

3. SEAFLOOR CONDITIONS

A gimplified stratigraphy of the region is that
the eaptern Beaufort Shelf consista of thick sand
beds overlain {n part by a venaer af saft silty clay
and that the western portion consists of very stiff
clays and eilts overlain by a veneer of very sofr to
firm clays. To understand the nature and variabil-
ity of the foundation mcils, the geologic process
contributiog thoee soile $8 very briefly described.
The soils within 100w of the present seabed are of
Plelstocene age., During that period there werve
geveral cyeles of glacially related changes in the
gealevel and sediment load in the ancestral
Mackenzie River which profoundly affected the
nature, distribution and characteristics of the
surficial sediments and permafrost,

During an early Wisconein glacial retreat, when
sealevel may have been 50m below present, the prede-
cessor of the Mackenzie River flowed into the
easgtern portion of the Beauficrt Sea. A lacge
deltpic plain cansisting of sands developed on the
eastern Beauforr Shelf, while pro-delta mude were
deposited in the west. Subsequently, the sea level
wats depressed to about 100m below present, exposing
a broad mature deltaic plain with seandering chan-—
nelp. Most of the Beauforr Shelf waa exposed to
aubaeriszl erosion and sub~freezing temperatures.
Below the surface, ground fce bonding developed
permafrost te a depth of meveral hundreds of meters
and the near surface sedimencts were extenglvely
reworked and irregularly modified.

When the late Wisconsin glacier receded about
10,000 yesrs ago, the Mackenzie River carried away
the meltwater of a third of the continent. Several
deep channels were Bcoured into the deltaic sands
(eastern Beaufort) and pro-deltalc muds, to depths
of 50m to 80m below present sea level. These deep
channels have been infilled and generally hidden by
wore recent deltaic sediments consisting of soft
pilts and clays. Ae the sea level sluwly recovered
to its preveant level, the shoreline moved across the
region, reworking the near geabed sediments.
Sediments depoaited duriog the tecent petied,
coasiating of pro-delta silts end clays subsequently
covered the surface. These recent sediments are
thickest in the western Beaufort and thin to the
eaat where they are carrted by iitenral drift.
These soft silts are being actively remoulded to
depths ranging from lm to 5e by ice scour. The
present seesbed topography does not give much

evidence of the older seabed surface and hence the
complex foundatlon condltions.

A3 the sealeve] rose the permafrost which had
developed dn exposed areas would initialty have heen
meleed i the shallow warmer fresh water arca, As
the water recovered further, the colder mnre saline
water retarded and in many areas stopped the thermal
decay of the permaforst. Beneath much of the
Beaufort area, continuocus permafrost exists from
50-100m below the seabed to depths as great as
500m. In the upper 100w of soll the permafrost is
discontinuous, occurring in Isolated {slaads, and s
generglly assoclated with sandler golls and/or
decreased sallnity. Mowt of the permafrost samples
recovered to date have negligible excess lce
contentg, Ground temperature ranges between 09
and =1.5°C and will be very sensitive ro the
long—term thermal disturbances which will result
from production of watm oll.

In summary, the wegtern area coosists of Z2o-10m
of very soft to firm eilty claye overlyiog stiff to
hard eilts and claya, the eastern reglons consists
of On-6tm of soft silty clays overlylng dense fine
gralned sand, and the central area consists of
Io-10a of soft sflty clays overlylng dense fand.
Several deeply scoured meltwater channels have heoen
infilled with 10m to 30m of soft te firm siley
clays, This, however, 1s a geoeralizatien, because
most stratigraphic contacts are by nature of the
described deposition, irregular,

The Beaufort $ea iz classed as 4 Selsmic Zone 3
under the Natjonal Building Code. Thie is the most
severe rating and will fofluence design philoso-
phieg, The majority of offshore events im the last
50 years have occurred in what is known as the
Beaufort Sea Seismlelty Cluscer, in deeper waters
{approx, 200m) and to the north of 7F0930".

The Braufort continental shelf 1s covered by
long shallow troughlike features caused by grounding
of large {ce formations such as pressure ridges. In
the 15 30m depth range, the scour intensity is quite
high with mean frequencies of 6-12 scours per ko and
mean depths of roughly I-IZm. Scours of up to 4-Sum
have been encountered in areas with thick soft sea-
bed sediments. While scour is & concern for suhsea
pipelines and well completions, it will not affecr
che operational safety of a structure,

4, DESIGN CONSIDERATIONS

In general, for islands and cafsson designs the
following interrelated parameters govern the overall
effectiveness and costs of a design:

Water Depth

Space Requirements

Ice Effects

Wave Effects

Foundation Conditlons

Georechnical Stabiliry

Structure Response

Availability of Construction Materials

Avallability of Sultable Construetien

Fquipment and Techniques

Length of Counstruction Season for Various
Congtructien Operations

Far steel or conctete structures built in the
south and transported into the Beaufort the draf:
and stabilicy in the floating mode also becomes
important, as does the set~down operation. Super-
structure icing 1s another significant consideratien.

4.1. Water Depth

Arcificlal islands appear. to be economical for
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exploration out to about the 15m warter depth,
Bevond that, the volumes of f11l required, the
digtance of the alte to granulac borrow, and the
nultiple season construction schedules make falands
prohibit{ively expensive. For a production scenaria,
however, this may change depending on oll reserves
and other factors. The wid range water depths
{15-4Dw) provided the challenge which resulted in
the cafgson-berm typea of structure being huile.
Here a subsea berw of moderate volume can provide a
base for & vater—penetrating ceisson, The deeper
waters (40-200m) are the exploration terrdrory for
drillehips at this time; however, a lucrative
repervolr Ln this water depth may be produced from
either a huge island, a caisson~bevm, or a gravity
type of structure. Figure 7 compares structures
which have been used or proposed in different water
deptha teo Llluatrate this factor. Another fmportant
cenaeguence of increaslng water depth i1e the
increassd risk of impact by thick multiyear ice
floes and thus the potentlal for Increased lce
forces. This is discussed wore 1n the section on
lce Effecra below,

4,2, Space Requirements

The normal exploration well from an artificial
island tequires a 100m dismeter working sucface
area. Thie can be augwented in a steel caleson by
building 1in extra storage apace below deck. For a
production falamd or structure the space requlrments
will be considerably greater, corresponding to the
area of 2 250m diameter island. If an Island is the
chosen platiorm then the volumes of fill required
become very large and costly. For scome applica=~
tions, therefore, it may be cheaper to consider
stacking the conmstruction facllitiea gtop 3 steel or
concrete sEructure.

4,3, Tee Effects

The major effect of Ice which influence deslgn
and operation of atructures are glohal lze Eorces
(horfzontal and wvertical), high local fce pressures,
rubble ferwation, and ice pile-up and ride-up.

Foc artifical {glands and caisscns one of the
chief concerns ie the laterel force exerted by a
moving lce pheet or multi-yesr floe. Design ice
forces vary with the geometry of the structure, the
mode of lce/sttucture lnteraction, and with water
depth, eince thicker ice is able to comtact the
atTucture in deeper water. Detailed discusaions of
force calculation methods appear In Kry, 1980, and
Croasdale and Marcellus, 1981, It ig beyond the
ecope of thieg paper ta discuss the theory. Simply
expressged, the current philosophy le that loads
should be calculated by comparing the tesults of the
"Limit Stress” and "limit Force” calculatione, and
choosing the lesger af these forces. The "1imit
strtess” approach has tradftionally been used at
artificial islands in shallow water up to 20m and
landfast Ice. Here, the design load (F) is
generated by a 2m thick fully developed fce sheet
crughing with a stress,¥,, against the entive width
{Dy} of the igland plus its surrcunding rovbble
field. Thua:

F -

WHD (1

Thim conditfon ig illustrated in Figure 8,

In the past, the action of thick ice and a
“1imit-force" approach haa not been applicable gince
the 1sland slopes are so extensive that large floes
would ground out and expend their energy a2t some

1

distance from shore., The more recent designs for
catapons and deeper water structures can achieve
less conpervatism and more economy If the "limit-
force” approach applies. This approach, 1llustrated
in Figure 9, assumes that a large, thick feature
{mpacts the structure and is brought to rest

(Stage 1). Subsequently, the comhined force of rhe
peck fce in a ridge-building mode pushing agafnst
the floe plus the wind and current drag force over
the floe ias transferred to the structure {Stage 2).
Finally {Stage 1), the sitvarion develops such that
the force of pack ice drag ism added to the Stage 2
force. Thus:

Stage 2

Frp = CppPaVuelr2 + (05)C PRV 22 + Wl (2)

where L 19 the length and width of the ice feature;
Py i6 the air density: By is the water density;

Cip and Cp are drag co-efficlents; Vy is the

wind speed; V. is the current speed and W is the
average ridge bullding force over width L.

Stage 3

a L2(1 + 0.25 tanB) (C1gPaViu2 + 0.5 CePuVe2) +
Le {1 + u tanB) {3

FoLE

where B is the angle of a rubble field behind the
ice Feature and u is the friction co-efficient
operating at the Ttubble boundary.

An Integral part of the limit force approach has
been the conalideration of the initial impact during
which the lavge feature s brought to rest. This
happens either by indentation of the structure intc
the 1ce floe, or, if the fece Is thick enough, by
arrestlng action of a soft berm. The submerged
glopes of 1slande and subgea berms which support
caiegons have served this purpose., Using one of a
number of methods, It is possible to calculate the
size of berm necessary Lo absorb this initial
impact. 1t 18 a fFunction of the energy of the
impacting floe (speed and mass), the ice thickness,
the allowable load that can be transmitted to the
calssone and the characteristfcs of energy
absorption by plowing within the berm. For a
specific analysis such as the Gulf Mobile Arctic
Caisson, many combinations of ice loading scenarios
are consldered Including different ice thickoesses,
floe sizes, Tubble formation, and angles of attack.
Regults showed that beyond a moderate ice thickness
the limit force method would apply, while far
average and thinner ice floes, the limit stress
method would govern.

The field of fice-structure interaction and ice
Forces 18 a developiug one. There are other methods
which are less conservative and by whizh even
greater economles could be realized, however, these
require further research and verification before
they would be emploved.

Local ice pressures up to 20,009 kPa (several
thougand ps{) must be designed for calssoa
Btructures to avoid the prospect of severe
puncturing or buckling of the plates and ribs of a
steel siructure, or spalling of & concrete
atructure. The estimation of these local loads 1s
one of the mwost difficulc problems facing rhe
designer. While ice breaker hull pressures can be
uged a% a guide, they cannot be compared directly 1o
fixed gtructures. This Is an area where ongoing
research may enable preater eccnomies 1n terms of
steel welght ro be realized.
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Rubble formgation around Btructures has the
multiple effects of increasing the area ever which
force 19 applied, ag discussed in the section on ice
foreea, while at the same time offering increased
resiatance to sliding, and alsc some protection/
e¢nergy absorprion capability against thick ice.

Here is anuther area where continuing research may
lead to a less conservative approach to the design
of imlands. Argund ptoduction structures, rubble
could prove to be a problem of {ce nanagement for
year—roend shipping.

Ice ride-up and pile-up and subsequent
Inundaticon of working surfaces Iis a potentisl
problem at artificial f{giands and caisson-berm
strectutes, Island beaches are usually designed
vith a change in slope to Inltiate pile-up at a safe
distance from the Facilitlies {Figure 10}, Catsaons
mugt be degigned with sufficient freeboard to
prevent overtopping in ice plle-up (Figure 11).

Other potential ice effects at stesl and
cancrete atructures are adfreeze which c¢an result In
vertical forces and augmented horirzontel forces, and
lce scouring of berms which is a maintensnce rather
than a design problem., At a narrow structure such
as a cone (Figure 7), the clearing forces can be of
the same order of magnitude as the init{al breaking
forcesn.

b, 4. Wave Effects

Wave forces, wave ercslon, spray and wave
overtopping are the key effects, particularly during
the late—summer storme which typlcally generate 3—4m
vaves .

Wave forces, while low compared to ice forces,
tould prove to be a elgnificant design consideration
for calawon structures because of cyclical loading
aad the Impact effects. Wave forces are not a
concern in the design of artificial iglands hacause
the waves break on the beaches.

Wave ercaion can be a serious problem duriang the
coost ruction of artificial islande ion the topplog-—
of f stage of ronstruction when large waves during a
late—seanon storm can sometimes prevent attemptse to
bring the island sutface above the level of the
sen. This may cause congtruction to be prelenged
into thin ice conditions, Once the Island has been
completed, f1ill cap alao be wave—eroded from the
eaches. To combat this, Esso has used either a
sacrifical beach wheo fill materfal is plentiful, or
¢ slope~protection system such as sand-filled bags,
soll-cement, of concrete mate lald in the wvave
tone.  (Cajsson-bers structures could potentially
suffer quite damaging ¢rosico which would underuine
the bame of the caisson. At Tarsiut, a protective
rack layer {riprap) was placed to prevent this
problen.

Wave spray has not beem a concero at artificial
i8lands due to the breaking of the waves at a safe
distance from drilling aceivity. However, signifi-
cant wave spray occutred at the two vertical walled
ctalggon gtructuras, Tarsiut and Uviluk, wher storm
waves Slammed directly againet the calsson and their
energy war deflected upwards. Wave spray 50m in the
air directly above Targiut regtricted helicopter
traffic on some occanliona. Wave spray can ilso
result in superstructure icing. Future dealgns will
take precautlone to lessen thig effect by the uge of
increagsed freeboard and wave deflection barriers
{which aleo serve as ice rubble deflectors),

Wave interactions at shallow submetrged berms can
result in an overtopping tendancy 1f the freeboard
15 too lpw., Artificlal islends have typlcally been
denigned with a 5m freeboard. Both the Gulf Mobile
Arctic Catsson and the Eszo Caisson have over 7m of
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freeboard to the working surface and wave deflectors
which add another 4-5m of freeboard. This ceflects
s moTe thorough understanding of the extreme wave
hetght expectancy and the wave—interaction problems
at caigson-berm structures. The lO0-vear design
wave {6 Iin the order of Bm.

4.5 Foundatian Conditions

Foundaticn condit{ons are {mportant In deter~
mining stability agalinat canventional gravicy
loading, stability with respect to various medes of
fre pressures, determination of short and Iong-term
consolidation settlements, and thaw settlemeats
where Frozen seil exists. The soll conditicns have
heen described previsusly 1e this paper under the
heading Seafloor Conditlons, Because the soil
conditions are so variasble, it ie essential to carrty
out detalled slte inveatigations with representative
insitu and laboratory teste at each site,

The required foundation conditlons ate a
function of the type of structure and the loading 1t
transfera ko the soll. The following general
commenta on foundation conditions and design/
construction treatments are mosT pertinent ta the
island and herm—calsson structures employed to date.

The area east of 133,5% longitude has O-~6fm of
soft ellty clays overlying dense fine—prained sand.
Where possible, locatioms with thin overburden and
miniral foundetion preparation would be selected,
For sites with deeper cverburden stripping would be
neceasary; however, sand fill borrow material js
within & shert haul distance,

The area west of 135° longitude hes 2-10m of
very goft to firm ailty clays averlying stiff to
bard silts and <lays. TFor the design of Guli's
Moble Arctic Calsson (MAC), It 1s considered nec-—
essary to atrip gofr soils down to a depth where the
undreined shear ktrength exceeds 7OkPa. Within the
Tarsiut block, site Investigations show this tn vary
from Zm to 5m below the seabed. The Tarsiur N-44
gite, where a cafeson retained {sland was built,
tequired stripping of 2m to 3m. The thicknees of
soft solls Increases further west and are Sm to 10m
nearer the Mackenzie Trough. In excess of 10m of
soft Boils are encountered in some lecations between
1330 and 136° longitude, where scoured glacial
meltwater channels have been lnfilled with recent
goft mediments. Although ne bottom—founded
structures have been used in aregs with an excess of
5m of soft soils, stripping and Teplacement with
fnporied sand £111 is considered rthe mosr wiable
foundation treatment. Multi-sesson stage loadiog
and vertical which drains to accelerate consoli-
dation (&nd increase soil shear strength} are
several of the possible alternatives where deep
stripplog or long borrow material haul distances arte
too costly or impractical with available construc-
tion eguipment.

The central avea, between 1342 and 135¢
lotngitude, congists of dense sand with Sw-10m of
soft silty clay overburden. Although aites with
thinner overburden ate available, they may not be
situated neat the desired driliiog locstion.
Grapular borrow materiale are less than 25km
digtent; therefore, stripping of soft soils and
replacement with sand is probably the mosr wviakle
option. Infilling of a wide glacial meltwater
scoured channel, recently named the Kugmallet
Channel, has resulted in 10m-20m of very seft to
firn silty claye over dense sand I rhe 133, 50—
134° longitude aTea. Excellent sand barrow
sources exliet lese than 15km eastward. 5Site
specific stratigraphy, type of drilling structure,
available lead rime, ecomomics and the capability of



available constructien equipment would be several of
many factors in the decisfon process of whether to
etrip and replace with sand, or to stage load and/or
install vertfcal wick drains in the eximting soft
01l to accelecate congolidation,

4.6 Geotechnical Stabilicy

Loading Mechacisme: Forces exarted on or by the
BEructure wuAt be resigcad by the shear stxeagth of
the so0il in order to prevent island failure, Coa-
ventional gravity forces include the weight of the
sand fill, catesons and operational equipment,
Large horizontal! forces are exearted by the ice,
vhich 2ay act on the {eland/structurs through ice
ashee: contact, ice rubble coatact, groundad fee
rubble contsct or impact of large multi~year ice
floes. Cyclic forces can Tesult from esrchquakes,
Horizontal acceleration of lass than 10 percent
gravicy Is used in desaign, depending on che location
and design life, Figure 11 shows potential loading
cages for a shallow caisson fnm winter, Pulmaiing
loads from waves ang monotonically repetf{tive ice
loads have alsc been analyted in the design of
caisson structures. Probabilimtic studies gre
carried out toc determine whet percentage of each
deaign loading mechanism upy act simuitanecusly
during the life of the structure,

Effect of Foundation Soilg: Caimmen structuren
are generally deaigned to be founded on a sub
sand barw, partimily to iaprove bearing conditfons
in clay areas and to allov a fixed cslason heighe to
be matched with varicus water depths, The bernm
takes the ghape of 8 subsea 1eland. Berms and
islands have alide slopem between 6H:1V aad 20H:1V;
therafore, the length of potencial shear failurs
planes {ncresse significantly with dapth ip the
E111. Tn regione with sand foundations, the bern
F111l is generally veaker tham the denee foundarfon
aand, Conwequently, the critical shear fallure
planza are in the upper portiona of the berm or
island £11]1, where the faf{lura furfgces wre short
and cffer least restatapce.

Previous mections of thig paper noted that the
soft weak clays were remcved ip locations with clay
foundations. Soft materiamls provide & preferential
ahear failure surface below che bera/clay coutace.
Even when soft materials are removed, cricical ashesr
tailure surfaces are often ip the firms to stiff clay
along the base of the sand berm or inland,

Effects of Fill Matertial: Most of the {alands
and berms are constructed of hydraulically placed,
uniform, fine grained sand (0,35 gm > b0 >
C.15mm), Fil! deneities have been messurad ap 501
to 601 average Ealative Densi ty average over the
£111 deprh; howewer, zonea as loose ap 20% to 40X
Relative Density accur. The soils of low density
exhlbit lower shear strength, require higher Jefor~
mation to mobilize their atrength &nd have & higher
potential for liquification and eyclic aobtlity
under earthquake losding. Experimentsation with
placeseat methods and extensive faaitu teatiog ars
carried out in order to determine the lateral and
vertlcal extent of looasr ones, and to improve
design and construction practices. Caution mugt be
exerciged to reject siliy marerinls or clay lumps
from betng included In the berm, a¢ these can result
in lover strength, posr drafnage and detrimental
differential aetrlements, Clay lusps have been a
problex where borrow areas sre thin or contain clay
layers withio the sand.

Artifical Ialand Seabiiicy: Although felanda
are more difficult te construct threugh the wave
zone, and are gusceptible to wave eroaion damage
during operation, they are generally safer than
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calsaon structures with respect to genernal gap—
technical failuyre. The larger surface area and flat
side slopes of {slands result In less concentrated
gravity and ice loading and longer shear failure
surfaces. Potent{al failure mechanisms are shown in
Figure 10,

Slope failure under gravity loading 13 posgible
but unlikely, as a result of the very flat hydraulic
f11l elope. Soft weak clay foundation soils would
be necessary for the faflure mechanism. Faflure
would be moat critical during and immediately after
congtruction, when the soils have uot had time to
consolidate and gain strength. Design coneepts
using gravel or rock bunds ro steepen the gidae
alopes and reduce £{11 gquantiries have been con—
aidered. Slopes of 3H: 1V are envisaged for this
design. Slope fatlures for these concepts wonld
become more critical and st1ff foundation claye
would be essential. Local slope faflures within the
island f4111 itself could occur 1f erozion under—
cutting significantly steepened the slopes,

Sidealopes cause the attacking tee sheet to
break {n flexutre. Rubble fimlds form arpund the
Island early. They remain grounded on the slopes
and tend to act a3 8 protective buffer. Decapi—
tat{on upder the harizontal ice loads 1s more
eritical than passive wedge failures. The shear
failure gurface tries to form as high aa possible,
where the faflure surface is shortest amd the
frictional resistance the least. After the rubble
consolidates and acts more as a so0lid block, it
drives potential fatlure eurfaces deeper fotg the
Island vhere they are leas critical,

As discussed earlfer in thisg paper, large
Bulti-year ice floes may fwpact islands during the
summer. They have conaiderable kinetic energy. The
energy is dissipated as che 1ce plows into the
island slopes. Studies show that the ice could be
arreated before doting damage to the Ieland crest
working surface. Although some mgfutenance would be
tequired, the alopes would generally be gufficiently
self-healing once the fce feature thaws or moves
away,

Settlement as a reqult of consolidation of
sesbed soils has not been s 8ignificant problem For
exploration 1glande; however, fslands have not been
caondtructed in those areas having comgiderable
thickness of soft compressible foundation soll.

Settlements reaulting from thaw consolidatioz of
underlying permafrost are not a problem for expiot—
atloo lelends. Theae sertlements must be considered
in the desfge of production i1slands where warm flosr
through multiple productipn strings For lomg dura—
tions could thaw the entire depth of permafrost
beneath the igland. Permafrost will be more critd—
cal to drflling aond completions than structure
settlement,

Caisson Structure Stability: Cafsson structures
provide a water penetratian system and reduce the
required £11]l volume. They are generally placed oo
a granular berm, the thickness of which 15 a fune—
tion of calason drafr and water depth. Berw crest
depthe (below water) for aystems employed or under
construction vary from 5w for Tarsiut to 22m for
Gulf'e Mobile Arctic Calssen. Deeper calssons apply
more concentrared gravity load to the seabed and
accept more horizontal load frow non grovnded ice,
and are therefore more critical with Tespect to
geotechnical atability,

Failure mechanisms for gravity leading, hori-
zonutal loading from free ice sheets or nop-grounded
rubble and horizonral loading from grounded cubble
are shown in Pigures 12 to 14 respectively. As
previously noted, areas with dense sand foundations
have critical fafiure shear surfaces within the berw
only,



Faflure uynder gravity loadiug would be & conven—
ticnal bearing capacity fatlure. Preferentlal
fallure ghear surfaces would be in the weaker clay
Juat below the f1ill; however, deep-sested fallurea
are posslble, Depending uPen f111 properties, the
factors of safety could decrease during estthquake
loading.

The horfzoantal force from am ice sheet or non—
grounded rubble could cause passive failure within
the caleeon fill, decapitation Just below the
calssons where the phear sutface {a shortest, orv
aiiding juet below the weak sand fill/clay founda-
tion caontact, am shown $n Figure 13, In additdionm,
potential failure smodes which must be analyced are
rotetion at the baee and overturning for tall
Blructures puch as the MAC and downstream ice
plucking or pulling of caissons for Tarsiut where
calsgonsg are not coonected.

Figure 14 demonstrates a siruation where rubhle
is grounded on the bers slopes, BShould the beru
crest be narrow, a passive fallure of the berm and
caleson could occur. Another potential failure
mechanisnm 1s the entire berm and calsson structure
8liding zlong a weak clay seabed contact. Where
shallow water depths permit, the grounded rubble may
accumulate gufficiently to ground iato the seabed
beyond the berm., This can serve to reduce the
horfzontal loads on the berm and caisscns. The
grounded rubble protects the structure.

The softer, weaker, more compressible solls are
removed in order te lmprove sliding resiatance
againgt fce pressures. This effectively reduces the
consolidation settlement. Uniformstripped founda-—
tion conditiona and placement densities of the
hydranlic fill are necessary to avaid detrimental
differential settlement below the caisson atruc-—
ture. Settlements from the thawing of permafrost
have bean diacussed previously 1o this section.

4.7 Structure Response to Loadings

Thia is important for operaticnal procedures and
getting safety limire for shut-downs or evacuatlione
as well ga for design. Therefore, force and deflec—
ticn uweasuring devices have to date been incorper—
ated In the construction phase and/or the operation—
al phase. These nmeasurement systems become more acd
more complex Eor the new derigne.

Artificial fslands, for example, have been
Instrupented Iin winter with ice—force panele frozen
intp the surrounding 1ice and rubble, geotschnical
inclinomerers through the island sand, theroi{stor
atrings in the ice rubble to monritor consclidation
freezing, aud wireline ice motion devices and aurvey
markers to measure lateral motion of the lce rela=
tive te thae seabed., The {astruments have bheen
monitored continuously with telemetering capabilicy
hetween the Baaufart and Calgary. The avstem has
beer used as a warning of impending high 1ce forces
ao that varlous fce defense stratepies may be
implementad,

In the case of the vertical walled calssona
which have been built, aimilar installatjons have
been or will e placed in the ice surcounding the
structute, I.e, pressure panels, thermlstors,
wovenent stations. With calssons, there 15 the
sdvantage of & vertical wall for mounting large
force panels at the waterfice level and internal
oeabers for strainmeters. Geotechnical pressure
sengors in the berms and foundaticns, and imcliuo-
meters through the calssons and sand cotve into the
berm have been emplaced, Ag with the arcificial
islands, these Iinatruments have been continuocusly
sonitered for operational safety indicarions and all
data telemetered to & base and back to Calgary., It
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ig salieal to note that in the case of the Tarsfut
Island winter monitoring project, the measured force
leveln never approached rthe deslgn levels, nor did
the deflections amd soil pressures exceed the design
predictions.

Future genetrations of gtructure will presumably
have similar systems with perhaps more parameters
being meagured 1f an unusual shape warrants it.

4.8 Available Construcrlion Materiala

Iglands and berme are comstructed by hydraulic
placezent of sand fi1l. The sand i{s generally
uniforg fine gralned and has less than & percent
fines. The geological hiertary described under the
heading "Seafloor Conditfons” demonstrates that
there are large sand deposite east of 135° long-—
itude. The moat favorable borrow sources are east
of 133.5° longitude, where areas with negligible
overburden are common. Localized areas with thin
overburden, such ae & borrow pit at lsserk, do occur
infrequently batweea 134° and 1359 longitude.

West of 1359 the foundation soils are generally
clay. Small deposits of granular material, probahly
beach depoairs left during rhe gea level rise do
exipt, burt are difficule te Find, Sand and gravel
were taken from swch a location, named Issigak, to
congtruct part of the Tarsiut berm.

Sand deposlts are reasonably clase to explora-—
tion sites in the eastero Beauforr, In order to
congtruct iwlands and berms in the western areas,
gand muat be barged vp to 100km. In addition, more
borrow material 1s rtequired toroplace the layer of
soft foundaticn @il which 18 removed. The cost of
congtructing a berm fn the west may be 3 to 5 times
the cost near the borrow sources Lo the east. The
use of calsson structures to redoce boarrow quanti-
ties is attractlve.

Another method of reducing borrew volumes {6 ro
steepen the slde siopes. Sand has been placed
bydraulically with sideslopesbetween 5H:1V and
20H:1V, whereas gravel could be placed at 3H:1V.
Subsea gravel borrow 1s very rare, Sources are
thought to exler near Herschel Tgland, further west,
however, quantities have not been substantiated.
Fill from some of the Esso Besources earlier islands
conalated of pgravel trucked over the winter ice from
tnland borrow pits.

Riprap materials have consisted of gquarry rock
from Inland pits near Inuvik. Processing, tTanspor-
tation and placement of thie material is very
expensive. Alterpatively, Essc has used large =sand
filled bage to provide erosion protection for
exploretion atructures of short 11fe. Because of
the scarcity of gravel and riprap, concept designs
for longer life production structures have miniwlzed
their usage with calssons, or considered man made
alternatives such as cement blacks, sand aspbhalt, or
relnforced sand.

4.9 Availablliry of Equipment gnd Technlques

An obvicus but significant fact about the North
American Arckic is that there are no facilitfes for
the building of steel or concrete structutes in the
area. These types of components must be built in
the south, Construcrien of arcifieial islands,
berms, and foundations {8, however, something that
1a done on-eite and with local materials. Con-
siderable cost savinge may be realized in the furure
through the development of high powered drcdging
fleers and through techniques to minimize material
requl repents.

In shallow water it
island in one season with available equipment.

1g possible to copstruct an
As



construction extends to desper water It will be
ugtassary bto use dredges of Increased capaclty which
have the reach te eoperate ln deeper water. Cleatly,
{f comstruction time of 2 berm can be reduced to ome
szason frem twe seacons, the cost savinge can he
enormous apd schedules more Tellable, Another way
to save time In ap area where local materials are
not available would be to use large capacity dumping
barges with a fairly high speed, to minimize travel
times from horrow ssurces. These {temz of eguipment
do not yet exist In the Beaufort; however, they are
caontemplated for the near future, '

New techmiques of constructfon comld vield
aimilar asavings of cost and time. Steepening of
slideslopes of hydraublically placed sand berms to
JH:1V from the more waisal 15H:IV huave heen achioved
by controlled placwent wi dredped materdal. This
cuts the required volume significantly. OGreater
slde-slope steepening way be achleved by bund-
congtruction which i {llustrated in Figure 18.

Gulf lanada hie pleneered the develspment of slope
strengthening by & polymer cell cotetroetion
technigue which could steepen side slupes to 2H:IV,
5. ARTIFICIAL ISLANDS

The Flrear offghore drilling in the Beaufort Sex
way undertaken in 1973 from a dredged gravel
artificial islauwd constrected in 3a of water over a
period of two summers. To date, 24 wells have heen
drilled from 21 artificial 2slanda, three of the
wells having been drilied directionally, The
artificial 1slands have bern constracted by various
technlques, with water depths Iincreasing with time,
and canstruction techriques becomlng more
efficient, The ilsland Wilding techoiques have
fneluded :

1} Dredging through flostiag plpe and plpe
mounted on weoden piles,

A sandbag dyke, laver filled with sllt and
gravel,

Gravel trucked from Land swer the fce.

A barge—mounted drilliog cizg sunk within a
dyke.

Sand hauled by dunp acowa from 3 dredge.
Statfonary suction dredge acd flpating line.
7} Statlonary cutter suctlon dredge.

Mobile suction hopper dredge.

2)

Capabllity hae lncreased from dm warer depth s
Tymerk, the firat islamd, to 1% at the Issungoak
oll discevery. All islands were bullt 1o Iandfast
1ce. Most of che {elands used sandbag protectlen ag
whown In Figure 15 to prevent summer wawe ercsion.
Somo earller ones were huilt omly to provide a
placform for winter explervatory drtlling and were
then allewed to self-destruct. The side slupes of
dredged artificial islands have beem in the order of
15H:1V, &t islands for which sand had to be hauled
loug distances, there was a great economic Imcentive
to reduce the Island volumes through stecper
slopes. GSteeper glopes have pow heen dgchiewved
through "controlled” placement of the sand through
stingets eor dredge arms. Another feason for the
high cost of artificial Islands has been difficulty
in completing the ahove—water pottiom without the
crown being washed away by waves and swell. Some—
times this cvown of cap could not be achieved unmtil
commencenent of freezeup, imaving lirtle time to
wove drilling equipment enbo the site. The uvee of
sand-fllled calssons on subsea berms both reduces
the volure «f sand required and solves the probles
af the crova washing away.

#.  CAIBSON ISLANDS
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6.1 Tarslut=-Caleson Tetalned {giawd

The flvet caiszen [gland In the Beaufort Ses was
bultt for Gulf Camada and ilts portoers as a drilling
platform for the Gulf et sl Tarsiat N-d$ delineatiow
well, The site was excavated to a depth of 2-3m,
amd constructlon commenced in the fall of 1988,
Carefully contrelled placement of the sand enablied
bern slopes of SH:lV to be achieved compared to the
L5381V common at previeus artificial islands, The
recsans for choosing the caisson over the actificial
1sland were to raduce the amoust of £111 which had
ko be hauled some 100kn, aod to e¢limloate the
ptablems encoantered in placicgthe final ceap an
arrifleial islands. The underwater berm was
conpleted In the summer of 1981, gravelled and
carefully levelled. It was built in 22m of water
and reached to withie 5m of the water surface.

The concrete caigsons were built on the west
coast of Canada and woved to the Beaufort Sea om a
specially bullt barge. This submersible barge was
sunk, the conerete calssons floated onto the barge.,
and then the barge was rafsed and towed to the
Beaufort Sea. Each of the four concrete catssomm
sihown In Flgure 16 was llm high, BOm leng and I5m
wide, and weighed 5,300 tons, TYhe floatable
etaltecns were compartmentalized so that cells could
be filled with water for ballasting and later filled
with sand on alte. The calssons were not fastened
together wvhen placed, but the gaps at the corners
were closed with steel doors and filter eloth to
pravent the sand from leaking out of the core. The
walght of the sapd-filled calssons and the saed core
prevents the structure from sliding when svhijected
to severe ice loads, The core was bullt up 2.5m
above the calssons, levelled to receive & spe-
c¢lally bullt drilling rig, and the slopes were pro-—
tected with sandbags, This previded a freeboard of
7.5m. It became evideat during the storms that
eccurted near the end of the open water season that
wave overtopplng and spray would be a problem thke
fallowing summer.

In winter, as planned, the sea fce grounded on
the underwater bearm aand formed an ananlar rubble
pile around the caisson protecting 1t from direct
impact and extreme lce forces, In the case of
Tarsiut, the regulatory agencles required telief
well capabiltey before penetrating hydrocarben
bearing zones, Thiz requived flooding of the ice
rubble plle to bulld 2 grounded ice island 1%0m
from the well and 100m 1in diameter, large enough
to accept a helicopter-transporrable drilling tig
and supplies. This pad was bullt with an Bz free—
board to prevent siiding under lateral lce loading.
Figure 17 shows the island in winter with surrovodin
rubble and the artificlal 4ice i{sland in the back -
ground,

The concrete catseons, the sand f311 and the
surrounding ice were extensively instrumented fo
monitor pressures and movements. This menitering
served to assure the safety of the operation as well
as te collect valuable laformaticon for applicaticm
toc future drilling and production platforme.

The well was drilled froc late December 1381
until mid-April 1982, after which extensive flow
testing was carried sut. Im preparation for the
open-water season, upgrading of the surface of the
island was undertaken, commencing fn April I98Z.

One thousand two-ton gabions or rock-filled wire
baskets were alrlifted to the island by helicoprers
and get on the caissons in place of the sandbags.

At the cornerm, sheet piling and pipe piling were
driven to prevent waves from washing sand through
the doors between caissons. This wortk was completed
by May 31, on schedule, As soon as the lce had
broken up and cleatred, snother thousand gablons waxe
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barged to the site and placed to increase the
frechoard by another three meters for a total

freeboard aof ten meters. Alsc, additicnal pipe
plles were driven, and rock up to l.3m in diameter
was placed {n the water arovund the toe of the
calason. The caiseon has been hit by severe storms
and has withatood the 3.5n sfgeificant waves,
although the {aland was, on two occasions, evacusted
to ensure the safety of personnel.

6.2 Ueiluk Steel Drilling Calsson

Dome Petroleum is operating for Gulf and other
partners & calsson called che Single Steel Nrilling
Catsgon (S8DC) which was placed on an vaderwater
berm la 3 30m water depth in the summer of 1982 at
Uviluk site. The steel calssen In thies case 1s half
of a oupertanker ag chown fo Figure 18, It has heen
reinforced to reslist lce pressure, It has a
concrete=Eilied double hull., 1Tt Ia ballasted with
water and not filled with sand as are the other
caisgons. It, toeo, is re—ugable at other altes; in
fact a second burm wss mtarted far it In summer 1982
at Nerlerk. The Uviluk berm requirved enly abwout
500,000cu /e of sand, The cafsson Is about L60m
long, 30m vide and 1 about 2%m high. It la set co
a berm 9m below water surface. The high Eresbosrd
protects agalnet wave overtopplng, epray and lce
ride~up. Should a relief well be required, a
helicopter-transportable drilling elg could be
placed at the opposite ead of the SSDBC, This
calsson will be umed I{n that portion of the Beaufort
Sea beyond landfast Ice as were the concrete Tarsiut
calgsons. In this reglon, pack fce L8 in motion
mast of the winter.

6.3 Feso Calsson-Retgined Island

The Ease steel calsgon arrived in the Beaufort
Sea during the summer of 1982, although Lt will aot
be placed {n position mntil summer 1983, It con-
einte vf eight steel sepgmeuts each weighing 1,000
tons and measuring %3m long. The eight segmente
will be held together by 16 steel cables, 76mm
thick, to form a large doughnut lUTm in dfameter.
The steel calsson has & helght of 12.2m and walls
14m thick at the bage and Bm thick at the top. The
$55 million caissou will be assembled in calm waters
and then towed to the Kadluk site In I4m of warer
and baliasted down onto a subsea berm as shown in
Figure 19, Sowme 80,000cu/m of dredged sand will be
placed into the interfor of the calszon to provide
the mliding resistacce agzimnst the fce forces which
may develop. This calsson can be refloated and used
at other locatlons. Other benefits of the syatem
are the reduced velume roquired for the 1sland and
the ability to plerce the water with a platfomrm
which will not wash away during constructiom. Esso,
as 2 pioneer in island building, has advancad the
technology considerably over the past ten years.

6.4 Gulf Moblle Arcric Cailuscn

As the first major component of Gulf's new
Beaufort Sea Drilling System, a large steel
¢£loatable cafsson shown In Flgure 20, is being built
for use In the Beaufort Sea.

It will arrive complete with drilling equipment
ready to drill in i98%. Ir will Itkely be used 1n
vater depths of 20n to 40m beyond the landfast ice.
A berm will first be bullt to within 23m of gea
level ueing dredged sand. After careful lewelling
of the berm, che caisson will be ballasted down omto
the berm purface aed the central cwre of the calsson
f1lled with 115,000co/m of dredged sand. Ib is
primarily the weight of sand withie the calssom
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whieh will prevent it from sliding under the extrems
forces exerted by large pressure ridges and mulei~
year ice. The calswon ftself weighs 33,000 toms.
The hull will be {nsulated to prevent the sand core
from freezing during the long cold winters. The
shape of the caissun was chosen based on model tests
to prevent ice or waves from reaching the deck ang
ro wminiwize spray from wawves. The diameters of t!f.e
caigson ate 111m at the battom and 8/m at the top.
The hedght {8 29m and the freeboard, excluding the
wave deflector, 7m as shown in the cross—gectiom in
Figure 21. '

The Mebile Arctic Calsson (MAC) will only be
moved during the summer, It should drill and fulJ’Ly
test one well per vear and if the well were a
discovery, & second directional delineation well
could be drilled without re-supplylng the calsscn
with drilling supplies. The MAC can be repositioned
to anather site quickly becsuse the drilling
equipment need not be moved off and berm volumes
will not he large.

Use of the MAC will further extend the
techaology and will provide valuable data for the
producticn phase.

7. YRODUCTION STRUCTURES

The ultimate cholce of a structure for a
apecific site will be based primarily om safaty and
cost-pifectiveneas. These {n turn are dependent om
the design requirements whose influences were des—
cribed earlier, as well as fabrication, comatruc—
tion, installation, operation, and maintenance
costs. It 1s also evident that the size and
properties of the oil reservolr will partially
dictate the characterf{stfcs of a strocture or group
of structures. The gelection of a structura must
strike an acceptable balance between the cosk—
effectiveness and the human, environmental and
financlal risks.

Many different types of productlon structures
tave been proposed Including arcificial lslands, :
greel gravity cones, and massive concrete caisscae.
Figures 22-25 show examples of some concepts. Tne
ia a method of converting a calsson island such as
Tarsiut to a production Island by erecting a .
toundary of cafsepons and fillimg it with dredpged
gand, Another is the mamsive Arctie Productiom amcd
Loading Atol {APLA) which s & palr of dredged
telaads in deep water with a tanker harbor im
motween, There ig the Arctic Monocone sultable for
deep water and able to withstand deep lce featuTes.
There {5 a shallow-water gravity platform which is
less robust because of reduced hazards, These and
many other concepts are under consideration for e
fn the productioun phase. )

B. AREAS FOR RESEARCH AND DEVELOPMERT

In the previous sections on deslgn, the
infloence of multiple factors was discussed. The
following sumparizes the areas where additional
research and development could have significant
benefits and cost savings.

1. Ice/Structure Interaction and [ce/Berm

Interaction

- less comservatlsm in ice fallure pressures
would lower requirements and costs

- understanding of absorption of lce ferces 1n
winter by rubble formation

- nere data on summer impacts of multl-year foc

~ berw gcour research to optimize berm desiprn

= lpral {ce pressures
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2. Structure Response to Ice Loading
- gootinue op=golng resesrch programs to refine
safety limits

3. Berm Counstruction Techoiques to Decreass Coat
and to Minimize Maintenanca
-~  glope strengthening
- slope stabilizing/protection
- erosion protecticn methods

4, Selamicity Levels in the Besufort and thair
Iafluence on Soll Stability

5. Thaw Settlement
-~ analysie of multiple wells peostratisg
permafrost

6, Construction Equipsent
=~ deep water dredging
- wsoll placement methods
« large volume hauling capability
- {increasing length of constructicn season by
{ice breaking, lce strengthening

7. Wave Interactions at Becm/Caiwson SBtructures and
Dptimization of Shape to Account for Spray,
Superatructure Icing, and Ice Effects.
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ARCTLC TECHNOLOGY I

LNTRODUCT1ON

Paul C. Airouchakls

Department of Ocean Engineering
Mazssachusertrs Institute of Technalogy
Capbridge, Massachuserts

In this gession two important technological
aaparcts of arctic enginearing were addressed namely
that of Arctit Concrete Structures and that of Ice
Breaking. «The subject of Concrets Structures in
the Arctic was addressed by Professor Gerwick.
Profeasor Gerwick in his paper "On Concrete Structures
For The Arctic" gives a comprehensive review of the
impartant aspects of tachnology involved in the
design and construction of concrete structures for the
Arctic. He shows how the material characteristics
of prestressed and reinforced concrete structures can
ke melacted asc that they can withstand guccessfully
the actions of the Arctic environment. He also
demonstrates how the ice conditions pose distinct
requirements on the selection of suitable structures
that can resist (or absorb) the imposed loading.

Tt ip of interest to add to Professor Gerwick's
discussion a brief summary of the concrete technalogy
in the ghipbullding technology because it halps
strengthen some of the important points that Professor
Gerwick makes in his paper.

Early construction of reinforced concrete vessels
during the two World War periods demonstrated the
main advantages and limitations of concrete in
shipbuilding. Low construction costs and excellent
durability was achieved, while the deadweight to
displacement ratic was significantly lower compared
with ateel ships and there was a size limitation.
Reinforced concrete vessels also exhibited suparior
impact strength and resistance against brittle
fracture gqualitlies.

During the World war II prestressed concrete
was introduced foxr the commtruction of simple box
shaped barges. Prestressed concrete allowad larger
size construction with thinner sections. This way
the reslatance tn cracking was improved. Barge type
congtruction took place after the war, which due to
its simple form further reduced construction time.

During the seventies a number of feasibility
studies were undertaken for large preatressed
concrete tankers. The work by Moe (1974) indicated
that the construction cost is expected to be lower
for concrete than for steel. However, the estimate
of carge transportation cost was found somewhat
higher for the conorete alternative due to the heavy
structural weight. The study concluded that pre-
stressaed concrete appears to be more competitive for
stationary or semi-stationary floating tanks. &
technical feasibility and safety study by Gerwick,
et al (1978}, for a 300m long prestressed concrete
vegsel carrying liquefied petroleum gas {LPG} in
free-standing tanks concluded that the proposed
concrete design had adequate safety and concrete
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impogsed po limitation in the ship's length.

When the main loads on the hull are due to wave-
action a relatively heavy concrete structursl waight
results. This is so since an adequate level of pre-
stressing is needed to maintain a dorinant compressive
etress field in the hull despite the cyclic hegging
and sagging deformation of the yirder. when a
stationary or semi-stationary functional usage is
intended, simpler harge type shapes can be employed
since hydrodynamic resistance and maneuverability
considerations become less important. This allows
an optimized construction with simplc gegmetrical
shapes and as a consequence hull weight reductions.
If in addition a volume limited design is considered,
as in the case of carrying a low density cargo, then
the heavier hull weight is not a limitation any morc.
Finally, the favorable concrete properties at
eryogenic temperatures increase the concrete's
competitive advantage for fleating LWG and LPG
processing and storage plants. In the recent past a
growing interest has been demonstrated for this class
of applications.

The twp main areas for present and future
research and develapment for concretc shipbuilding
applications are in the direction of materials
selection and structural design. Fiber reinforced
concrete is promising improved tensile properties,
Multiaxial prestressing and appropriate shaping of
shell elements can further increasc deadweight tc
displacement ratios. A very comprehensive litera-
ture review for concrete as a shipbuilding material
can be found in the relevant committee report of the
latest Internaticmal Ship Structures Congress (196847

when the mainm lcads on the hull are due to
ice action reinforced and prestressed ccncrete
structures appear to gain definite corpetitive
advantages for staticnary or semi-stationary applic-
actions. The conference paper by Vrofessor Gerwick
explaing very clearly why this is so.
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The second topic to be addressed in this session by a circumferential crack, The second mechanioms
was glven by Dr. Vance who gave a comprehensive ig the formation of a cylindrical or cylindrical-
historical review of the important ampects of ice- conical plug for higher impacts and thicker platas.
breaking technelogy. It provides a thorough aseecss— The salinity and temperature of ice strongly imfluence
ment of the state of the art on methods to predist the resulting perforation mechanism. The angle of
the resistance of whips and force: on cffahore incldence of the impact is another important wvariahle.
ateel and concrete structures and gravel 1lslands There are kinetic energy penetrators, axplosives
in the Arctic. The paper alsc definss the main and combinations of these two types. Depending om
directions for future work. their shape, penetrators range from sharp to dlumt
The understanding of the process of breaking ice categories., Finally, it is important to know, in
is strongly dependent vpon conatantly improving each particular application, whether or not tha
our knowledge of the bearing capacity of floating penetrator can be assumed to behave as a rigid body.
ice plates. The critical survey article by Kerr, Fluid-interaction effects are expected to be
A. {1976) provides important information on the of importance when impulsive loads are exerted. This
failure of floating ice plates under static or quasi- is especially 8o, when flexural cracking occursi. The
static loading. Informatian is alse nesded in the compressibility of the water must he considered during
case of impact or impulsiva lcading. the early stages of deformation. The incompresaible
This brief subject overview will supplemant fluid model can be used for the latter part of the
Pr. Vance's presentation by focusing on the latter respanse. A fundamental review article was reported
type of loading on fleating ice plates. This swmary by Xrajcinovie, D. (1977} on transient response
will discuss congecutively the applications, tha conslderations of submerged elasto-plastic structures.
clagsification of impacts and ica plates, the ice The demign problem can be dafined, in a aiwmple
deformations and failure criteria, the ice plate way, ag the determination of the boundary curves
perforation mechanismm, the clagsification of separating the varicus ice plate perforation (or
penetrators and the importance of fluid-interaction partial penetration) mechanisms in a plot of the
effacts. On the basia of this discussion the design magnitude of initial impact velocity versus the ratio
problem will be defined. A very comprehensive of ice plate thickness to penetrator diameter.
review article was reported by Backman, M.E. and Clearly, other important variablez such as ice
Goldsmith, W. {1978} on the mechanice of penetration temperature and salinity are parameters of the
aof projectiles into targata. problen.
Information i2 needed in the case of lmpact or This brief cverviaw on the subject of ice~
impulsive loading to deucribe the processes and inter- breaking technology was mainly focused on the
actions involved during submarine surfacing through failure of floating ice plates subjected to impact or
ice, dynamic whee) loading duriasg sizrcraft over-ice impulsive loading. This iz an important arsa for
landing operations and explosive demolition of ice future remsarch due to its practical significamce.
sheets. The ramming through ice of icebreakers is ‘The confarence paper by Dr. Vance further subatan~—
another important application. 1In the latter case tintes thiz argqumant. In addition it deals im a wmry
significant horizontal force components are developed comprehensive manner with other important aspecte of
in addition to the lateral loads. ice breaking technelogy.
The wvaricus types of impacty can bw dascribes
according to the angle of incldence of the impact, REFERFNCES
the configuration and material characteristica of
the ice plate and/or penetrator and the range of 1. ¥err, A.D., The Bearing Capacity of Floating Ioe
initial velocities. One of the most important Plates Subjected to Static or Quasi-static Loads,
variable is the magnitude of the initial velocity. J, of Glaciology, Vol. 17, No. 76, pp.23%-268,
The ice plates can be convenlently categerized 1976,
by their thicknese. Ice plates can be consideraed
thin when it can be assumed that plans cross-sacticns 2. BPackman, M.E. and Goldsmith, W., The Mechanics
remain plane after daformation. Thick ice plates of Penetration of Projectiles intc Targets,
are obtained when the rear surface significantly Int. J. Engng. Sei,, Vol. 14, pp.1-99, 1978."
influencas the regponse only after A substantial
penetration depth ls reached. Intermediste plates 3. ¥rajeinovic, D., Some Transient Problems of
have a thickness in between the range bsunded by Submerged Elasto-Plastic Structures, Shock ame
thin and thick plates. Vibration Digest, pp.15-19, 1977.

Por very low impact velocities, slastic ice
deformations can be assumed. Permanent deformations
(most probably localizedd must be considered for
intermediate impact velocities. Finally, a
hydrodynamic doscriptien 4is needed for
hypervelocity impacts. More data are needed for
the development of suitable ice constitutive relations
under impact loading. In particular mcre work is
necessary to describe the effects of viscosity in
such conditions, Finally, more data are needed
especially on multi-axial ice failure criteria and
theiy dependence on strain and/or temperatire.

Two basic ice plate perforation mechanisma
have been observed. Flexual cracking, for
relatively low imparts and thinner plates, which
consists of a number of radial cracks followed
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CONCRETE STRUCTURES FOR THEE ARCTIC

Ben C. Gerwick, Jr.

rrofessor of Civil Engineering,
University of California, Berkeley

Reaponding to the current intense inter-
eat in the exploration for and development of
petroleum resources in offshore arctic and sub-
Arctic areas, considerable design and develop-
ment efforts have recently been directed to
prestressed concrete calssons. the successaful
use of concrete offshore platforms in the
North Sea and concrete lighthouses in the
Baltic Sea and Eastern Canada have encouraged
consideration of concrete for structures in
the extremely hostile envircnment of the
Arctic whare ice is a dominant design force.

Prestressed and reinforced concrete ex-
hibhita ductile behavior under impact at low
temperatures. Properly designed and con-
structed, it is highly durable under the multi-—
ple attack phenomena of saline water, freeze-
thaw c¢ycling, ice abrasionm, and thermal
strains,

Thick shell or slab elements are typical-
1y employed as the peripheral ice wall. With
substantial quantities of reinforcing and pre-
stressing steel, including through wall stir-
rups, high resistance to local concentrated
loads ("punching shear™) and a ductile behav-
ior under overload can be attained.

while early attention has focussed pri-
marily on the configuration of the ice wall,
the internal structural configuration must be
designed to distribute and transfer the in-
tense loads to the base and into the founda-
tion scils. Concrete shear walls, diaphragms,
and biaxially-prestressed slabs are structur-
ally effective for this purpose.

Structural lightweight concrete can be
employed to reduce the draft of structures in
the shallow waters of the Beaufort Sea and has
been successfully used on the caissons for the
Tarsiut island in Canada.

Some areas for Future development are in-
dicated, including use of silica fumes to in-
crease strength, steel-concrete compesite
sandwich construction, utilization of multi-
axial stress conditions, and ccatings to re-
duce friction and abrasion.

Concrete structures utilizing shell and
slab elements are inherently economical solu-
tions for structures in the Arctic environ-
ment. It is believed that their concomitant
properties will enlarge their utilization for
both sea-ice and iceberg resistant structures.

1s

1. INTRODUCTION

The rapidly-growing interest in the
Arctic offshore as a potential major petro-
leum prowvince has intensified the develop-
ment of concepts for exploratory and prodac-
tion platforms suitable to the unigue enviren-
mental conditions. Sea ice dominates the de-
¢ign in the Beaufort and Chukchi Seas while
icebergs are a principal design concern off-
shore Labrador and Newfoundland.

The successful use of prestressad concrete
offshore platforms in the MNorth Sea and for
lighthouses in sub-Arctic conditions in
Eastern Canada and the Baltic Sea has led to
their consideration as offshore platforms ir
the Arctic. The basic considerations of duc-
tile behavieor under impact at low tempcratires
ice abrasion resistance and durability,
fatigue endurante, and overall economy ap-
pear well-suited to meet the requirements,

On the other hand, their inherently heavy
weight, hence draft, is a constraint on de-
ployment in the shallow coastal waters typi-
cal of the Beanfort Sea and on their initial
delivery around Point Barrow, whergs the
Arctic ice pack limits the available ice-free
waterway.

Lightweight concrete caissons were em-
ployed on the Tarsiut caisson-retained island
in the Canadian Beazufort Sea. Short test sec-
tions of concrete seawall, crib, and slope
protection units have been installed on the
gravel islands off Prudhoe Bay. A small pre-
stressed concrete tidal power plant was in-
stalled at Kislogybusk in the Barents Sea by
Soviet engineers in 1968. Concrete pillars
have been used to support guays in harbors in
Greenland. These, plus the lighthouses refer-
red to earlier, constitute our experience with
concrete sea structures under Arctic condi-
tions. Thus a major effort is keing carried
out currently to augment this relative pau-
eity of data by laboratory and field tests,
and by examination and evaluation of relevant
experience from sub-Arctic and temperate’ en-
vironments.

For many of the offshore concepts now
under study, the determining structural con-
sideration is that of the so-called "punching
shear"”, due to the impact from a multi-year
jce floe or iceberqg on a local zone of thea
periphery, where forces of 600 to 1000 tons



or more may be developed over a limited area.

Intense local loads such as these and
global ice loads must be transmitted back
through the structure and eventually into the
foundaticon. Experience with icebreakers
{steel hulls) has shown that although the hull
plating is usually not punctured, it is the
stiff supporting members, such as the frameas,
which buckle under the high lccal loads.

2. RELEVANT PROPERTIES (OF PRESTRESSED AND
REINFORCED CONCRETE.

a) Low temperature ductility under impact.

Reinforced concrete has long been used
for river bridge piers subject to dynha-
mic ice loading during breakup, The ¢on-
crete itself grows stronger (and atiffer)
as the water in the pores freezes., The
reinforcing steel is subjected only to
longitudinal stress. The massiveness and
atiffness of typical concrete structures
tends to limit dynamic amplification and
lengthen the period of contact with an
ice feature so that the load is primarily
a quasi-static one.

Prestressing tendons made of celd-drawn
wira have relatively constant properties
over a wide range of temperatures down
to that of LNG. This includes strength,
ductility, and fatigue endurance. Thus
prestressed and reinforced concrete
gtructures can be considered to be free
from problems of brittle fracture under
impact at low temperatures.

b} Durability.

Properly designed and constructed con-
crete structures develop high registance
to corrosion of the reinforcement, The
cohcrete mix must be relatively imper-
meable and must ensure an alkaline envi-
ronment for the embedded steel. Exces-
sive microcracking of the surface under
thermal gradients or freeze-thaw attack
must be prevented. In order to limit
cracking and spalling while still keeping
an adeguate barrier of concrete, the
cover should be carefully chosen, neither
too little not too great. Typical values
ars 50mm,{+10m, -Omm), with a reduction up
to 12,5mm for stirrups.

One area of potential corrosion needs to
Le addressed and that is the deck, where
spray plus evaporation and the intention-
al application of chlorides to prevent
glare ice may lead to high concentrations
of chloride similar to those found in
bridge decks in the Eastern U.5. Tor
these conditions, the deck should have
adequate drainage. Epoxy-coated rein-
forcement meeting ASTM specifications
should be considered.

The freeze-thaw resistance of properly
air-entrained concrete has been widely
attested in the Northern U.S5, and Canada,
In the Arctic the number of cycles of
freeze~thaw for the superstructure con-
crete are very limited. After a few
cycles in September, the exposed concrete
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is below freezing for the winter. Below
water level the temperature stays at
about -1°¢, generally insufficient to
cause any deep freezing of the pore water
in the concrete.

However, in a zone extending from water-
line vp 1 to 2 meters, the concrete is
potentially subject to a significant
numbers of cycles each fall, freezing
when exposed to air, thawing when cowered
by the still warm seawater waves and
storm surges. This concrete is poten-
tially saturated tc a high deqree, since
in most cases there will he water ballast
on the inside: hence freeze-thaw resist-
ance is of gpecial concern.

This is also the zone of potential ice
abrasion-erosion. Investigation of con-
crete ships from World War II moored in
northern Norwegian waters and in CooX
Inlet, Alaska, show two cases of degra-
dation near the waterline, being attri-
buted to a combination of freeze-thaw
cycles of saturated concrete and ice
abrasion. It should be noted that a
number of concrete vessels and struc-
tures expogsed in a similar manner show
no such problems, and hence a preliminary
conclusion ig that the surficial damage
is due to the permeable, non-air en—
trained concrete employed in these par-
ticular vessels. Wevertheless, these
cases of damage indicate that the expo-
sure is not just conjectural but is real.
Hence speclal care is warranted foxr these
areag. Inclusion of 5~6% air entrain-
ment, design of the mix for low permea-
bility, and using non-saturated aggre-—
gates at time of mixing, are advisable.
Three relevant proprietary studies are
underway at this time, involving both
laboratory and field tests.

Table 1 Recommended mix design for typical

Arctic Marine Structures.

Normal weight concrete

Coarse aggregate:
natural gravel,

3/4" max. crushed rock or

Natural sand: about 40-45% of total aggregsta
Cement ASTM Type II, 650 1lbs: Pozzolan,
ASTM Type W or F, 100 lbs.

Water - to give W/C ratio about 0.40
Water-reducing admixture

Air entrainment 6%

{(Air void spacing not greater than O0.dmm) .

For structural lightweight concrete, use 5/8"
or %" max. coarse aggregate. Sand may be all
natural, or part natural and part lightweight,
or all lightweight.

Only sealed surface lightweight aggregates,

coarse and fine should be used. Lightweight
aggregates should not be saturated prior to

maxing,
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Durability must also consider the pre-
stressing system, Ducts must be com—
pletely grouted, not only teo prevent
corrosion but to prevent freezing of
voids which have become water-filled.
Protection of post-tensioning anchorages
must be assured.

The Treat Island tests of the U.S. Corps

.of Engineers have not only demcnstrated

the need for air entrainment but also
the care required for post-tensioned
anchors. Recessed pockets, concrete-
filled but without the use of epoxy bond-
ing, have proven to be the most durable.

A concern has been expressed over the
effects of cracks (thermal, shrinkage

or structural} in the severe freeze-thaw
environment. This appears tc be a matber
of reinforcement percentage: if the steel
percentage is too low, the freezing water
in the crack will both widen and extend
it, whereas if the reinforcement percent—
age across the initial crack is sufficient
to exert a closing force equal to the
tensile strength of concrete, then the
freezing water extrudes in the crack
without any cumulative effect. The
above is based on field observations,
including investigaticn of the Tarsiut
cajissons where structural cracking had
pccurred in the walls of some caissons
due to unequal support: however, the
high percentage of reinforcing had pre-
vented any measurable further deteriora-
tion from freeze-thaw action.

The resistance of thick-walled slabs and
shells to intense local lecading, whether
from collision by boats or impact of ice,
has been the subject of numercus labora-
tory and analytical investigations.
pecause of the low span-to-depth ratio
of the shell, and the presence of high
percentages of reinforcing and/or pre-
stressing steel, both in-plane and
through-wall, the behavior of the shell
or slab is significantly better than
given by conventional building codes,
which are relevant to high span-to-depth
ratios and low steel percentages.

The behavior of such a shell (slab) under
high concentrated loading is influenced
te a high degree by the suppert condi-
tions. The more rigid the supports, the
more effective will be the internal arch
or dome which forms within the shell
thickness.

The term "punching shear™ is really im-
proper for such a case. 1In reality, the
initial effect is primarily flexure,
with severe cracking forming opposite
the lpad. As the reinforcing steel
reaches yield, the moments are transfer-
red to the supports. Inclined diagonal
strute form within the shell. The high
intensity of load on them leads to dia-
gonal laminar cracking within the strut,
just as in a column. Ultimate failure
will then take place by punching shear
along rather flat diagonals or, if the
struts have been sufficiently confined
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by stirrups, by crushing at the inner
face of the haunch. In some slab tests,
failure has also ocrurred in crushing
under the lcad.

This indicates the need for high percent-
ages of shear steel (stirrups) and for
confinement of the compression zones.
Closad stirrups often fail to develop
yield strength prior to laminar cracking
failure: there is insufficient room to
properly bond them. Use of headed stir-
rups or specially-fabricated stirrups,
which mechanically are fixed to the in-
plane steel, are therefore much more
efficient. If stirrups are used their
lap should occur in the confined-section
rather than at the face. As in column
confinement, mechanical splicing or
closure is most sffective.

The nominal shear strengths so developed
are significantly greater than those
predicted by simple application of code
formalae. Since the concrete, near
ultimate, will have high through-wall
tension, it seems advisable to rely
entirely on the through-wall steel Lo
regist the transverse tension.

Thermal gradients.

The problem of thermal gradients in
sarvice have already been successfully
addressed in the North Sea where the
delta T between the warm stored oil and
cold water is usually taken as {33°C-6°C)
or 29°C. In the case of exploratory
caissons in the Arctic, temperature dif-
ferentials between "warmed" water inside
and cold water outside will be negligible
Above sea level, however, the tempara-
ture difference between “warmed" water
inside and air ocutside may reach 40°C,
sufficient to cause cracking on the cold
face. This in turn could aggravate the
attacks by freeze-thaw and ice abrasion.
This problem can be successiully con-
tained by providing a minimum of about
1% reinforcing steel, both directions,
using closely-spaced bars, over the
entire exposed face. The CEB/FIP Model
Code defines this "tensile zone"” over
which the percentage of steel is to be
computed, as de = C + 8 # where C is the
cover and @ is the bar diameter. What
this steel does is ensure a constant
closure stress acting across the crack,
thus preventing the crack from growing
undaer freeze-thaw attack. Careful ob-
servation of the Tarsiut caissons has
shown this to be effective.

The prevention of microcracks in the
externally exposed surface is also of
importance during construction. Proper
control of the mix and curing will help
to reduce microcracking due to shrinkage,
hut the effects of heat of hydration
need special attention. The thick peri-
pheral walls will see 2 significant
increase in temperature to about €5°C
due to heat of hydration, and this will
not cool to ambient temperature for 2

+to 3 weeks. Insulation must be applied



to the forms and concrete surfaces after
stripping the forms until the differen-
tial temperature has lowered to about
20°C,

Global temperature differentjals will
alsc arise, tending to create circumfer-
entjal tension in the peripheral wall.
These stresses should be considered in
design, especially since the shear ca-
pacity is reduced by a membrane tensile
stress. Prestressing has been success-
fully employed at Tarsiut to maintain a
net compression in the external wall.

3. AFPLICABLE STANDARDS AND GUIDELINES.

A number of recent publications plus

several currently in preparation form an ade-

guate baeis for the design and construction

of prestressed concrete structures for the

Arctic. These include:

API - Bulletin 2M, on
Planning, Designing, and Construct-
ing Fixed Offshore Structuresa in
Ice Environments.
ACI - 357, currently under revision to
include Arctic applicationa.
FIP - Recommendations for Concrete Sea
Structures, 4th edition in prepa-
ration, to include Arctic applica-
tions.

Rules for Fixed Offshore Structums
currently under revigion to in-
clude the Arctic.

Other standards, such as the DNV Rules,
vhile primarily directed to temperate zones,
are nevertheless highly relevant to the design
and construction of such structures for the
Arctic.

As in all new developments, there are
also a number of very important aspecte being
promulgated in technical journals and pre-
sented at technical conferences. Some of the
most important of these are listed in the
*references” at the end of this paper.

q. LIGHTWELIGHT CONCRETE

The principal constraint to the use of
concrete structures in the Beaufort Sea is
their inherent heavy weight which increases
the draft, thus making it difficult to pass
Point Barrow and placing a limit on their
ability to be unsed at shallow water drilling
sites. This has led to an intereat in the
uge of structural lightweight aggregate,
which enables a reduction in weight and draft
of about 20%, Other properties of high gqual-
ity lightweight concrete are also attractive:
lower modulus, greater impermeability, prob-
ably improved freeze-thaw behavier, better
thermal compatibility with the embedded steel,
and leas microcracking.

Recent research at the University of
California at Berkeley has shown that pre-
stressed lightweight concrete possesses excel-
lent structural properties under cyclic and
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repeated loads, even under extreme thermal
strains such as those induced by an LNG spill.

Lightweight coarse aggregates were uti-
lized in the Tarsiut caissons and an inspec-
tion after one year showed their condition to
be highly satisfactory. There was no evideme
of freeze-thaw attack or ice abrasion and
atructural cracks had not propagated or
widened. Some spalling had occurred due to
impact from barges, etc. Lightweight concrete
tends to gpall as thin, flat slabs, as con-
trasted to normal concrete, where the spalls
are deeper but cover less extent, In areas
subject to such impact, use of fenders or
provision of wire mesh near the surface are
indicated.

A number of proprietary research projects
are currently verifying the properties of
structural lightweight concrete for Arctic use.

The use of structural lightweight aggre-
gate for these shallow water Arctic caissons
facilitates construction as well as deploy-
ment and hence proves economical for these
structures,

5. FAILURE MOLDE

A principal concern in any structure sub-
ject tc possible overload, especially dynamic
or impact loads, is to ensure a ductile mode
of failure. While concrete per se is a brittle
material, heavily reinforced and confined con-
crete behaves in a peeudo-ductile manner. Im
the case of the typical peripheral ice walls
of concrete, having relatively high percent-
ages of steel in both in-plane directions as
wall as heavy atirrups through the wall, the
effect of high overlcad will be to produce
cracking and yield in the tensile steel, fol-
lowed eventually by spalling of the cover and
eventually crushing. If heavy confinement has
been provided, this will not be a brittle
fracture, but will produce a major reduction
in stiffness. Rotation will ensue and the
wall between the supports will tend to act
like a catenary, in membrane tension. Based
on experience from the hull plates of ice-
breakera, we would expect the ice load to pro-
gresaively transfer to the supporting dia-
phragme or bulkhead frames.

Thug by proper reinforcing of the exteri-
or walle and its supporting structure, a duct-
ile mode of failure can be assured.

The ice wall problem is very similar to
the boat/barge collision problem on shafts of
the North Sea concrete platforms, where simil-~

ar approaches to design have proven effec-
tive.
5. CONFIGURATIONS

One of the very attractive featuraes of
concrate for Arctic offshore structures is its
ability to be economically molded and config~
ured into complex shell shapes. Offshore
structures may be constructed as cast-in-place
concrete Or as an assemblage of precast ele-
ments, joined after erection by concreted
joints and/or post-tensioning. The first
method has been characteristic of the Condeep



structures in the Yorth Sea, whereas the

Ninian Central Platform utilized precast con-
crete shell elements extensively.

For the current applications in the
Alaskan Beaufort Sea, configurations being
studied range from rectangular box-like
structures to highly sophisticvated doubly-
curved conical shells, designed to cause the
jice to fail in tension.

Floating structures in prestressed con=-
crete have been studied and appear equally
attractive for deeper water applications in
the Arctic. oOne of these, the Exxon Floating
caisson Spar {ref. 1) was described at POAC 19
conference in Trondheim. Other potential
configurations might resemble Gulf Canada's
steel floating drilling structure, currently
being fabricated. Prestressed concrete hulls
have even been considered for Arctic trans=-
port, both as submarine pressure hulls and as
surface ice-breaking tanker hulls. 2]

While early attention of engineers has
been directed primarily to the design of the
peripheral ice wall, it is important to also
address the internal configuration by which
intense loads are transmitted through the
structure and into the foundation. The pri-
mary means is typically through vertical
shear walls but horizontal diaphragm slabs
and circumferential walls help to distribute
the load throughout the structure. When
these high loads {often of the order of
100,000 tons or mere} reach the base, they
must be transmitted into the foundation. A
detailed description of this critical inter-
face problem is beyond the scope of this pa-
par. However, whether this is accomplished
by skirts, spuds, or ribks, etc., the base
glab also becomes a highly-loaded complex
structural element, for which multi-axial
post-tensioning has proven very efficacious
in similar applications in temperate climates
and in preliminary designs for the Arctic.

7. FUTURE DEVELOPMENTS.

The current development of silica-fume
additives {(microsilica particles} cffers the
potential for significant increase in concrete
strength, both normal weight and lightweight,
as well as ap increase in impermeability.

However, such higher compressive strengfhs
mist De properly confined if brittle behavior
is toc be prevented. Ductility can be at-
tained by confinement with stirrups and also
by the inclusion of randomly-oriented steel
fibres.

The actual behavior of the thick-walled
concrete elements is highly dependent on the
malti-axial stress conditions existing. While
the current nuclear code permits minor advan-
tage to be taken of favorable multi-axial
stresses, tests and three-~dimensional analyses
indicate that their effect may be very signi-
ficant and enable more efficient designs to
be developed for the concentrated leoads in-
flicted by ice. The FIP is currently under-
taking an in-depth study of these phenomena.

For many structural configurations,espe-

cially cones, the ice load on the structure
ie determined tc a high degree by the friction
between ice and the surface. Use of coatings
to reduce this friction and to minimize abra-
sion is currently under investigation in sever-
al proprietary research projects.

Coatings should not only have low fric-
tion, high bond, elastjcity, toughness, and
abrasicn resistance, but should not cause
freeze-thaw damage due to trapping of water
vapor beneath them. The water vapor in the
concrete will migrate to the cold face, and
tend to congeal under an impermeable coating,
possibly leading to spalling when it freezes.
The ideal coating, then would appear to be
one which is permeable to water vapor.

While there will continue to be a healthy
competition between concrete structures and
steel structures, the optimal sclution in some
cases may well turn out to be a hybrid eor
sandwich structure, in which steel plates of
moderate thickness enclose a concrete wall,
with which they are constrained to act in
composite behavior through the use of shear
connectors such as welded studs. Tests in
Japan and the U.K. have shown that such a
hybrid design is extremely efficient in resist-
ing high concentrated lcad.{3)

The use of concrete in composite action
to stiffen a steel hull has recently been ap-
plied by Dome Petroleum on their ssDC-1, a
converted VLOC mid-body being utilized as an
exploratory drilling platform in the Canadian
Beaufort Sea.

B. EVALUATION.

steel-hulled ice breakers have given sa-
tisfactory performance over a number of years.
What is the justification for the use of con-
crete for Arctic offshore structures?

First, it is generally believed that con-
ecrete structures will give satisfactory long-
term service with minimum maintenance due o
their inherent durability.

Secondly, is the ductility even at low
temperatures and the redundancy which can ke
incorporated into concrete structures by proo-
er design and construction.

Thirdly, is the ability to resist high
local concentrated loads in shell action.

Finally, and perhaps the most important
practical reason,is the lower cost. Although
individual structures will vary comsiderably,
when caisson-type structures are designed to
equal performance criteria, prestressed con-
crete caissons will usually be found to cost
only 50 to 70% as much as the conparable steel
caissons.

This latter fact may be inherent ir the
environmental loading pattern which prevents
the use of steel in its most favorable forms
as framed members subject to axial tensicn
and compression. In the Arctic, the caisson
size and configuration is largely determined
by the ice features and the foundation soils,
hence is independent of the structural mate-
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rial employed. Frestressed and reinforced
concrete is cspecially well suited to shell
configurations.

As experience grows with the use of con-
crete structures in the Arctic, it is be-
lieved that in addition %o economic justifi-
cation, Lts many concomitant advantages will
enlarge itg utilization for sea ice and ice-
berg reslstant structures,

g A

Fig. L  Prestressed lightweight concrete
caissons for Dowme Petroleam's
Tarsivt Island.
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A REVIEW OF ICEBREAKING TECHNOLOGY
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ABSTRACT

This paper traces the history of ice-
breaking technclogy from its early stages of
educated guesses by ship designers to the
sophisticated computer techniques utilized by
current day Naval Architects and Structural
Engineers. The paper covers the broad
spectrum from the analytical techniques util-
ized to predict ship resistance to the methods
used to predict the forces on offshore steel
and concrete structures and gravel iglands,

1. INTRODUCTION

The first documented attempt to analyze
' the process of breaking ice was presented by
Runeburg (1} in 1888. TIn 1921 Kari (2) and
in 1936 Simonson (3} published equaticns re-
lated tc the downward force devaloped by the
bow of an icebreaker. TIp 1938 Shimansky (4)
attempted to incorporate the complete fore
body shape of the vessel. The current
evolution of icebreaking technology began with
the work of Vinogradov (5] in 1958 when he
attempted to employ the approach of conserva-
tion of energy to determine the resistance
encountered by a vessel. White (6) in 1965
synthesized these past efforts to determine
a more effective bow shape. In 1968 the
Russian team of Kashteljan, Poznjak and Ryvlin
(7) published an extensive work that described
their efforts in combining thecretical and
empirical attempts to accurately predict the
resistance of a vessel in ice. In 1970 Lewis
and Edwards (8) improved upon these techniques,
In 1972 Enkvist (9) presented the results of
the work carried out in Finland. That same
year Milano (10) reinvistigated the energy
approach to the problem and published a com-
puter algorithm that incorporated all of the
parameters of the bow shape.In 1974 Vance (11)
published an improved empirical equation that
incorporated the length of the ship. In 1978
a technique was darived,but not published, by
Arctec and Mitsui, the program was entitled
ICEREM, The latest effort in predicting ice-
breaking resistance was published by Nasgle in
1980 (12) in which he examines the eguations
of motion inveolved in the icebreaking process.
The history of ice forces on structures

is not as defined as that of vessel icebreaking.

The problem is more diversified and varies

125

from the determination of the vibration char-
acteristics of slender structures in thin ice
sheets to that of impact of large icebergs
with large structures. In addition, the
efforts in determining ice forces on struct—
ures is more recent and are still in the de-
velopment stage.

Some of the ecarlier efforts were conduct-
by Peyton{(13) in the 1960's in relation to
ice forces on 0il production platforms in
Cook Inlet, Alaska. In the 1970's Michell
and Toussaint (l4) published information on
the forces inveolved in the penetration of an
ice sheet by various shaped structures. In
1980 Crosdale (15) published the intial eff-
orts conducted to determine the forces gen-
erated by pressure ridges interacting with a
structure. In 1977 Ralston (16} published
equations to determine the limiting forces
involved with an ice sheet interacting with
a cone shaped structure.

Although proprietary work is being con-
ducted in such projects as Dome's Hans Izland
project and Gulf's Tarsiut Island project,very
little has been published related to impact
forces on structures. A simplified approach
to the problem was published by Cammaret (17}
in 1981. Additional work was also published
in 1981 on pressure ridges by Prodanvic (18)
and Gerwick (19). very little has been pub-
lished on the interaction of single and
mzltiple leg structures with broken ice. This
Problem becomes important when investigating
the problem of floating structures in a broken
ice field.

In summary the ice forces on a structure
can be broken down into the following broad
categories:

Penetration of a solid ice sheet by a
vertical sided structure

Penetrattion of a solid ice gheet by a
cone shaped structure

Impact of a large ice mass with a struec-—
ture

Interaction of a pressure ridge with a
stucture

Interaction of a multi leg structure with
breoken ice.

The following sections will discuss some
of the techniques mentiocned above and provide
some insight into their utility, however, the
details of their application can be found in
the authors original publication.



2, ICEBREAKING RESISTANCE to Arctec and Mitsui. Comparison of the
various techniques are presented in figures
The methods discussed here are those that 1 through 4.
relate to icebreaking resistance in a homo-
genous ice field. The work conducted in a
broken ice field and in pressure ridges, al- 2E0E 06 L{/

|
though just as important in the overall scheme USEGE MACKINAW
of igebreaking resistance, has not been ad- TH=L.6 FT ST+19000PSF
equately verified with full scale data to MSR vaNC
have any particular technique accepted. i Fs
In level ice resistance prediction, the -2TE0E //

presently accepted analytical techniques
are those proposed by Kashteljan (7}, Lewis
and Edwards (8), Milanc (10}, Vance (11} and
Naegle (12) in addition to the proprietary
technigue available through Arctec and Mitsul.
The governing eguations and some typical re-
sults are presented here.

The Kashteljan (7) eguation is given as:

A: 0.00aBh0y, + 3.0 L WA +
0.238" LV Yo+ R (1)
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where:
R- total resistance
B- maximum waterline beam
h- ice thickness Fig. 1 Comparison of Mackinaw resismtance predicticns
J- ice flexual strength (Vance 1974, fig. 8.3)
Ale hull efficiency= 1 + l/'
- icebreaking coefficient { see (7))
;- icecutting coefficient {see (7}
4~ specific weight of ice
v- ship speed
R, open water resistance
In 1970 Lewis and Edwards {(8) publisheds T e s
the following equation: - THe 29

R 01466 h* + 8.84 PigBN +

LEWIS«EDWARDS [IETL‘!—JH

5.905¢iBhV? (2) Lo

where: P /
R.-ige resistance

Q%~mass density of ice ff /
HiLAND /-

and the remaining parameters are as defined
previously.

Tn 1972 Edwards and Lewis (20] published
a purely empirical equation that included the
effect of snow cover, however, that eguation
will not be presented here.

In 1974 Vance {11} presented an equation
that included the effect of length:

Ri=Cs€agB L + ColT BN +
Cv QViL LY T B (3)

o
o
&
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where:
L -length between perpendiculars

fa-density difference between ice and PROPELLER THRUSTAT |

CONETANT SHP

water
Cq—submergence coefficient
s . s o
C’=-breaking coefficient S 2 4 €& 8 B 2 & ® B > = 124

CV‘VGIOCltY coefficient SHIP SPEED - PSSt
the remaining parameters are as defined _
previously. The coefficients for various mrw“ﬁii¥j comparison of ise-resistance predictiens
ships are presented in the basic reference. {Vance 1374, fig. 1.7
The algorithms of Milano (10) and Naegle
{12} are to complicated to present in this
paper and are available in the basic ref-
erence. The details of ICEREM are proprietary
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3. FORCES ON A STRUCTURE — INDENTATION

The most comprehensive work on ice in-
dentation was reported by Michel (21) and
Toussaint (14). They presented the equation:

F=IMEKGRtwWw {4}

where:
¥- ice crushing force
I- indentation factor
M~ ghape factor
K- contact factor
@~ uniaxial compressive strength of ice
t- ice thickness
w- ice-structure contact width

M can be taken as 1 for a flat surface and
0.9 far a cylinder and D.85 (sina/2)*%where
® ig the included angle in a wedge ahaped
structure. I,K andf, are functions of the
strain rate. For narrow structures such as
columns and pier heads the strain rate is

taken as:

€= Vv {5)

whare V is the velocity of indentation,i.e.
the ice velogity. For wider gtructures such
as gravel islands Ralston (22) recommends
that the strain rate be set equal to:

E= V2w (6}
For 10°% ¢ € 5x10-% 1 can be taken as 2.97
and K as 0.6 and
0, = 7.5¢10% ( & /sx107hH 032 7

For 5x10-‘<£<. .'|.0-2 I can be taken as 2.%7
and K as 0,26 and

5

4.-0.126

o= 7.5x107 (E /5%10 ) {8)

For £ > 1072 I can be taken ag 1.57 and
K as 0.5 with g =5,176x10° pascals.

4, FORCES ON A STRUCTURE -~ CONES

In 1977 Ralston {16) published his
plastic analysis of an ice sheet interacting
with a conical surface. He presents the
solution in the form of the following egation:

R, = (Alu;tz + A,0.9 + D2 +
2 2
A3 &gt(D - D,z, 1) A4 (9
R =B + B e0? - b5 (10)
v 1 Rh 2 .9 T
where:

~ horizontal force

o

Rv - vertical force
D' - waterline diameter of cone
Dp - top diameter of cone

o; - flexual strength of ica

4 - coefficient of friction ice/cone
t - thickness of the ice sheet

g =~ gravitational acceleration

., - Mass density of water

The values of A, A, A.,B, B and B, are given
in figure 5. The sreaicgio%s provfded by
these eguations have been compared to model
test results and show good agreement as shown
in figure 6.
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5. FORCES ON A STRUCTURE - IMPACT

The impact of an ice mass with a struct-
ure involves many parameters that will effect
the maximum force generated upon impact. Such
factors as the shape of the ice mass, the
shape of the structure, the compressive
strength of the ice as well as the total
mass and velocity of the ice will have an
effect on the force generated. Cammaert (17)
presented a simple approach that equated the
kinetic energy of the ice to the energy diss-
ipated during crushing of the ice., Under the
agsumption that only one half of the kinetic
energy of the ice mass is availakle for crush-
ing and that the ice mass is tabular and of
greater width than the cylindrical structure
and utilizing an added mass coefficient of
1.5, he arrives at a maximum force of:

2.0.5

P = 206 (2RX_ - X_°)

{11)

where:
P - maximum impact forge

D - the total depth of the ice mass

R - the radius of the cylindrical sturc-
ture

O, - the uniaxial crushing strength of ice

w - the wieght of the ice mass

Vv - the velocity of the ice masa

g - gravitational acceleration

x,- (0.198 w vi/p 1% 503

Very little model testing has been undertaken
to verify this approach. Considerable work
must be undertaken to examine the phenomenia
in more detail,

6. FORCES ON A STRUCTURE - PRESSURE RIDGES

The problem of ferces generated by press-—
ure ridges interacting with a structure is
significantly more complex that that of a
homogeneous ice sheet. Variows sglutions
have been presented in the literature but
none have been truely verified. Vaudrey (23}
presented a simple shear model where the
maximum force on a column is generated by
double shearing of the ice ridge by the

column such that the force is given by:

F =508 6 (1-B) (12)
where:

P - maximum force on the column

§ - sail height of the ridge

§, - shear strength of the ridge

P - porosity of the ridge

A more sophisticated model,utilizing
a finite difference technigque was presented
by Gerwick (19). This method takes into
consideration various stages of failure
of the ice sheet as well as the ridge fail-
ure itself. There are many other references
relating to ridge forces on structures, how-
ever, there is little full scale or nmodel
scale verification of these various tech-
nigues, The properties of the pressure
ridge itgelf must be better understood before
any model can be developed and verified.

7. FORCES ON A STRUCTURE - BROKEN ICE
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The area of ice forces on a structure
from broken ice is even less developed than
that of the pressure ridge. There have been
presentations using the socil mechanics fail-
ure plane approach, an ice on ice friction
approach and a shear failure approach, how-
ever, ncne have baen developed to any great
degree nor have they been verified by model
or field test. The work is in the early
stages of development and no comprehensive
work has been published to date.

8. CONCLUSION

I have attempted to present a very brief
historical review , along with some insight,
into the development of icebreaking tech-
nology from its early begining with ship
resistance to its current application to
offshore structures. It is a fascinating
and complex area of study. Althaugh the
technigues that I hawve presented are being
used in the field teoday, they are by no means
the final answer or for that matter, the
correct answer. There are guestions related
to interaction effects, added mass effects,
scale effects and hydrodynamic effects that
have to be investigated in much more detail.
The field is wide open in many areas, par-
ticularly in the development of analytical
models and their verification by model and
full scale testing. Much of this work is
currently being carried out by the oil
industry within their internal research and
develcopment programs in order to assure a
safe and cost effective developrnent of this
countries arctic natural rescurces. However
it will take the combined effort of industry,
govermment and academia to answer all the
questions that remain to be answered.

The author would like to express his
appreciation to Mobil 011 Corporation for
their cooperation in the publication of this
paper and would like to point out that the
opinions expressed in the paper are those
of the author and do not recessarily reflect
those of Mobil 0Dil Corporation.
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ARCTIC SCIENCE AND ENGINEERING I

INTRODUCTTCN

G. Leonard Johnson

office of Naval Research
Arlington, Virginia

teprpl

One of the key questions in understanding the
cryosphere and its effect on both weather and long
temm climate variability in polar and sub-polar
regions ia what process{es) contrclis) the geographic
position of the edge of the ice. Certainly the
ice edge is governed by response to winds, <irrents
and vertieal and horizontal heat fluxes to form a
copled system. At present, no acceptable theory
exists to describe this coupled systam, including
the anmial and interannual variations of the ice
cover ard their relation to atmospheric and oceano-
graphic clrculationa, The MIZEX international
effort as presented by Dr. Johannessen, et al is
designed to address this complex question. The region
of study has been fertile ground for Scapdinavian
oceanographers/metecrologists since the late
elghteen hundreds and it is therefore appropriate
that Dr. Ola Johannessen be the lead scientist as a
coptimiation of this tradition.

Looking back in time the following leaders in
physical oceanography and retecrology have worked in
the Norweglan—Greenland Seas and formed the "Scandina-
vian Schaol":

No ANS:
H, Mohn (1835-1916): Derivation of current field
in Norwegian Sea by mathematical calculations
of temperature/salinity fields.
F. Nansen (1B61~1930): explorer, scient:&st, humanist.
First noticed that sea ice drifted 45 to right
of wind direction and reasoned that ice might
make the upper layer of water move even fore
toward right (Bxmen Spiral). With Helland-Hansen,
published the classic work on descriptive oceano-
graphy in the Norwegilan/Greenland Sea.,

Bijerknes (1862-1951): Develooad cipculation
theorem (also used in cceanography) and made great
contribution to modern weather forecasting

{Mosby, 1983).

Helliand-Hansen (1B77-1957}: equations to

conpate the relative field of currents from the
chbeerved field of mass -~ if one neglects friction -
Qurrents can be calculated at any depth if density
distribution is known.

U. Sverdnep {1888-1957): Leader of Maud
expedition in the Arctic Ocean, developed the
basis for modern wind-current theory.

LE))

J. E. Fieldstand {1985 - ): Sewveral theories,
primarily for internal waves and heat transfer.

H. Mosby (1903~ ) :Research in the Antarctic and Arctic
especially bottom water formation.

Danish:

M. Knudsen (1871-1949): Determination of sea-water
constants, "Knudsen's Tables".

Swedish:

V. W. Exnan [1874-1954): Ekman's current meter.
Bagic theory for ocean circulation taking into
account the sarth rotation (Ekman Spiral).

J. W, Sandstram (1874-1947): Ocean dynamics theory
developad with Helland-Hansen,
C. G, Rossby (1B98~1957): Rossby waves.

It is hoped that MIZEX will provide the impetus
for a repaissance in Arctic and sub-Arctic oceano-
graphy/meteorology tor carry on the classic works of
the late 1800's and early 1900°'s.

The second major area of interest in the Arctic
is in paleoclimatology, paleoceancgraphy and <limate.
The role of the Arctic Ocean on world climate is
urknessn and is likely of major sigrnificance. Key
questions include:s What was the mole of this ocean
on global climate in Mesozoic and early Cenczoic
time? When was glaciation initiated in the Arctic
Ocean and was it contemporaneous with the Antarctic?
The Arctic Ocean, with its deep basins and sluggish
bottam wvater and surface currents may have an
undisturbed long geologic record of polar events which
is not the case around Antarctica {Jackson, pers.
oo, 1583)
Genl ics
Knowledge of the geclogic stricture and history
of the Arctic is of more than regional interest, in
that its plate tectonic evolution is closely tied to
the North Atlantic and Pacific as well as to the
continents that surround it, Arctic marine geology
is at least an order of magnitude less known than
any other area {Keen and Falconer 1978) and the
econimic potential is high. The paper by Lawver et al
reviews the current hypotheses of the origin of the
Arctic. As the authors point out there are a
nurber of first order geologic problems in the Arctic
including the motion or lack thersof aleng the
Nares Strait and the genesis of the Canada Basin,



especially the northern section including Alpha
Ridge. Hopefully the upooming Canadian Field
effort {CESAR} will provide same answers (Sweeney,
1983).

The Arctic requires imnovative approaches to
work within the rugged environmental constraints. Dr.
Baggercer's presentation will describe the cutting
edge of gecphyalcal techniques.

In my opinion major areas of intereat in the
next decade will be scientific drilling., Valuable
infonnation that driiling could provide to the
tectonic framework iz dating. Long continuous
sediment cores and bedrock samples are desperately
neadad to provide timing constrainta. No dates are
available for the fomation of the Loamnosov or
Alpha Ridges. A date i5 badly needed to aid in plate
reconatructiona that involve the geclogy of Alaska
and the Queen Elizabeth Islands as is apparent in
the article by Lawver et al, Drlilling oould
provide information of the composition and facies
of the Cenpzolc and Mesozoic depoeits and crustal
atructure of the ridges. Drill core smrples along
the polar shelf would provide data on sediment
thickness, and age diatributions, history of margin
vertical motions, pre-fptian history, history of
the Beaufort Shelf, location and facles of the
Palexzolc continental margin {Sweeney, 1981).

Another area which I feel has a large growth
cpportunity will be the use of uwamwd intelligent
vehicles to perfomm a myriad of tasks from engineering
sarvices to scientific research bensath the ice.
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ABSTRACT

The marginal ice zones (MIZ) are regions
where temperate and peolar climate systems
interact, resulting in strong horizental and
vertical gradients in the atmosphere and the
ocean. These gradients lead to mescscale pro-
cesses which affect the heat, salt, and mo-
mentum fluxes at the ice margin, It 15 there-
fore important to increase our understanding
of these processes in order to model the air-
ice-ocean system in the MIZ, and to build
up a predictive capability of the ice margin.
Parameterization of these processes is also
necessary in large scale modeling of the sea
jice influence on the global climate system.
This paper will review our knowledge of
physical processes occuring in the marginal
ice zones, peint out problem areas and des-
cribe Marginal Ice Zone Program {MIZEX) to be
initiated in 1983.

1. INTRODUCTIDN

Several important phenomena in air-ice-
oceanography interaction were first discovered
in the Arctic Ocean at the end of the last
century. For example during Fritjof MNansens
FRAM Expedition across the Pelar Ocean in the
years 1893-1896, Nansen discovered that the
ice was drifting some 307 to the righi cof the
surface wind, After Nansen's suggdestion EKman
(1%02) investigated this problem from a theo-
retical point of view and developed the Ekman
wind driven theory which predicted that the
current turned to the right with depth de-—
creasing expotentially, resulting in the so-
called Ekman spiral.The spiral was also first
quantitatively yerified from observation in the
Arctic ODcean, Hunkins (1966) some 60 years
after the theory had been formulated.anocther
interesting phenomenon, important for the deep
circul aticn
theory of bottom water formation, in the
Greenland Sea, published in the classical work
by Nansen (1%06) and Nansen and Helland Hansen
({1809 .

In more recent time during the last two
decades a series of large projectsculiminaring
in the Arctic Ice Dynamics Joint Experiment
{AIDJEX), Pritchard{ 1980) yielded considerable
understanding of the growth, motion and decay
of sea in the interior of the Arctic Dcean.
With these experiments concluded, and success
ful non-linear sea ice dynamic models 1n hand

in the Atlantic Ocgan was Kansein's
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Massachusetts Institute of Technology,Cambradge,
MassachuseLts,

U,5.A,

{Hibler 1979, Coon 1980}, artention shifted
to the problem of understanding the processes
which occur near the open ocean boundaries of

polar icefields (the marginal ice gone) and
which determine the advance and retreat of the
sea lce edge.

A workshop in Monterey in 1979, andersen

et alll%80) summarized the extent of the pro-
blems and the paucity of our knowledge 1n the
Seasonal Sea Ice Zones. Other reviews which
are dealing with physical eceancgraphy in both
the western and eastern Arctic and Subarcric
Seas are reported by Coachman and hagaard
{1974) and recently by Rey (1982},

In this paper we have selected te deal
with the significance of the marginal ice
zones [MIZ], a description of air-ice-ocean
interactive MIZ processes and models and a
brief overview of a multinational Marginal
Ice Zone Program (MIZEX) to be initialed :in

1982, in the Fram S5trait/Greentand Sea,
Johannessen et.al. {19837,
2. SIGNIFICANCE OF THE MARGIMNAL ICE ZONE

The marginal ice zone 1s a significant
region 1n two senses, firstly 2= a location
for man's activities and secondly as an im-
portant geophysical boundary zome involving
gnergy exchanges which reguire parameteri-
zation in larger-scale ocean-atmosphere modeis,

The MIZ 1s subject to fluctuations due to
short—term forcing (e.g. cyclone passages eddy
generation) and to longer-term factors
sonal and interannual}. Successful modelzing
and prediction of variations in 1ce edge po-
sition and ice concentration would be cof greas
value 1n furthering man's activities 1n the
regiecn. There are several areas of speclal
interest,

foeo-

2.1, Arctic Kavigation

Present
shore Arctic

and future developrents in cff-
@il exploration, in seaborne
transport of Arctlic resaurces le.g. ligquefied
natoral gas, iron ore), and in the supplying
by sea of rapidly growing ArchLic communities
all required a much better predictive capa-
bility for ice conditions. We need the ability
to predict the blockage or operaing of ports
and chennels, the opening or closure of shere
leads or large leads within the pack, changes
in the motion and concentration of Lhe ice,
and the development cf any ice edge anomalics.



Typical ice-strengthened cargo vessels, for
instance, can proceed even in multi-year ice
so long as the ice field is open, but en-
counter difficulties in censolidated pack of
any age. The richest fisheries in the North
Atlantic lie close to the ice margin, and the
development of Antarctic krill harvesting will
produce an increase in ship activity close to
the Antarctic ice edge; in both cases a pre-
dictive capability for the ice margin is highly
desirable.

2.2. Biology

The biglogical regime in the MIZ as
scarcely assessed at all, and a knowledge
af the impact of ice margln processes of bio—
logical productivity would ba of great value
to the develovpment of fisheries.

2.1, Haval COperations

The upper ocean in the MIZ is a region
of extreme acoustic variabkility as well as
having a high ambient noise lewvel due to ice
five c¢collisions. These effects interfere with
the propagation of underwater sound.

2.4. Climate

An indication of the wariability of the
MIZ in the Greenland Sea, both from month te
month and from year to year, is given by
Figure },which shows mean and extreme limits
for winter and summer over a lO-year period,

Az a geophysical boundary zone the MIZ
is unigue in the complexity of the vertical
and hoerizental air-sea-ice energy interaction
which take place there. In response to these
the ice edge moves hundreds of kilometers
north and south on a seasonal cycle. If the
physical processes which occur on the meso-
scale in the MI2Z can be parameterized and
included in large-scale models such that the
ice edge motion can be understood,the resulta
will be valuable not only to man's immediate
activities but also to the study of the hypo-
thetical response of the ice-covered oceans
to majer global disturbances, We would then
ke able to answer the gquestion: KRhere would
the ice edge lie 1f significant changes in
certain energy fluxes occurred l(e.g. effect
of a dust veil due to volcanic eruption or
metecoric impact, effect of a major increase
in €O, or other atmospheric pollutants?}

There have already been some empirical
studies which demonstrate a strong corre=-
lation between ice margin wvariations and
interannual atmospheric variability (Walsh
and Johnson 1980, Kukla and Gawvin 1981,
Vinnikov et al. 1381}, and CD, sensitivity
simultations by Bryan et al. (1982) and Manabe
and Stouffer (1979} which indicate how
strongly the insuvlating effect of sea ice
affects the polar regions' climatic sensitivity
To proceed further in these important areas
of research, it is esaential to have a bettar
grasp of the physical processes which govern
the ice edge position,

3. MIZ PROCESSES

3,1, Ice Dynamics And Thermodynamics

In the ice-covered oceans the growth,
drift and decay of sea ice significantly modi-
fy the atmosphere-ocean interaction. The main
effects are:
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i} modification of the thermal fluxes at
the air/sea 1lnterface

11) modification of the buoyancy (salt)
fluxes at the ocean surface
iii} modification of the surface albedo
iv) modification of the air-sea momentum ex-
change due to the ice interaction.
These modifications are particularly monounced

near the i1ce edge where the transition From
ice to no lce gccurs, and are further enhanced
by the fact that the ice edge is in dynamic
rather then static eguilibrium. Specifically,
in the presence ©f a free ice edge, advecrive
effects can transfer ice to the MIZ to be
rapadly melted,

The nature of the ice 1n the MIZ is
different from the interior pack, because of
its greater freedom of movement and also he-
cause it is broken up by incident waves and
swell into discrete floes which are small
{about 30 m diam] close to the ice edge and
which are larger at deeper penetrations where
the wave field has been attenuated, These
floes contain fragments of the originazl pressure
ridges which traversed them when they were in
the interior of the pack, but it appears from
submarine sgnar profiles that considerable
ercsion of the ridge keels has cccured. The
combination of less ridging with a greater
number of floe edges produces air-ice and ice-
water drag coefficients which are different
from the interjior pack and which seem, from
the slender evidence avalilable, to be socwe-
what higher (Johannessen 197C, Smith et al.
1970}, The characteristic floe size distribu-—
tion alsc affects the ice dynamics by deter-
mining the rate of the floe collisions by which
kinetic energy is redistributed within the
icefield, and affects the thermcdynamics lby
enhancing the melt rate in summer {(through
lateral melting around floe edges) and the
growth rate in winter {through the incessant
opening and closing of new open water areas).
Figure 2 shows a typical scene at a compact
ice edge composed of small floes broken up
by wave action.

3,2. Oceanography

Oceanngraphic conditions in the MI2 are
dominated by permanent and transient frontal
systems, by eddies, and by upwelling events
along the ice edge. Vertical fine structure
{10 m} and mesoscale {100 m} structures
formed by interleaving of Polar and Atlantic
Water intrusions are alsce freguently observed
in the Greenland Sea MIZ. These phenomena
interact with the ice pack and the atmosphere.
For example, salinity fronts off the ice edge
develop strongly during summer due to melt-
water input; eddies along the ice edge shed
ice off into warmer water, thereby providing
an ice export mechanism; surface boundaries
of ocean fronts will limit ice extension par-
ticularly during winter because the ice will
meélt when forced across the boundary into
warmer water by wind.Wind-driven upwelling
along the ice edge is dependent on the ice
roughness, the stability of the atmospheric
surface boundary layer, and the ice inter-
action. Furthermore, there is a strong Coup-
ling between the ice pack and the oceanic
mixed layer below it.

fronts may be strong and permanent, such
as the East Greenland Peolar Front which sepa-
rates the cold,low-salinity, scuthward-flow-



ing East Greenland Current from the more saline
water in the Greenland Sea, Fig. 3 more tran-
sient, such as ice edge meltwater fronts ob-
served north of Svalbard,Fig. 4. The wave
length of meanders cbserved on the meltwater
Eront is in the order of 20-40 km (Johannessen
et al. 1983}, while the meander scale of the
East Greenland Polar Front is longer 160-1Q0
km), Several investlgators, e,g. Perdue (1982)
have established that the location of this
front is correlated with the continental slope
in the Greenland Sea, thereby implying bathy-
metric steering.

Along the fronts and the ice edge, eddies
have been observed which develop from frontal
meanders. In the MIZ reqion north of Svalbard
the horizontal scale is approximately the
Rossby internal radius of deformation of 14
km fJohannessen et al., 1983, NORSEX Group
1983). Figure 5 and airborne SAR image ob-
tained in this area during the Norwegian Re-
note Sensing Experiments (NORSEX Group 1983),
shows eddies of this type being shed from the
ice edge., The image, obtained on a cloudy d&ay,
demonstrates the capability of aircraft radars
in collecting seguential mesoscale synoptic
information in the MIZ. Further down-streamin
Fram Strait and the Greenland Sea, larger
eddies of diameter 50 km or more are observed
{vinje 1977, Wadhams and Squire 1983} which
appear to be generated through baroclinic in-
stability of the pelar front. Our present
knowledge of the space and time scales of
these high-latitude eddie=s, and their gener-
ation, energetics and role in lateral heat
and mass exchange 1in the MIZ, is very Sparse.

Transient wind-driven upwelling along
the ice edge has been observed north of Sval-
bard: in winter by Buckley et al,{1979) and
in the fall by Jehannessen et al. {1983), In
the winter, Fig. 6, water was upwelled from
150 m depth to the surface in a lO0-km-wide
zone aleng the ice edge, thereby generating
two fronts, one coinciding with the edge and
the other parallel to the edge and 10 km. off,
firing the fall upwelling event, where the
vertical statification across the pycnocline
(located at 20 m) was very strong, only a
slight rise of the pycnocline, on the order
of a few meters, took place during a 2 1/2-
day 10 m-s = wind events, Fig. 7. The up-—
welling 1s believed to be caused by changes
in the wind stress across the ice edge due
to the variaticon of the air drag coefficient
between open water, broken ice floes and
smoother ice, and to stability variations in
the atmospheric surface boundary layer.

The planetary houndary layer and mixed
layer under pack ice have been the sukject of
several studies, such as those of Hunkins
{1966), McPhee and Smith {1976}, Maykut (1977},
Morison (1980) and Morison and Smith {1981).
All of these have taken place in the interior
pack, and it is expected that the boundary
layer and mixed layer in the MIZ may behave
gquite differently. For instance, the few mea-
surements of air and water drag coefficients
for MIZ ice suggest that they are greater
than over the interior pack or cpen water
(Johannessen 1970, Smith et al. 1%70), while
recent theoretical work by McPhee (1981)
suggest that in summer the water drag coeffj-
cient is very low because of the effect of
meltwater on the boundary layer. In the mixed
layer it 1s possible that one-dimensicnhal mo-
dels of behavior are no longer approplate be—
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cause of the large horizontal density gradients
which may introduce vertical welacity shears,
eddies or disruptions in the internal wave
field.

1.3. Meteorclogy

The principal atmospheric processes that
are important in the MIZ are those which con-
trol the exchanges of momentum, heat, molsture
and radiative energy between the atmosphere
and the ocean or 1lce surface,

Wingd stress 15 the atmospheric momentum
flux at the surface., [t contributes to ice
drift, wave and current generation, and
mixing 1n the upper ocean. The magnitude and
directicon of the stress are determined mainly
by the gradient of sea level pressure and the
stratification and shear in the atmospheric
surface layer and planetary boundary laver.
Many features of the sea level pressure dis-
tribution are controlled by synoptic-scale
and planetary-scale dynamics, Other features,
however, are dependent on boundary layer ex-
change processes and mesoscale carculation
features, thus creating a feedback between
the pressure f1leld and the stress field. Wind
stress may alsce be coupled to changing sur-
face roughness, notably in the case of wind-
generated waves. Critical MIZ problems invelve
determining the wind stress under a wvariety of
synoptic conditions, stratificatiops and
reughness characteristics.,

The sensible heat flux to and from the
atmosphere strongly influence ice growth, the
temperature of the ocean surface, and con-
vection in the upper ocean. Its magnitude and
direction are a function of the temperature
difference between the atmosphere and the sur-
face, and, as in the case pf stress the de-
tails of the turbulent transfer are dependent
upon atratification and shear in the surface
layer and planetary boundary layer. In some
casas, however, as when deep convection 1s
generated during air mass modification, there
may be strong vertical coupling between the
surface and the mid-troposphere.Feedback may
be involved if this convection further influ-
ences synoptic development. Relevant MIZ pro-
plems involve relating the sensible heat flux
to the ambient synoptic cenditicens and bound-
ary layer characteristics.

The physics of water vapor transier (eva-
poration and condensation) are analegous *o
those of sensible heat, and all the preceding
remarks apply. Precipitation, usually rain ar
snaw, enters MIZ problems in several ways.
Precipitation over the pcean decrcases the
saliniiy of the mixed layer and affects ther.-
mohaline convection, and over 1lce may cause
melting or a change in surface wetness. 3now
over ice surfaces wusually rauses an albedo
change, and strongly influence the heat tranz-
fer by conduction: 1t may also slightly altcr
the surface roughness.

The solar and intrared radiative fluxas
are large terms in the energy baiance ol both
the oceasn and the ice. Both guantities are
critically dependent on cloudiness, and to =z
somewhat lesser degreee opn atmospheric con-
stituents, especially water vapor, carbon
dioxide and aersscls. Blbedo variations, es-
pecially osver heterogeneous snow-i1oce-water
surfacees, influence the short-wave fluxes,
while variations of infrarted emissivity offect
the long-wave balance. The MIZ radiataive pro-
hlems 15 chiefly one of menitoring the {luxes



at the surface together with the ambient cloud
and moisture conditions.

There are numerous topographic consider-
ations, mainly involving the Greenland land
mass. These invelve all scales, ranging from
katabatic effects in coastal regions to large-
scale, orographically induced cyclogenesis.

Most of the atmospheric processes listed
above are coupled to one another through a
variety of complicated mechanisms.

4. MODELS

A coupled mescscale ice-ocean simulatiocn
of the MIZ has not yet been carried ocut. Some
ice model simulations have been done for the
Greenland Sea using Hibler*'s 11%79) dynamic
thermodynamic sea ice model to predict sea-
sonal and interannual variations in the ice
edge position {Hibler anmd Walsh 1%82), and to
predict week-to-week variations in ice driit
and compactness {Tucker and Hibler 1982). The
large-scale simulations (Hibler and Walsh
1992} vielded a seasonal cycle with excessive
amounts of ice in the North Atlantic during
winter and with somewhat excessive amounts of
open water in the cantral Arctic during
summer. The poor fit to the Atlantic ice mar-
gin in winter is likely partially due to the
neglect of lateral oceanic heat transport,
since the ocean portion cof the model consisted
of only a fixed depth, motionless mixed layer
together with an upward oceanic heat flux.
However, a Similar model has successfully
simulated the seasonal cycle of Wedell Sea
pack ice (Hibler and Ackley 1%81) 1indicating
that there may be considerable asymmetry be-
tween the oceanographi¢ characteristics in
the different hemispheres. In general these
results emphasize the need for carrying out
more fully coupled ice-ocean simulations in
the marginal ice zone regions.

To medel ice Arift, growth and decay it
is important to understand the nature of the
ice rheology. In the MIZ the ice cover is
motre fragmented than ice in the central pack,
with substantial variations in cofmpactnesas.
These MIZ characteristics have an unknown
effect on the ice dynamics., Of particular
interest is the role of internal ice stress
as compared o wind and water stresses on
the ice drift. On the large scale the internal
1ce stress has a rectifying effect on motion
in the marginal ice zone. In particular, under
on-ice-winds, this stress tends to reduce
further convergence after the ice has been
sufficiently compacted, Qff-ice winds, on the
other hand, can cause motion with little ice
registance. Such features are characteristic
of the plastic rheologies used 1n large-scale
medels (e.g. Hibler 1979, Coon 1980). However,
superimposed on such a rectifying effect,ran-
dem bumping or rotation of flces may produce
an effective pressure term. Reed and O'Brien
{1981) speculate that such an unconfined
pressure may be a mechanism causing a jet-
like motion at the jce edge. In addition,
mesoscale simultations by Hibler et al.(l582)
show the presence of wave effects during ice
building. To methedicailly examine the role
and effect of these rheology features on ice
edge growth, drift and decay further numerical
simulations are needed. Such studies can be
carried out using the viscous plastic model
developed by Hibler (1379}, This numerical
model provides for the simulation of a highly
nonlinear ice interaction empleying an arbil-
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trary shear to cempressive strength ratio, and
an unconstrained pressure term of adjustable
magnitude.

The specific problem of the ocgan re-
sponse to wind forcing in the MIZ has been
approached through analylical work inveking a
stationary and inactive ice cover, which read-
i1ly allows ice edge upwelling {(Gammelsred el
al., 1975, Clark 1978). However, direct obser-
vation of the MIZ reveals a highly mobile
rather than inactive ice cover, and emphasizes
the need for a coupled ice-occean model .Meso-
scale numerical models, coupling sea ice and
ocean (Rged and ©'Brien 1%83 ) and including
thermodynamic processes, arc under development,
They will be used in studying the influence
of a moving ice cover on the oceanic circu-
lation in the MIZ on short time scales of a
few days to a few weeks.

There is also a need for more complete
models of the atmospheric winds. One approach
in this regard is to study the mesoscale wind
and surface flux fields employving planetary
boundary layer (PBL] models. Models for ob-
taining the surface flow, stress and heat
fluxes with respect to large-scale parameters
of pressure and temperature fields were deve-
loped during AIDJEX {(Brown 1974, 19Bl). The
model developed by Brown adapted to the ocean
in connection with GOASEX and JASIN for remcte
sensing surface truth studies (Brown and Liu
1981}, In these experiments, madel fields were
shown EP agree wi%? polnt measurements to
+2ms ad - 207, These surface truth com-
parisons are discussed by Brown et al (19Bl}.
The geostrophic flow {derived from the sur-
face pressure field) is corrected for curva-
ture effects and thermal wind. It is used as
the boundary condition on a two-layer samilar-
ity sclution for the PBL flow. Corrections are
included for stratification effects in both
layers, secondary flow in the outer layer,
variable surface roughness and humidity
effects.

The mesgscale eddies which occur along
the ice edge have already been subjected tao
laboratory modeling (Griffiths and [.inden
1981 a,b), but further numerical medeling 15
required in order to understand this pheno-
mencn. We plan first to examine the dynamics
of irolated mesoscale eddies found in the MIZ
region through the use of an existing two-
layer dynamical numerical meodel (Smith and
Q*Brien 1982}, The roles of topography, ver-
tical eddy structure, variable fricticn and
lateral boundaries can all be addressed with
the model, and there is the pessibility of
incorporating thermodynamics, More complete
studies will likely involve the coupling of
a nonlinear dynamic-thermodynamic sea 1ce
model to an eddy resclving baroclinic ocean
model .,

On a smaller scale, ocean waves are iw-
portant in breaking up the ice in the MiIZ, and
long swell may be effective up to 50-60 km
inside the ice edge, Present models of the
interaction of waves with an array of discreie
ice floes (Wadhams 1982) are based on scatter-
ing mechanisms and are successful in predic-
ting the wave decay rate so long as the pack
1s not consolidated. They cannot, as yet, pre-
dict wave refraction within the pack or the
form of the energy spectrum reflected back
out into the open water. The flexural response
of floes to waves ¢an also be modeled success-
fully (Goodman et al. 1980} and used to pre-



dict the maximum floe size that can occur at
different penetrations into the ice pack under
a specified incident wave spectrum. The actual
nature of the flow size distribution within
this maximum size limit is not predictable as
yet, but has been measured empirically.

To summarize, several of the mesoscale
MIZ processes are poorly described theoreti-
cally. Regicnal models exist which will
couple a uniform depth mixed layer both to the
ice and to the deep ocean but have not been
numerically investigated. In addition there is
a need for development of a medel for the
Greenland/Norwegian Seas, employing a mote
comnplete treatment of the mixed layer. Such
studies, will help in the understanding of
the physical processes which cobtrol the East
¢reenland and West Spitzbergen Currents and
the ice edge position.

5. SCIENTIFIC QUESTIONS

The foregeoing discussions of processes
and models suggest that the following scien-
tific guestions are of major impeortance and
need to be addressed in the MIZEX experiment.

5.1.

* fhat are the roles of the internal ice
stress, floe-flce interaction, wind and
water stresses, inertial-tidal forces,
and wave farces in MIZ ice~dynamics?

* Are lateral variations in vertical heat
fluxes more important than lateral oce-
anic heat fluxes in determining the ice
retreat?

* How doea ice advection caused by general
circulation such as the East Greenland
Current by eddies, ice bands and stream-
ers, influence the retreat of the ice
edge?

Ivre Dynamics And Thermodynamics

Ice Topography

* How does the ice thickness distribution
vary with distance from the ice edge?

* What i5 the role of waves in the distri-
butions of floe size and ice roughness?

Oceanography

* What is5 the three-dimensienal structure
of the fronts (East Greenland polar
front and meltwater fronts} in the Fram
Strait and Greenland Sea marginal ice
zones? What is their temporal and spa-
tial variability over a period of days?
What is the relationship between the
fronts, the ice edge and the bathymetry?
How do instabilities, eddies and fine-
structure oc¢cur in relation to fronts?

* What are the characteristics of the eddy
field in the MIZ with respect to space
and time scales, energies, generation
mechanisms, propagation and role in
lateral heat and mass exchange?

* How prevalent is upwelling along the ice
edge? How does it relate to the wind-
stress varlation across the edge and is
it important to the dynamics and thermo.
dynamics of the ice edge region?

* How do the momentum |, buoyancy, and heat
fluxes in the oceanic mixed layer vary
with varying ice ceonditions (melting
rate, concentration, floe size, etc.)?

* How does meltwater input affects strati-
fication and the upper layer circulation
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in the MIZ? Does the meltlwater, for ex-
ample, generate a jet-like current aleong
the ice edge by analogy with coastal
currents, with fresh water inputs from
fjords and estuaries?

* How does the internal wave field differ
under pack ice and in the open ocean?

* What is5 the role of vertical fine-struc-
ture in the transfer of properties acrocss
the front?

Metecrology

* How do the bulk acrodynamic coefficients
change with the ice conditions and atmos-
pheric surface layer stability in the
MIZ?

* Is there a strong coupling between the
ocean mixed layer and the atmospheric
boundary layer in the MIZ?

* What is the horizomtal distribution of
the surface wind stress and heat fiux
and how are they influenced by the ice
pack, broken ices, open water and the sta-
bility in the atmospheric surface layer?

* What 13 the relationship between synoptic
scale meteor¢olegical parterns and wind
flow adjacent to the MIZ?

* Are there jet-like structures in the
surface winds near the ice margins and
how are they driven?

6. MARGINAL ICE ZONE PROGRAM (MIZEX)

As & result of & workshop 1o Voss Morway,
1n 1980, and subseguent mectings, a program
emerged which has two complementary aspects.
The overall problem of understanding the
annual and interannual variability of the
polar ice margins, and of relating these to
the large-scale behavisr of the atmospheric
and occean circulations, is tc be addressed by
a long-term mopitoring and modeling progran
described in an asscoclated document (Air-Sea-
Ice Research Programs for the L2%§0's, Unter-
steiner 198B2). Nested within this program will
be a mesoscale experamental program Yo study
specific physical processes occuring within
the MIZ and to develop models of these pro-
cesses, This is known as the Marginal Ice
Zone Experiment {MIZEX), Wadhams et al. 13B1,
Johannessen et al, 1983. Fssentially, MIZEX
15 telated to the large-scale aspects of the
Alr-Sea-Ice (ASI1) Programs as GATE was re-
lated to FGGE.

The vast extent cf the Antarctic ice
edge, 1ts great zonal and sedscnal variation,
and the absence of land boundaries all make
the Antarctic the ideal area for a MIZEX ex-
periment. However, 1ts remoteness 1ACI€AREs
greatly the cost of multiship experiments
with aircraft remote sensing support, s 1n
the first instance it was decorded that MIZEX
should take place in the Arctic ares of
greatest importance thermodynamically, i.e,
the region north and west of Svalbard. Fram
Strait handies most of the heat and water ex-
change hetween the Arctic Ocean and the rest
of the world and therefore 1s a crucilal area
far studying energy 1nteractions acrass the
ice margin. The shallow Bering Sea, which 1=
a MIZ of gquite different characier without
large veloclty shear, is to be studied ik A
porallel program beginning 1n eariy 1983
{Marrin et al. 19382) and sharing Wany person-
nel, instruments and experimental confeopts
with the Fram Strail /Greenland Ses MILEX.



Physical processes in the MIZ are diffe-
rent in winter than in summer, and experiments
in both seasons are needed. The first major
experiment is teo take place during a six-week
period from mid-June to the end of July 1984,
and is to he preceded by a shorter study in
1983. The dates are chosen to caver the melt
period and the transition to summer ice dy-
namics, and the 83 study is designed to test
wheter the scales for the experimental
arrays, and the copperative measurement pro-
cedures, are appropriate for yielding the
maxiomum amount of information. The winter
experiment will follow in 1987.

The experiment is designed as a drifting
one in which an area some 200 km sqguare en-
clasing the ice edge is selected for inten-
sive investigation. The center of the area
i5 & ship moored to the ice some 30-50 km
inside the ice edge and serving as the base
for an array of transponders to measure ice
deformation as well as for experiments on
ice properties, the atmospheric boundary
layer and the upper ocean. Other =ships are
dedicated to studies deeper inside the pack
{requiring a heavy icebreaker), at the ice
edge iteelf (where fronts, eddies and ice
edge features will be mapped! and in the open
water outside the ice ede, The work of these
ships will be coordinated by s coordinator
aboard one of the vessels, and the cencept
of following the downstream development of
the MIZ ice will be combined with a fixed
geographical grid for CTD measurements of
ocean structure.

fegular remote sensing flights will map
the “meving box" with synthetic aperture
radar, passive microwave sensors and cameras,
and will transmit imagery of the ice edge
elther directly to the ships by downlink or
indirectly via the Tromsg Satellite Station
in neorthern Norway, which will be the commu-
nication base for the experiment. As well as
being a tool to assist in the experimental
scheme, the remote sensing program i1s de-—
signed 1o increase our knowledge of the ac-
tive and passive microwave aignatures of sea
ice in summer. The focus of the remote
senging experiments is on use of microwave
BENBOrs since they permit observation of
ocean and ice surfaces through clouds. In
spite of much research conducted in respect
to microwave detection of sea 1ce during the
last decade, i,e, BESEX, Gloersen et al,
11975), AIDJEX, Campbell et al. (1979), and
NORSEX Group {1983), very little work has
been done during the summer season. Many am-
bigulty problems are known to exist at this
time of year due to snow melt and continual
refreezing of ice surfaces. For example,
passive microwave technigues yield good esti-
mates of ice concentration when the ice is
frozen (Svendsen et al 1983), but we are not
sures how well this technique will work for
wet ice. Another example is the SAR obser-
vaticns, This technique presently provides
information about the ice edge and structure,
as well as surface and internal waves in the
ocean, However, we have not yet shown how
useful the SAR is for estimating ice concen-
tration and ice floe distribution during
summer, and for locating fronts and eddies in
the open ocean off the 1ce edge in cold water,

The scales of the arrays employed, and
the set of measurements to be made, wiil be
governed by the needs and results of MIZ mod-

136

deling studies which are already being co-
ordinated through a MIZEX Modeling Group.
figure 8 shows a possible area that will be
traced out by the ships and arrays during the
six-week pericd of the experiment, assuming
initial deployment northwest of Svalbard. The
initial region, area 1, is a zone of rela-
tively low ice advection with normally a
compact and well-defined ice edge, while once
Fram Strait is encountered (area 2] the ice
drift in the MIZ becomes much more rapid and
the ice edge is likely to be more irregulax
and complex in form.

At every atage MIZEX 1s planned to be
closely coordinated with other experiments
in the region. As the ASI program develops,
MIZEX w1ll be able to define the major energy
interactions which must be parameterized for
use within largerscale grid of the ASI prograa,
A Fram Strait Monitoring Program has been
proposed, sponscred by the Comité Arctigue and
funded by industry, which, if successful, wilkl
begin in 1984 with a large number of fixed
moorings and remote sensing flights across
Fram Strait. MIZEX will cooperate closely with
this program to achieve maximum scientific
value and avoid duplication of facilities.
Lastly, the ships of MIZEX can provide a uni-
que platform for important biological and ac-
oustical studies in the MIZ region, and plans
for such programs are being submitted in as-
sociated documents by Dyer (1982) (acoustics]
and Dunbar {1982} {biology!}.

7. ACOUSTICS AND MIZEX

Portions of the research program relate
directly to goals of MIZEX, are described
here, The overall acoustics research effort
1s described in a seperate document (Dver
i9\82),

The advent of powerful array and other
signal processing technology via the micrd—
processor has revolutionized acoustics re-
search, Of particular value to M!Z research
is the potential of tomographic sensing of the
mescacale eddy field and the potential of
wide-area mapping of ice-cover roughness, Both
are synoptic in c¢haracter, and can be repeated
either continuosiy or on a schedule governed
by the temporal scale of each process,

Acoustic tomography was first suggested
by Munk and Wunsch (197B), and the first pilot
experiment was carried forward by them and
their collaborators in 1981, Preliminary re-—
sults {Spindel 1980} have high promises of
mesoscale eddy delineation in the open ocean.
In the MIZ eddy scales are expected to be
considerably less than those at lower lati-
tudes and acoustic paths are expected to be
of considerably different character than
those encountered in the first tomography €x-
periment, For these reasons acoustic research
in the MIZ will focus upon path identifi-
cation, signal stability and coherence, and
signal degradation associated with ice-related
neise and rough surface scattering. Such
knowledge is essential to reascned deployment
of A MIZ teomegraphic system {Spiesberger et
al. 1%8, Spindel 1980), and will begin to be
acquired in the 1983 experiment. A preliminary
tomographic experiment may well be sensikle
for the 1584 Greenland Sea MIZEX, but more
likely further work will be required on path
identification, and on éenvironmental parametrers



affecting system design. We can reaaonably
expect deployment of & tomographic system for
the follow-on MIZEX winter experiment, and
useful but partial data on eddy structure for
the 1984 summer experiment.

Wide-area mappLng of ice roughness was
first proposed by Dyer (1981}, based on acous-
tic backscatter results of 1978 and 1980 Arctic
experiments. Such datg delineate areas of ice
cover in excess of 107 km2, and a similar
technique coeld readi1ly cover the planned MIZ
cell (4 x 10" km?)., The experiment in 1983
would be used to test a new drifting sensor
technology reguired for array processing, to
compare preliminary roughness synopses with
direct measurements of 1ce roughness in a few
localities, and to optimize system configu-
ration based on envirenmental effects such as
ice-related noise and rough bottom scattering.
We do not know how well such a system can dis-
criminate rough open water from rough ice, and
ultimately doppler processing may have to be
vsed to do so. We do believe, however, that
smooth open water, such as in large leads and
pelynyas, can be discriminated. These guest-
ions could be addressed in the }98B] experiment,
but more likely would be in the 1984 summer
MIZEX, when a larger array with more useful
resclving power would be deployed. We can
reasonably expect the summer 1%84 MIZEX to
result in ice roughness synopses in coordi-
nation with aircraft-acquired imagery and
direct ice measurements.

Ice roughness backscatter might vield
estimates of rms roughness depth, correlation
radius and/ar number cf rougness elements per
unit area, depending upon the model applied
to the data. Thus the 1984 MIZEX includes an
appropriate ice backscatter modeling effort
whigh, in collaboration with other MIZEX re-
searches, would lead to a validated model.

Recent research also points to the po-
tential of ice-cover forward scatter as a
different way to extract roughness (Medwin
et al. 1979}, In certain regimes the forward
scatter Biot boundary wave can be measured to
extract the roughness-volume unit area., While
not a synoptic technique, forward scatter
experiments along a single line would serve
as a valuable check or adjunct to the back-
scatter results. Such forward scatter experi-
ments are planned for the 1984 MIZEX.
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Fig. 1. Mean and extreme sea ice limits at the end

of February and July for the years 1%6/1974(Vinje 1377},
The extreme range for 3/B sea i1ce s bounded by tLde
dotted areas, while the thick black line is the

median limit for the decade and the dashed line is

the 1975 limit.

Fig. 2. A typical compact ice edge. showing small floes
about 20-40 m in dliameter,
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Fig. 3. Surface temperature in the Greenland and
Norwegian Seas, summer 1958 (from Dietrich 1969).
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Fig. 4. Surfare temperature and salinfty mapped by R/V Polarsirkel on

1 0ctobgr . Thin lines indicate ship track.and hatched areas indicate
grease ice.Crosses indicate the frantal boundary interpreted from the
SAR 1mage the same day {(from Johannessen et al. 1983).
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Sections drawn from CTD casts made at 13°E on December 21,1577
{after Buckley et al. 1973) (a)
el

Fig. 6.
showing upwelling near the ice edge
Temperature . degrees Celsius: {b}salinity parts per thousand:

density in units aof 09
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F19. 8. A possible area swept out by the experimeftal box in
weeks, assuming a mean advection rate of 10 cm s
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ARSTRACT

Numerous theories concerning the tectonic
evolution of the Arctic Ocean have been proposed.
The nesrly constant and continucus Iice cover makes
sarine geological and geophysiral reconnaisance of
the arceic extremely difficulr., Aeromagnetic data
collecred by the Naval Research Laboratory and hy
Russian sclentlets have allowed us to understand the
recent tectonic evolution of the Buraslan Basfn. The
imerasian Bagin has not produced unambigucus magnetic
anomaly data and is etill open te much speculation
toncerning its age and mode of evolution.

We review most of the current tectanic inter-
Precacions for the evalution of the Arstic. The
three separate classes of models propesed for the
4rcric Inelude: oceanization of continental crust;
entrapwent of oceanic c¢rust by the motions of the
cant Inents surrounding the Arctic; and production of
wceanic crust in situ. While most tectonophysicists
suppoert the theory of creation of oceanic crust in
sitw in the Arctic they propose different directions
and ages for the occurrence of seafloor spreading in
the arctic particularly in the Amerasiac Basin.

INTRODUCTION

Unlike the other oceanic reglong of the earth, the
Arctic ocean does not yet have a generally accepted
tectonic history. 1In the north Atlantic region between
the equator and 50°N, the plate motions of the North
dmerican, Eurasian and African plates have heen
determined from magnetic snamaly correlations (Pitman
and Talwani, 1972), We know with a reasonable degree
of certainty that North America has been moving away
irom Euraefa at (0.23]1 degrees/million years about a
pale at 65.85%%, 132.44°%E and from Africa at .258
degfm.y. about a pole at BO,43%N, 56.36°FE (Minster and
Jordan, 1978), These rates and dirartions for the
three plates can be determined or estimated for the
last 150 Ma and the spreading center has always been
2long the Mid-Atlantic Ridge since the megacont inent
Laurasia began to break up approximataly 1B0 Ma.

Deteraining cthe past and present motlons of
<ountinents and the age of oceanic crust has generally
xelied on the identification of marine magnetic
anoal ies, the trend of fracture zones that cross the
epreading centers at a high angle, fault plane
molutions for earthquakes along plate boundaries and
information obtained by holes drilled into oceanic
crust and sediments by the Deep Sea Drilling Project.
Since it is continually covered with ice, no heles have
teen drilled in the deep basins of the Aretic Qcean.

7

Congsequently, we have vo direct determination of the
age of the initlal sediments deposited om oceanic
crust, Uncil the aercmagnetirc data repoerted by Xaval
Research Laboratory personnel (Tayler et al,, 19%61;
Vogt et al,, 1982, Vogt et al,, 1979; Vogt and Ostensa,
1970; Vogt et al,, 1981} and by Karasik {1973, 1974},
we have had no magnetic anowaly framework from which to
tuild a tectonic model for the Arctic. Unfortunately,
as will be discussed later, only one section of the
Arctic can be tectonically resclved with the available
aeromagnetic data.

Earthquake epicenters largely cutline present day
plate boundarfes and since the establishment of the
World -Wide Standardized Selsmograph Network (WWSSN),
the present-day active plate boundary betwween Eurasia
and North America ls now obvious. The bathymetry of
the Arctic Is still poorly knowm but the major features
have prohably been determined, Submarines and manned
ice Islands have contributed substantially ts our
knowledge of Lhe bathymetry of the Arctic Ocean.

The most striking bathymetric feature of the
Arctic Ocean is the Lomonosov Ridge which runs from
close te the north end of Ellesmere Tsland nearly
through the geopraphical norch pole and ends near the
Novosibirsk Islands, The maln bathymetric features of
the Arctic Ocean are shown in figure !. The Lomonocsov
Ridge divides the Avctic Ocean into the Eurazian Basin
and the Aserasian Basin. The Eurasian Busin contaias
the northern extension of the Mid-Arlantic Ridpe
spreading center, The ridge section in the Eurasian
Risin iz known as the Arcric Mid Ocean Ridge, the
MNansen Pidge, the Gakkel Ridge or the NHansen-Gakkel
Rldge. The Nansen-Gakkel Ridge splits the Evrasian
Fasin intoc the Mansen Basin along the Furasian pargin
and the Fram or Amundsen Basin between the Wansea-
Gakkel Ridge and the Lomonosov Eidge.

The Amerasian Basin is bounded by the Lomonosov
Ridge on the north, the Queen Elizabeth Islands of
Arctic Canada on the East, the MacKenzie Delta znd the
North Slope of Alaska on the sourth and the Easc
Stberlan 5ea shelf on the west. The Alpha-Mendeleev
Ridge divides the Amerasian gasin into the Canada
Basin tu the esouth and rhe Makarov Basin between the
Alpha and Mendeleev Ridges and the lomonosov Ridge to
the north,

Tectonic Models

There have heen three different classes of models
proposed Eor the tectonic evolution of the Arctic
Rasin; cceanization of continental crust, entrapment of
old oceanic crust and the formatlon of vceanic crust im
situ.  As recently as 1976, Pogrebitskiy (1976) and
Pushcharcvskly (19763 have roiterated the Russian held
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Fig, 2. Spreading half-rate (lower curves) and tetal openlng rate
(upper curves) as a function of time for segnent of Eurasia Basin
reported here. Curves were derived by graphically differentiating

age versus distance curves firted visually to idencified wmagnetic
lineatians and their distance from axis, Approximate plate roration
rates {left scale, in radians per 1ge Years, assume constant interplate
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{1974}, shown by stepped curve, is in general agreement., Modified
from Vogt et al., 1979,
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view popularized in this country by Beloussov {1970) of
oceanization of continental crust to explain the
trangformation of continental into oceanic crust.

The Lomonosov Ridge

Except for those people who wish to explain all of
the Arctic Ocean as having resulted from subsidence and
transforwation of continental c¢rust, most other
rescarchers in Arctic tectonics agree about certain
thinga. The first is that the Lomoncsov Ridge is a
continental fragmenct, Mair and Forsyth (1982) recently
presented persuasive seismic refraction results that
show the Lomonosov Ridge te be seismically similar to
the Eara Sea and Barents Sea shelf region. The idea
that the Lomonogov Kidge was rifted from the Barents
shelf was originally proposed by Heezen and Ewing
(1961). Even earlier,Ostenso (1960) had suggested that
the Lomonosov Ridpe was continental because ir lacked
the strong magnetic anomzly found over other oceanic
tidgee., Wilson (1963, 1965), Demenitskaya and Karasik
{1969}, Vogt and Osntepso (1970}, Ostenae and Weld
(1971}, Pitman and Talwani (1972) and Ostense (1972}
have all added geophysical evidence to reinforce this

20" [l 19* 5°

o 5 [0 15 200

idea, Ostense (1972) presented a seismic protile
obtained from the drifting ice island ARLIS-11, which
showed the obwlous differences batween the lomonosov
Kidge and a normal seafloor spreading ridge. The
elevated topography and the thick sediment cover on
the ridge are much too shallow to be normal oceanir
crust when judged with respect to the P'arsons and
Selater (1977) age-versus—depth relationship for
cooling cceanic crust.

Many authors have reiterated the idea that the
Lomonosov Ridge is a continental fragment because
reversing the spreading on the Nansen-Gakkel Ridge
would close up the Buragian Basin and fic the Lomuno-
sov Ridge sgainst the Rarents-Kara shelf. Savostin
and Karasik (1981) have recently suggested the presence
of a rhird plate, the Spitsbergen plate, whose relative
motlons produce an even hetter closure of the Eurasian
Rosin. They calculated a present day pole of rotarion
fur Morth America with respect to Furasia to be
59.4894, 140,817 and a rate of opening to ba .189
deg/m.y. This pole is 6° south of that found by
Hinster and Jordan (1978) and the rate of opening is
18% slower. GSavostin and Karasik {1981} calculated
the rate by Eitting identified magneric lineations
aleng the Nansen-Cakkel Ridge,

2% 30°
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150 1o® &

Fig. 3. ldentified magnetic lineations in Norwegian-Creenland Sea.
1977 with permissicn frow the Geologlcal Socilety

Talwanl and Eldholm,
of America Bullegin.
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The Furasian Hasin

Vogt et al., (1979} posttively identified anomaly 24
(55 Ma) tn the Furasisn Basin but stated that it is
difficult to make any correlatfons between Anomaly 24
and the shelf edge or the Lomonosov Ridge. They did
find the Nansen—Gakkel Ridge to be remarkably unconm-
plicated with only a very few short trangform faults
and no evidence of jumped spreading centers, In
addition, they found the spraading rate on the north
flank of the Nansen-Gakkel Rldge to be consistently
elower than that on the Burasisn mide of the ridge.
Figure 2 taken from Vogt et al,, {1979) shows the
varlation in epreading rate on the Nansen-Caklel Ridge
with time and the difference in apreading rate on the
tw sides of the ridge. As can be seen from their
figure, thelr results are very close tg thoge found by
kKarasik (1974} although Karaaik attempted to extra-~
polate the spreading history back to 70 Ma while Vogt
et al, (1979) stopped 1t at Ancaaly 24 time or 55 Ma,
Savostin and Karaelk (19891) detail much of the
geophysical evidence concerning the opening of the
Evrasian Baein and the way that the opening fs related
to extenslon along the Mid-Atlantcic Ridge in the Green-
land and Horwegian Seas, Talwani and Eldholm {1977}
identifled the magnetic avomalies found in the
Norweglan-Greenland Sea and suggested that the oldest
identiffed anomaly is ancmaly 24 (55 Ma)., Unfortun-
ately, nerth of the Greenland and Senja fracture
zones, (see figure 3 taken from Talwant and Eldholm,
1977) there are no identified maghetic anomal ien
and the trend of the spreading ridge changes abruptly,
Eldhclm and Talwani (1977} Buggest that motion along
the Greenland-Senja Fracture Zone was transform
until 38 Ma when seafloor spreading began along the
Knipovich Ridge. Savostin and Karasik (1981) explain
off axie earthquakes along the Knipavich Ridge zs
being indicative of a boundary of the Spitsbergen

ceivable, particularly since Srivastava (1578} claims
thet seafloor spreading in Baffin Bay did not commence
until Anomaly 25 time (see Figure 5 taken from
Srivastava, 1978) that rifting between Eurasia and
North America at anomaly 24-25 time was extremely
complicated. Rifting along the Mid-atlantic Ridge
north of the Greenland-Senja iracture zones oight

have conslsted of extension on the Barents shelf much
like Savostin and Karasik (1981} suggest is currently
happening on the eastern boundary of thetr Spitsbergen
microplate In two of their modeis. Motion at that time
on the Barents shelf might have opened the North Cape
Baain which Eldholm and Talwani (1977} diacuse. At
the same time, seafloor spreading in the Labradar Ses
extended inte Baffin Bay and must have been translated
along Nares Strait into the Eurasian Masin from the
weol. The Labrador Sea and Baftin Bay extension

died out at about anomaly 20 tilme (4B Ma) and seafloor
apreading may have shifted from the suggested extenslom
on the Barents shelf in the North Cape Baain to the
Knipovich Ridge. The Nansen-Gakkel Ridge appeare to
have spread In a reascnably coherent manner during

the period from anomaly 24 to anomaly 20 (Savostin and
Karasik, 1981 and Vogt et al., 1979) as did the Mid=~
Atlantic Ridge In the Norweglan-Greenland Sea {(Talwani
and Eldholm, 1977). aAfter anomaly 20, the Lomonosow
Ridge moved away from Eurasla at the same rate as
Greenland. Prior to anomaly 20 time, Greenland and
Spitsbergen may have formed a small plate that woved
independently of both North America and Euragia, A=s
will be discusged later, 1f Greenland is nat maved back
towards North Amerlica, in effect closing up Baffin Bay
between anomalies 25 and 20, there is an unacceptable
overlap of Greenland with Furasia when the Eurasian
Bagin 1s closed.

The Amerazlan Basim

While the Eurasian Basin appears to fit most

microplate. Figure ¢4 shows the gecmetry of chree plate tectonic models concerning the creation of
varisnts of their Spitshergen microplate. It is con- oceanlc crust at a geafloor spreading center, the
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Arrows show glip direction ag plate boundaries,
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Fig. 5. Aeromagnetic profiles plotted along flight

path acrosa Baffin Bay and Davis Strait. Syntherdie
igochrons show the correlation of anomalles between
tracks. Synthetic profile generated along a flow
line through the northern Baffin Bay is shown by
dotted line together with the rate of spreading in
millimeters per year. The thick stippled area in
the south marks the positien of a linear fealure
whose direction coincides with the direction of

the plate motions in this region. Taken from
Srivastava, 1978 with permission from Blackwell
Selentific Publications, Led.

origin of the Ameraslan Basin remains uncertain,
There are three classes of scenarlos for the creation
of the ocesnic crust Found in the Asmeraslan Basin.
The first, already mentioned, Is the view held by a
few Russian oceanagraphers that the cceanic crust of
the Amerasian Basin was oceanized in situ from
continental crust, The second class of scenarios
holds that the oceanic c¢rust of the basin origloated
in the Pacific and was trapped in its present positien
by continental plate movements, The last idea is that
the oceanic crust formed in situ sometime between the
middle Paleczolc and the Tertiary,

The second model, which assumes that the oceanic
crust in the Amerasian Basin was trapped there, has
been most often expounded by Churkin (1969, 1973;
Churkin and Trexler, 1980, 1981}. Figure & chow= one
of Churkin and Trexler's (1980) paleogeographic
reconstructions, according to which, what is now the
Ameraslan Basin consists of the Proto-Pacific (Kula)
ylate, The Kelyme block of Siberia is postulated to
have been rafted into the region and to have docked
with Siberia during tbe Early Cretaceous. Subse-
quently the Atlantic opened in lLate Cretacecus time,
and North America including the Brooks Range and its
extenslon into northeastern Siberiz, the Chukotsk
reninesula, moved northwest and sutured against the
Kolyma block, This collision isolated an old piece of
the Kuala plate shown as {1) in figure 6 and thereby

LY

formed the Arctic Basin. Other pieces of the Kula
plate, trapped later south of the Arctic would include
the Yukon=Koyukuk reglon of west central Alaska (2}
and the Bering Sea (3). While magnetlc anomaly
{dentifications in the Bering Sea are held to support
the entrapment idea (Cooper et al., 1976), langscth ct
al., ¢1980) argue cthat heat Flow in the Bering Sea
necessicates rifting in that basin after initiation of
subduction along the Aleutian trench {(Grow and Atwater
1970) and consequently that most of the Bering Sea is,
in fact, a back-arc basin and not trapped Kula plate.

The third class of models concerning the
formation of the Amerasian Basin comsiders that it i1s
underlain by oceanlc crust formed in situ., Two major
features af the Amerasian Basin are pertinent to any
of these models. The £irst feature is the Alpha-
Mendeleev Ridge. The Alpha Ridge nearly interseces
the Lomonosov Ridge near the northern coast of
Ellesmere igland while the Mendeleev Ridge is most
prominent north of Wrangell Island. The two teatures
are usually contoured as a continucus ridge (Johnson
et al,, 1979) but there are insufficient data between
80-85°N along the 1807 meridian to ascertain whether
they constitute a continuous prominent feature or if
there is a saddle between them as showm on most charts.
Near the Canadlan and Siberian margins these ridges are
as shallow as 1200 meters while the saddle may be as
deep as 2700 meters. The other prominent bachymetric
feature Iin the Amerasian Basin is the flat topped
Chukchi Contimental Berderland which is as shallow as
273 merers (Johnson et al., 1978) en Chekchi Cap.
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Fig. 6. Paleogeopraphic reconstructions of the
Arctic showing northward drift, collision, and
accretion, Projectiom is flat polar, and shelt
aress are not shown sco that the land areas can be
recognized, These maps are aot intended to show
rigorous geographic lovations but rather the process
of Lerrane accretion and Kula plate capture. Taken
trom Churkin and Trexler, 1980 with permission from
Elsevier Sciengific Pablishine 0,



Recent work by Grantz et al, (1979) on the Chukchi
shelf suggest that the Chukchi Borderland nay lhave
rifted away from the mainland after rhe opening of the
Canada Basin and as such should not be considered as a
hinderance to mest tectonic reconstructions.

The proposed seafloor spreading histories of the
Amerasian basin depend heavily on the interpretation
of the Alpha Mendeleev Rldge. Of the four different
modes of riftlag suggested for the Amerasian Basin,
the firpt utilized the ridge as a apreading center
while snother utilized it ap 8 subduction zone igland
arc, Vogt and Ostenso (1970) summarize the early

evidence suggesting the Alpha Cordillera as an inactive

branelh of the global mid-ocean ridge system. Thins
hypothesls wasm originally suggeated independently hy
Johnaon and Heezen (1967), Beal (1968) and Vogt and
Cstenso (ne reference) according te Vogt and Ostenso
(1970). These workers cite magnetic anomalies with
wavelengths of 5 to 30 ko, amplitudes exceeding 1000
gamnas, and a ressonable degree of mutual correlation
and biaxiz]l symmetry as well ag gravity and seismic
refraction data to support their contention. Vogt
and Ostenso (1970) postulated active spreading on the
Alpha Ridge for the perfod B0—40 Ma with the spreading
ceasing abruptly at 40 Ma., A recent paper by Tayler
et al., {1981) reports that additional Rercmagnetic
lines flown perpendicular to the Alpha Ridge also show
anomal ies of high awplitude. Thess anomalies overlie

much of the Alphs -Mendeleev Ridge and parts of the
The large amplitudes of the magnetic
comparatively mhallow depths of the

adjacent bagins.
ancmalies and the

Alpha-Mendeleev Ridge sugpested to Herrom et al.,
(1974} that the ridge cannot be an ancient spreading
eenter, and suppurt the hypothesis thar it is a
compressional feature.

Magnetic anomalles over the Makarov Rasin, which
lies between the Alpha-Mendeleev Ridge and the
Lomonosov Ridge are tentatively identified by Taylor
et al., (1981) to indicate that spreading there began
in the Late Cretacecus at anamaly 34 (80 Ma) and com~—
tinved until mid~Eocene (Anomaly 21; 53 Ma). Vogt et
al., (1982} show the same anamalies and say they may
be late Cretaceous spreading lineationa (Anomaly 337
to Anomaly 28?) from 78 Ma to 65 Ma, Sweenay ot al.,
(1982) report heat flow in the Makarov Basin aa &0-70
mhn =< which ig somewhat less than the 90 mim2 reported
by Pushcharovekiy (1974) for the west slope of the
Makarov basin, The Russian value, assuming the slts
of the measurement has not been disturbed, suggests
that the basin 15 underiain by oceanic crust ag young
ag 23 Ma, If one uses the Parsons and Sclater 9rn
heat flow-versus-age relationship, Even the Canadian
valuey give an uncerrectad age of 42 to 60 Ma. These
are aininum ages but they agree in a general way with
the age of the Makarov Basin suggested by Taylor at al.
(1979}, Seafloor apreading in the Makarov Basin
between 80 Ma and 53 Ma would have to have been
connected to the spreading documented by Srivastava
(1978) in the Labrador Sea. Srivastava's rotatiemal
poles for the opening of the Labrador Sea between
anomaly 33 (78 Ma) time to anomaly 21 {53 Ma} da not
preclude opening of the Makerev Basin, but there s no
presently recognized structural 1ink between the

Fig.7. Polar projecrion of Arctic with major wignetic lineationg from
Bathymetric
-floor epreading.

Phillipe et al. (1981), and Vagt et al,
lines represent inferred axes of sea

(1979a).
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this study and Srivastava (1978},
base from Johnson et al, (1979). Dashcd
Taken from Taylor er al., 1981,



spreading centers ion the Labrador Sea and in the
Makarov Basin. Possibly subsequent plate motion has
obifterated the necessary transiorm faults that might
have connected the two basins.

IE the Makarav Basin is underlain by late
Cretaceous to early Tertiary seafloor and the alpha
Ridge 1s not an extinct spreading center, then the
Canada Basin 1s the only other areaz of oceanic crust
in the Amerasian basin. Tayler et al., (1981) report
that a fan shaped set of low amplitude seromagnetic
anomiliea over the Canada Basin (Figure ¥} support
the earlier idea of Carey (1958} that the Cansda Basin
opened about a pole near the Gulf of Alasks based on
the bend In the geology of the North American
Cordillers in Alaska, the Bo-called Alaska Orocline.
Tailleur (1969), Tailleur and Brospgé (1970}, and
Rickweod (1970) elaborated on the idea, based on the
need for a northern source land for the Carboniferous
to Triassic clastic sedimentary strata of Alaska’s
norch slope. These workers variously placed the
pele in east central Alaska or the Mackenzie delta,
Taylor et al,, (1981) acknowledge that the lineations
in the Canada Baslo are very low amplitude and
difficelt to correlate but nevertheless identify the
aldest anomaly as M25 (153 Mz} and the youngest which
{5 the extinct spreading center as M12 (127 Ma}., The
=arly geological papers such as Tailleur and Brosgé
(1970), Brosgé and Tailleur (1970} and Tailleur (1973)
would agree with this or an older Jurassic age, while
Rickwood (1970) and more recent marine geophysical
papers by Grantz et al., (1979, 1981}, Grantz and May
(in prese) and Lawver and Baggeroer {in press) would
suppart a aimilar model but with most of the rotation
occurring between 125 Ma and BO Ma. Vopt et al,,
{1982) have recently written a lemgthy paper that
detatls a mnumber of different scenarios for the Canada
Bapin. Thelr finsl model, which fnvelves a ridge-
ridge-ridge triple junction at 79°H, 140°% is much too
complicated to discuse here but they do acknowledge
that the paucity of good data does not rule our other

NOATH AM{RICa

PALIFIC OCEAN

Fig 8. Schematic model for early bistory of Amerasian Basin.
plate boundaries and direction of movement relative to Narth AmcTica.

Basin in early Paleczoic time.

models and leaves the question ol the tectonic
evolution of the Canada Basin unresclwved.

There are at least three other models for the
evolution of the Canada Basin besides the oroclinal
bending suggested by Carey (1956) and Tailleur {1%69)
and the elaborate model suggested hy Vnpt et al.,
{1982). Herron et al., {1874), after Pitman &nd
Talwani (1972} had determined a late Mesozoic pole ol
rotation for North America and Furasia that lavy near
the north end of Greenland, realized that the tenetis
of plate tectonics required concurrent compression in
the Arctic basin on the other side of the pole. Their
scenario begine with paleozoile subduction of the
Arctic Ocean along Arctic Canada, and the boundary
between the Alaska-Chukotka continental region and
the Arctic Basin having been a ripht lateral trans-
form faulr as shown in figure 8 taken froum Herven et
al, (1972}, The Kolyma bluck eventually collided with
Arctic Canada during the early Palcozole, During the
Juraasic magnetic quiet period {180-150 M=}, the
Folyma block was moved away from Arctic Canada and
the Canada Basin was reopened. Concurrently the
boundary berween the north slope of Alaska and the
Arctic Basin operated as a left-laveral transform
faylt. Opening during the Jurassic magnetic quiet
period was held to explain the low-amplitude magnetic
anomalies of the Canada Basin., Then when the aAtlantic
opened about a pole In morthern Greenland in Tate
Cretaceous time, rthe Canada Basin was put under
compression and the Alpha-Mendeleev Ridge was [ormed
as an inciplent island arc-subduction zone complex.

Compresegion on the Alpha-Mendsleev Ridge in lavte
Cretaceous time 1s incompatible with the supgestion of
Taylor et al,, (1981) that there sas spreading in the
adjacent Makarow Basin during the Late (reraceous and
Palevcene. Tt is pessible, however, that late
Cretacecus opening of the Yorth Atlantic about a pule
in northern Greenland may not have tequired
compression In the Arccic BRasin, since preseat day
spreading in the Eurasian Basin does not seem to be

Heavy dashed lines with arrow = major
A, closure of preoto-Amerasian

This motion culminated with mid-Paleoczoic [olding of Franklinzan

{(Parry Ieland and Elleemere} geaclinal sediments and sheddirg of clastic rocks onto Canadian Aretic
Archipelage, Brooks Range area of Alagka, and Wrangel Island north of Chukotrskiy {easternmost tip of

Siberia).
Kolymski broke away from Morth America,

B, our model for opening of Amerasian Basin during Jurassic magnetic quier period, as
Taken from Herron et al,, 1974 with permission frvem Geology.
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Model for the evalution of the Amerasian Basin

and spsociated displacements along Tintina and Kalta

faultg,

producing compresaion ou the oppesite side of ite
pole, in northeast Siberia and the norchwest Pacific
Hasin., In addition, Srivestava's (1978} work in the
Labrador Sea indicates that the opening of the Noxth
Atlentic was geometrically far more complicated than
Pitman and Talwani (1972} modeled it to be,

Jomes (1580} presented a model for the opening of
the Canada 8asin that was eimilar to Rerron =t al,
{1974) but the direction of cpening is at vight angles
to their model. Jones’ model shown in figurs 9,
requires the Alphs-Mendeleev Ridge to have besn a
Juragsic-Crataceous spreading center with the southern
Canada Basin being unepecified Paleoroir oceanic crust
Hie model requires @ great deal of motion along the
Kaltag Fault of nmorcthern Alaska, There i po evidence
however that motion along the Kaltag Fault can he
conpected through the Yukon (Brosgd, personzl
communication, 1983) and then along the Arctic Canada
continental margin a5 a transforo fault.

The lzst mcdel for the evolution of the Canada
Basin Is that proposed by Mair and Forayth (21982) and
is a varlation on the model first suggested by Carey
(1958). The Canada Basin first opened about pole 1
shown 1n figure 10 and then the Chukchl Coutilnental
Borderland rotated away from northern Alaska about
pole 2,

Computer Models

By using pole 1 of Mailr and Forsyth (1982)(a
modification by Grantz et al., (1979} of a suggestion

Taken from Jones, 1980 with pexmisaion fron%N_g_ture.

first made by Rickwood (1970) )we tested the bathymarric
fit of the opposite sides of the Canada Basin, Our
computer fit for plate rotaclons using the 1000 meter
bathymetyic contours taken from the Heezen and Tharp
{1975} chart of the Arctic regior gave 2 good match-
up between Arctic Canada and the Siberlan shelf am

far east &g the Alpha-Mendeleev Ridge. We also umed
Savostin and Karasik’s (1981) poles to "close~up” the
Eurazian basin. The most striking problem with closinmg
up the Arctic as we did, was the unacceptable overlap
of Greenland with Eurasia mentioned previously, If
srivastiva'e (1978) pole of opening for the Labrader
Sea-Baffin Bay is used, we feel that we will get a
much better match between Greenland and Eurasia,
indicsting that Greenland must have moved away from
North America along Nares Strait.

While our simple plate rotations basad on bathy-
metry do not resolve the age of the Canada Basin,ther
certainly support Carey (1938) and his model for the
rotational rifting of northern Alaska away from the
Canadian Arctic Yslands. If the Alpha Ridge 1z mot a
spreading center, which seems reasonably certain
because its depth 15 Inconsistent with the age—versus-
depth cerves of Parsons and Sclater (1977), then we
must auggest another explanatlon for it. If the Alpla-
Mendeleev Ridge formed when the Makarov Basin first
began to spread and the Lomcnosov Ridge was still
attached to Furasia, the Alpha-Mendeleev Ridge may he 1
continental {ragment that partially foundered and
otherwise deformed prior to rifting of the Makarov
Basin. ®hen actual seafloor spreading began In the
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Fig 10.
Delta is initlal pole of opening

Bathymetry is in meters.

Pole 1 in the Mackenzie
of the Canada Basin while

pole 2 15 a subseguent pole of opening for che rotation of

the Chukchi Cap away from the North Slope of Alaska.

Taken

from Mzir and Ferayth, 1982 with permission from Elseyier Scientific Publishing Ce.

Makarov Basin it may have isolated the Alpha-Mendeleev
Rldge as a semi-~continental fragment,

An alternartive explanation might exiat if the
Canada Basin tectonic province includes the Alpha Rise
and the Amerasisn aide of the Makarov Basin. As the
Canada Baein opened there may have been a hot spot
that started near the ridge crest on the Siberlan side
and which produced an anomalous volcanic mass of
miterial gimilar to the Rio Grande and MWzlvis Rises
in the South Atlantic {(Rabincwiltz and La Breque, 1979).
The hot apot alowly migrated acrose the ridge and
ended near Arctic Canada. These last two suggestions
for the origin of the Alpha-Mendeleev Ridge are highly
speculative,

ConeJusion

Most tectonophysicists would agree that the
Mansen—Gakkel Ridge in the Eurasian Basin 1s the
presently active plate boundary between Furasia and
North America. They would alse agree that the Lomono-
npov Ridge {3 a continental fragment that has been
rifted away from the Bareats and Kara Sea shelves by
spreading on the Naneen-Gakkel Ridge. The early
evolution of the Naneen-Gakkel Ridge and how it
connected to the Mid-Atlaotic Ridge 1 still contro-
werslal particularly concerning transform motion
along the Nares Strailt {(Dawes and ¥err, 1983%). The
tectonic origin of the Alpha-Mendeleev Ridge, and
the age and mode of origin of the Canada Basin are
unknowm.
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SEISMIC EXPLORATION IN THE ARCTIC OCEAN

Arthur B. Baggeroer and Gregory L. Duckworth

Massachusetts [nstitute of Technalogy
Cambridge, Massachusetts 02139 USA

ABSTRACT

Because of its harsh enviropment, the Arctic stll
remains one of the least explored arcas of the world,
Rescarch beginning in the carly 1950°s, including the pas-
sage of the submarine Nautitus beneath the ice czp, began
to define the bathymetry and major features of the Arctic
Ocean. The occupation of several long-lasting ice islands
in the 1950°s, 60's, and 70’s started the accumulation of
seismic data through reflection and limited refraction sur-
veys, along with the acquisition of spot gravity, bathy-
metry, shallow core, and extensive physical occanographic
data. Aeromagnetic surveys in the mid and late 1970's set
the tectonic framework for many major features of the re-
gion. From the late 70°s to the present the establishment
of scveral short term camps on the ice floes has greatly ex-
panded the wealth of scismic reflection and refraction
data available from the central Arctic. For these experi-
ments seismic sources such as airguns and helicopter de-
ployment of explosive charpes at large offsets were re-
ccived on multi-channel hydrophone arrays and ocean
bottom  scismometers. Rcecent  advances in  digital
hardware and processing technology have allowed much
more detailed analyses of these data on a routine basis
than were possible in the past. Finally, the recent
digscovery of oil in continental margin regions has led to
the beginning of what promises to be extensive explora-
tion of the shelf arcas by the oil industry. The large ex-
perimental and research resources of these companies will
certainly contribute greatly to our knowledge of Arctic
crustal stnxcture. In this survey we hope to summarize
some of the considerations and methods involved in Arc-
tic geophysics, focusing mainly on seismic technology.

1. INTRODUCTION

The Arctic is one of the lcast known regions of the
world’s oceans. Major questions still remain concerning
its origins and the processcs that led to its tectonic evolu-
tion. The principal reason for this state is the paucity of
seismic data available from the Arctic. While this can in
part be attributed to the harshness of the cold environ-
ment upen wen and their machines, it is the ice cover that
is principal limiting factor. It is not stable or contighous
enough to reliably support the use of land techaiques, yot
only the most sturdy of ice breakers can maneuver within
it, thereby preventing the usc of rostine marine pro-
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cedurcs. As a result, seismic exploration in the Arctic has
been a peculiar mix of techniques used in both land and
marine envirohments.

Early explorers of the Arctic took soundings which
indicated that the Arctic was not a shallow sca, but a full
fledged ocean. It was, however, the accurate bathymetric
records over long track lengths taken by nuclear subma-
rine traverses that started to delineate its major physio-
graphic features [Beal, 1968]. While data from ice sta-
tions and spot soundings have become available in greater
quantity through scveral scientific research programs, the
submaripe data still provide the principat synoptic bathy-
metric information about the deep Arctic {Johnson, ¢t al.,
1979]. These research programs have, however, deter-
mined a great deal about the tectonic structure of the Arc-
tic through seismic, gravity, magnetic, heat-flow, and cor-
ing data. The quest for oil and gas has ked to extensive
exploration of the continental margins | Business Week,
1983]. In the winter crews push offshore a few tens of ki-
lometers oo the shorefast ice, while in the symmer marine
Surveys opcraic when the ice recedes. Nevertheless, long
cxploration lines across the margin and down the shelf-
break arc sparse [Eittreim and Grantz, 1979; Sundver and
Eldholm, t979].

Before discussing the seismic exploration techniques
used in the Arctic it is useful to examine its major features
[Vogt and Avery, 1974} Figure 1 indicates the Arctic
and its adjacent continental margins. Tectonically, it can
be divided into two hasins - the Amerasian Basin bound-
ed by western Sibcria, Alaska and the Canadian archi-
pelago, and the Evrasian Basin bounded by Greenland,
Svalbard, Eutopean Russia and eastern Siberia. These
basins are separated by the Lomonosov Ridge. The Eu-
rasian Basin is relatively well understood and is hy-
pnthesized to be the result of seafinor spreading initiated
60 m.y.b.p. along the Gakkel (Nansen, Arctic Mid-
Ocean) Ridge separating the Pole Abyssal Plain {Fram
Basin) and the Barents Abyssal Plain {Nansen Rasin)
{Jackson, ct al., 1982; Kristoffersen, ct al., 1982; Kristoi-
fersen, 1982). This is the northcrn extension of the Mid-
Atlantic Ridge. The continental margin north of Green-
land and Svalbard is relatively narrow. It is, however, ex-
tended in cach of these locations by the Morris Jesup Rise
and the Y¢rmak Platean respectively.  These are conjec-
tured to have originated as a "hot spot” of thickened crust
similar to Iccland that formed at the ridge and rifted apart
about 35 m.y.b.p. {Feden, et al. 1979; Kovacs and Vogt,
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Fig. 1) Bathymetric and geographical feature map of the Arctic Ocean and adjacent con-

tinental margina.

1982]. The margin of the Barents, Kara and Laptev Seas
is one of the widest in the world [Vogt and Ostenso,
1973] and is the site of significant Soviet oil and gas ex-
ploration,

The Amecasian Basin is much more complex tectoni-
cally [Hall, 1973; Vogt and Avery, 1974; Clark, 1981].
North of Alaska and Canada is the Canada Basin, an oce-
anic basin with heavy {over 4 km} sedimentation. This
basin is hypothesized to have been formed bhetween 80
and 135 m.y.b.p. [Johnson and Vogt, 1981; Baggeroer
and Falconer, 1982; Lawver and Bagperoer, 1982; Vogt,
ct al., 1982; Sweeney, 1982; Sweency, to appear]. Furth-
er to the north are the Alpha Ridge which is still of wne-
ertain origin, and the Makarov Basin, Protruding from
the continental margin of Siberia are the Nerthwind
Ridge, the Chukchi Platean and the Mendeleev Ridge.
The Alaskan snd Canadian continental margins, pow the
site of intense scismic exploration for oil, are average in
their extent, while the Siberian margin is extremely wide.
The entire tectonic stnicture for the Amerasian basin is
still conjectural with much of the debate resting upen the
acquisition of scismic data [Graatz, et al., 1981, Herron,
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et al., 1974]. The Lomonosov Ridge which crosses the
central Arctic divides the Eurasian and Amecrasian Basins
It is generally felt to be a continental fragment associated
with the early cifting of the Eurasian Basin; however, its
juxtaposition to the Makarov Basin is a part of the tec-
tonic uncertainty of the Amerasian Basin [Sweency, etal.,
1982; Mair and Forsyth, 1982].

Figure 2 illustrates the tracks of a series of drifting
bueys in the Arctic over a 7-8 month period [ICEX,
1979]. The prevailing current in the eastern Arctic sweeps
from Siberia to the Fram Straits between Svalbard and
Greenland. The western Arctic is dominated by the
Circum-polar Current and the Beaufort Gyre [Coachmae
and Aagaard, 1974]. While there are exceptions, the ics
conditions in the eastern Arctic are much more dynamic
than those in the wesiern Arctic. This has impacted the
seismic cxploration at several ice camps when the ice floes
upon which the camps were sited broke up during the
course of the experiments [Hunkins, et al., 1979; Bag-
geroer and Dyer, 1982].

Figure 3 indicates the average wmaximem aod
misimom ice cover [{Central Intelligence Agency, 1975
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Fig. 2) Map of ice drift patterns in the central Arctic from the ICEX buoys showing initial
and final locations from 7 month drift [from Thorndike, ICEX report, 197%9]. General
drift systems shown by large arrows from CIA Polar Regions Atlas, 1976.

Wadhams, 1981}. Pack icc in various states of unrest cov-
ers the central Arctic year round; however, its seasonal re-
treat does permit open water exploration methods near
some continental margins. There is wide variation in the
extent of open water both from year to year and from one
locale to another. Moreover, it is now noi predictable
cncugh =0 that advance preparations can be made to ex-
ploit an wnusually good season [Pritchard, 198%; Coon, et
al., 1977]. The maximum retreat of the ice edge essential-
Iy defincs the areas whete conventional marine seismic ex-
ploration can be done.

Scismic explorstion within the ice pack of the Arctic
Occan has been both difficult and sparse when compared
o that done in the rest of the world’s occans. Most of the
rescarch has becn done from manned ice stations. Figure
4 indicates the location of mast of the U.S. and Canadian
ice. stations where some form of scismic exploration has
been performed [Central Intellipence Agency, 1975]. The
methods used have included scismic reflection and refrac-
tion with varying degrees of sophistication. In addition,
spot bathymetric soundings have heen made. fe.g. Kris-
toffersen, 1982] By far the most extensive set of geophysi-
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cal data has been a series of airborne magnetometer sur-
veys [Vopt, et al., 197%]. These have been vsed to identi-
fy magnetic anomalies in the Furasian Basin of the
eastern Arctic and suggest tectonic constraints for the
Amerasian Basin of the western Arctic. In additien, heat
flow and gravity measurements as well as shallow coring
have been made at sevcral ice stations |Ostenso and
Wald, 1977; Lachenruch and Marshall, 1969; Kutschale,
1966).

Seismic exploration on the continental margins in the
Arctic is dependent upen the characteristics of the ice cov-
er. In addition to the seasonal coverage, landfast ice and
shallow water often preveat the vse of the towed arrays
usually empleycd in marine seismic sorveys. Permafrost
and unusvally large surface wave noise introduce vniove
prablems in pracessing seismic data. Finally, much of the
scismic explotation in the Arctic is done near Eskimo set-
tlements and their hunting areas. This has led to the im-
position of constraints upon the scismic sources used.

In this paper the technology of seismic exploration in
the Arctic is surveyed. The discussion has beep divided
into seismic exploration for i} the deep occan of the cen-
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Fig. 3) Seasonal absolute minimum, average minimum, and average maximum ice cover-
age in the Arctic Ocean. The absolute minimum curve delincates the regions of explota-
tion possible by conventional marine techniques.

tral Arctic which has primarily beea the concern of the
occapographic research community and ii) the adjecent
coptincntal marging which have been the focus of the oil
exploration industry. It examines just the Arctic Ocean
where the ice cover is a major factor in exploration and
oot more southerly regions that are seasonally completely
ice frec and casily acocssible. Land seismic exploration in
cold regions also is nmot covered [see Roethlisberger,
1972]. In the nature of a survey paper and due to space
constraints, the details of cquipmeat and the supporting
mathematics used in the various exploration methods are
oot induded. The authors have attempted to review the
open literature relevant to seismic exploration in the Arc-
tic. Much of it is scattered in a large number of journals
and cvcn larger number of reports. We have attempted
to cite a representative sampling of this littrature, but it is
by no mcams complete. The authors are aware that a
large proprietary litcrature as well as some relevant classi-
fied information exists, particularly in the oil exploration
companies; consequently, we are still kft with the percep-
tion that much more remains unpublished and unnoticed.
Finally, the authors admit to biases instilled by their own
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cxperiences in the Arctc.

2. DEEP OCEAN SEISMIC EXPLORATION

Almost all the seismic exploration in the central Arc
tic has been done from either ice islands or icc floc
camps. The ice islands are actually icebergs that aee
thought to have calved from glaciers near Ellesmerc I
land. These inclide the Fletcher (T-3) and Arlis pro-
grams of the U.8. as well as several Soviet programs
Typically, they have been ococupied for scveral yearn.
These islands have often been several kilometers in exdent
apd 10°s of meters thick, This has permitted the landing
of heavy, long range aircraft such as the C-130 Hercules.
the most practical means of supplying camps in the central
Arctic. Due to the thin ice and cxtensive ridging encom-
tered oo dce floc camps, smaller aircraft, such as the DC-3
or Twin Otter, that can land on refrozen leads of 1-2 yo=
old ice must be used, and the Hercules employed for ai2
droppable supplies only. Surprisingly, ice islands are relr
tively rare in the Arctic, with a recent inventory identify-
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ing ooly 17 suitable for long term occupancy [Brewer
Rescarch, New London, CT, personal communication}.
They tend to circulate in the Beaufort Gyre before being
caught in the Transpolar Drift where they then exit into
the North Atlantic. (T-3, occupied intermittently since
1952, is predicted to exit sometime in carly 1983 {op.
cit.})

Camps on ice floes have been established for short
term experiments, usually during the season from early
March when the daylight necessary for aircraft operations
first appears to late May when the ice conditions
deteriorate and runway problems are encountered. In
mid May ioe fog becomes common and can limit opera-
thons up te 50% of the time as well. [ce floc camps have
included the AIDJEX, CANBARX, LOREX and Fram
I-TV Serics [Trowbridge, 1976; Dyer, ct al., 1982; Swee-
ney, 1982, Hunkins, et al., 1979; Baggeroer and Dwer,
1982; Manley, et al., 1982; Kristoffersen, 1982]. These
camps arc scasonal and drift with the ice pack 100-200 kmm
during their 2 month lifetimes. The drift has an average
trend governed by the currents; however, locally it is very
crratic and net very adaptable to the constant course lincs
usually shot io scismic operations.

Both ice islands and ice floe camps impoese constraints
upon traditional seismic exploration methods. The drifts
are both random in direction and slow, so the coverage is
both naeven and sparsc. Ice floe camps usually have lim-
ited Yocal power (12-25 kW) which restricts the available
sources for normal incidence reflection experiments. The
deployment of charges at large offsets from the receivers
for refraction experiments requires a helicopter or smail
fixed wing aircraft and is much more tediovs than the
steam-away technique vsed in temperate waters. Finaily,
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there are problems with 60 Hz hum from seawatcr
ground loops which are more pervasive than that encoun-
tered in shipboard operations due to the distributed na-
ture of the camp , 30 Hz pickup duc to mechanical vibra-
tion of the dicsel/electric gencrator, and low frequency (<
20 Hz) strumming created by vortex shedding of the water
flowing past suspended hydrophone cables.

2.1. Seismic Reflection

Seismic reflection experiments have been done on a
sporadic basis in the central Arctic [e.g. Kutschale, 1966;
Ostenso and Wold, 1977]. Figure 4 indicates the tracks of
some of the ice islands and camps which have gathered sc-
ismic reflection data. Until recently these have becn sin-
gle channel operations. Sources for these have included
sparkers, boorners, airguas and small explesives ranging
from blasting caps to 1 kg SUS charges. All the non-
explosive sources work reasenably well in an enclosed hut,
although the extreme cold can cause airguns to be very
tempermental if they are not properly maintained. In ad-
dition, camp power limitations often set the maximum re-
petition rate [Kristoffersen, 1982). The receivers have
been been cither suspended hydrophones or ice mounted
geophones. Each have problems unique to Arctic opera-
tions. The hydrophones are prome to strum oscillations
which can dominatc the observations at frequencies below
20 Hz. This has led to extraordinary applications of cable
fairing and compliant suspeasion systems borrowed from
soncbuoy techaology., Ia addition, wmrbulence due to
currents interacting with joe keels generates a substantial
amount of moise at very low frequencies (< 1 Hz) [Hun-
kins, 1981}. The geephones are very prone to vibrational
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Fig. 4b) Drift tracks of temporary ice camps deployed by the United States and Canada.

C: CANBARX Baggeroer and Falconer, 1982]  refraction.
E/G: Eittreim and Grantz, 1979) reflection and refraction
F1: Fram 1 Huakins, et al., 1979] reflection and refraction
F2: Fram I Baggerocr and Dyer, 1982) reflection and refraction
F3; Fram I Manley, et at., 1982 reflection and refraction
F4: Fram TV Kristoffersen, 1982] reflection and refraction
G: Grantz and Forsyth, 1978) refraction
H: Hunkins, 1962] refraction
L: Sweeney, ct al., 1982] refraction and reflection
M: Milne, 1966] refraction
M/L: AIDJEX Mair and Lyons, 1982] refraction
SE: Sundvor and Eldhoim, 1979] reflection and refraction
S0: Sanders and Overton, 1965] refraction
YiO: Vogt and Osteaso, 1973) refraction
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pickup from the camp power generator and maa made
camp noise, ¢.g. winches used in other cxperiments,
saowmobiles, helicopters, and portable heating units,
This has required efforts to decouple these two for noise
free observations, such as isolation mounting of the gen-
crator units. Until recently, data have becn recorded us-
ing analog methods. With the high levels of strum and/or
bum prevalent in drifting ice cxperiments the Limited
dynamic range of analog recording is a scrious limitatron.
This it particularly unfortunate since both noise sources
Lave signatures that are very amenable {o suppression us-
ing signal processing techniques if the dynamic range of
the recording system is adequate.
Single channel systems have produced setsmic records
of limited quality. They are often not powerful enough to
. pemctrate the structure significantly fe.p. Ostense and
Wold, 1977]. Except when the sediment cover is very
thin, such as near the mid-ocean ridge, they are seldom
adequate to define the bascment structure, especially in
the Canada Basin where sediment thicknesses can exceed
4 km. Figure 5 shows a successful cxample from Fram 1
using a 40 cubic inch airgun which penetrated to basement
and ig typical of a singlc channel profile from an ice sta-
tion [Jackson, et al., 1982]. These systems have been
used cxtensively on the ice islands T-3 and Arlis which
were occupied for long drift tracks within the central Arc-
tic.
Multi-chaanel systems with digital recording have
been used only recently for seismic exploration in the
Central Arctic [Prada, ¢t al., 1981; Kristoffersen, 1982].
‘The direction of drift is seldom ecither linear or constant,
so the commonly used (CDP) shooting procedure is awk-
ward at best. Fortunately, most of the operations have

been  in decp water where the constraints of the CDP
shooting are least restrictive. The slow drift rates, howev-
er, lead to very limited coverage compared to open water
profiting. During the Fram II experiment a multichannel
array of hydrophones recorded scismic reflection data
from 1 kg SUS charges as it drifted in the Pole Abyssal
Plain. While these charges were vertainly powcrful
enough, the shooting interval of approximately 4 hours
correspending to a distance of a kilometer at a neminal
drift rate of 3 nm per day was not sufficient 1o produce a
profile that could be casily interpreted [Marshall, 1982).
In addition, since coverage is at the whim of the ice
rmovement, any cquipment down-time for maintenance
can leave extensive gaps in the profiles. During the Fram
IV experiment two arrays of hydrophones, one with 22
hard-wircd phones and the other with 18 sonobuoys using
an RF link, recorded data from a 120 cubic inch airgun
firing every 4 to 60 minutes, corresponding to a 50 meter
shot spacing at the variable drift rates encountered. This
produced a profile that dcfines the basement structure
very well in this region of relatively thin sediment cover
even with very limited signal processing [Kristoffersen,
1982).

The signal processing associated with deep water Arc-
tic is oot significantly different from that used fer open
water. The major difference is that the hydrophones are
typically deployed at 60 to 93 m depths instead of just
under the sarface. For acoustic propagation experiments
shallower depths increase the trunsmission losscs signifi-
cantly in the 580 Hz band of interest hecause of the
Lloyd's mirror reflection from the (effectively) free sur-
face. In addition, the spectral peak of an explosive charge
is dependent upon its weight and depth of detonation.

ARCTIC ™D
OCEAN RIDGE

Fig. 5) Single channe! seismic reflection profile using a 40 cubic inch airgun from Fram L
(profile courtesy H.R. Jacksen, Bedford Institute of Oceanography)



Since the charge size is set by the power needed for ade-
quate crustal penetration and logistics considerations, the
depth is fixed by the pectral characteristics desired. For
the large charges ( 25+ kg) uscd in central Aretic crustal
studies, a depth of approximately 250 m is required for a
15 Hz spectrat poak. This increased source and recejver
depth requires the vse of source deconvolution algorithms
with long operators to suppress the transient surface
ghosts. Beyond deconvolution operations, stacking has
beca also been done on the multi-channel data, Both
common source and common depth point stacks have
been done; however, timing the sheoting imterval ap-
propriate for the group leagth is awkward because of the
random ice motion. Generally, nominal stacking velocity
medels have been used since the water depths have been
large compared to the arcay lengths. Velocity spectral esti-
mation from reflection data has not been dome due to the
poor resolution inhecent in the use of short array aper-
tures. Work is now being carried out to increase practical
array sizes,

An altcrmative to detailed seismic reflection for recon-
naiance is to measure the backscattering from large ex-
plosions as a function of two way travel time and angle
with an array. This has proven to be an expedient
method for identifying regions of high bathymetric reliet
both in the Arctic and in more temperate waters [Dryer, et
al., 1982]). Unfortunately, it docs oot vicld detailed
bathymetry.

The important points to emphasize about seismic ex-
plomtion in the central Arctic are j) it has been very limit-
cd in quality since it is only receutly that array and digital
technologics commonplace in open water for many years
have been used and ii) the coverage has been very sparse,

0P ViEw

The implications of these points are that traditional ex-
ploration mcthads arc simply not going to acquirc fhe
data about the central Arctic that are needed to resove
the scientific issues. Consequently, some major technolo.
gy developments, particularly those using remotc scasing
systems and/or submarine mounted systerus, must be con-
sidered for future seismic exploration [Francois, 1977).

2.2, Seismic Refraction

Seismic refraction experiments have been performed .
during the scientific programs on scveral of the ice islamds
and icc floe camps in the Central Arctic [Forsyth, 1978;
Hunkins, ct al., 1962; Milne, 1966; Sander and Ovwerton,
1965; Vogt and Ostenso, 1973; Mair and Lyons, 19€1; -
Baggeroer and Falconer, 1982; Jacksom, ¢t ai., 1982;
Duckwarth, et al., 1982). Figure 4 indicates the sites of
most of the recent refraction shooting programs. This
type of seismic cxploration has received some degree of
emphasis by marine geophysicists because of its important
role in defining the deep crustal structure required to
reconstruct the tectonic evolution of the Arctic.

The presence of the ice pack introduces major -
straints on the aoquisition of seismic refraction dats. The
availability of open water for source charge deployment
limits the source/receiver offsets; conscquently, dense, mmi-
form shooting coverage is seldom possible. Moreover,
the shots or sensors must be deployed by light aircraft or
helicopter which have limited payloads. A sipnificant
amouat of time is also consumed during the shooting of a
line in searching for open water, landing the sircraft, rig-
ging the charges, and deployment of the shot break
fecorder for shot instant and bathymetry data. The oet
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effect is that a very good seismic refraction line in the
Arctic has approximately fifteen source/receiver offsets
over 60+ km, wherzas a good line in open water shot
between two boats or a hoat and a sonobuoy has oae
hundred or more shots with essentially continuous cover-
age of 100 to 300 m spacing [Stoffa, ct al., 1981; Detrick
and Purdy, 1981].

Refraction sheoting on the ice pack has usually been
donc by deploying shots on a line from a fixed receiver
location as indicated in Figure 5. The shots are typically
25-100 kg of TNT detonated at 93 or 243 m by depth ac-
tivated SUS charges. Shot instants are obtaioed by a port-
able a shot break recorder simultancously recording a
time code synchronized to the data acquisition time base.
The rcocivers have included hydrophones, ice mounted
geophones, geophone arrays, ocean bottom scismometers
[Heffler and Barrett, 1979] and hydrophone arrays. Vir-
tually all the data have been recorded by analog means
with the exception of the hydrophone arrays which have
used gain ranging, digital recording {Prada, et al., 1981;
Kristoffersen, 1982]. An alternative shooting procedure is
to move the recciver instead of the source [Mair and
Lyons, 1982]. For ice mounted geophoncs this is con-
venical if there are a few clements in the receiver; howev-
er, it is awkward for more than one hydrophone and im-
possible for ocean bottom seismometers.

Most refraction work in the Arctic has used single
sourcefsingle receiver and first arrival analysis as the pri-
mary method for structural determination [Jackson, et al.,
1982; Kristoffersen, ct al., 1982]. Rcceat experiments,
however, have used multi-channel arrays with high
dyoamic range digital recording. This permits the use of
much more sophisticated signal processing which can ex-
ploit both the first arrivals and the subsequent multiple
paths previously relegated to reverberation in deducing a
velocity model for the scismic structure [Baggeroer and
Falconer, 1982; Baggeroer and Duckworth, 1982; Duck-
worth, et al., 1982].

‘The sparseness of source/receiver offsets in Arctic re-
fraction profiles makes the theoretical inversion of the
first arrival function using the time-distance Herglotz-
Wicchert formulac practically impossible {Aki and
Richards, 1980; Dicbold, et al., 1981]. This is further
complicated by uncertain bathymetric information along
the line. The impact of this is that the signal processing
must extract as many coostraints on the seismic mode)
throwgh secondary arrivals as possible. Interpretation of
the sccondary arrivals is feasible only when array data
permitting velocity analysis are obtained. Even then it is
subject to a significant amount of uncertainty, Fortuaate-
ly, the acquisition of high quality, digital data and the ap-
plication of recently developed signal processing methods
hax advanced the interpretation of Arctic seismic refrac-
tHon data significantly.

Figures 7a-7c are indicative of the state of the art in
deep ocean seismic data acquisition and interpretation.
Figures 7a show the waveforms recorded on two array
channels scparated by 600 m from a Fram H refraction
shot at 27.2 km. The array was a 24 channel 860 m x 800
m cross with hydrophones suspended at 93 m beneath the
ice. The data were recorded in an SEG-Y format om a
multi-chagnel, gain ranging, digital acquisition system
with a 120 dB dynamic range. The acquisition system
used a general purpose minicomputer which also allowed
timited data analysis and review during the cxperiment
when data were not being taken. In Figures 7a some of
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the promincnt cvents have been labeled for reference and
are described in the captions. It should be noted that the
data are exceptiopally coherent and noise free for refrac
tion datz. This can be attributed to the quict platform
provided by the ice, the high dynamic range of the ac-
quisition system, and the refatively large charge sizes em-
ployed (25 kg of TNT). The differcnces between the two
traces in Figs. 7a-1 through 7a-5 are reaf variations due to
differential propagation paths for the sensors.

Along with the waveforms in Figures Ta is the high
resolution velocity spectrum determined from all the array
channels [Baggercer and Falconer, 1982; Duckworth, et
al., 1982]. One can ohserve that the impertant events
stand oot much more clearly than on the waveforms
themselves. The high phase velocity deep crustal events
from the Moho and layer 3 appear as the first arrivals,
These are followed by cvents associated with layer 2 at
approximately 18 seconds after the shot. There are also
high phase velocity multiples of the carlier decp cvents
present. The direct water wave and sediment multiple
events follow with progressively increasing phasc veloci-
ties. One can also identify arrivals with shear wave pro-
pagation paths interspersed among these events. The im-
portant point is that the multi-chansel data and the veloci-
ty spectra identify many more events in the data from a
single sourcelreceiver offset than just the first arrival
detection customarily dene in refraction analysis. In addi-
tion, the phase velocity, or its inverse, horizontal slow-
ness, are directly estimated from the data when arrays are
used. These identifications are especially useful in filling
in the gaps in the offset coverage imposed by the ice cov-
er.

The vclocity spectra can be uscd to estimate a
velocity/depth  section by first transforming te tau-
slowness spectra and then migration of this parameteriza-
tion to a velocity model. Figure 7b illustrates the tau-
slowness spectrum oblained by rotating the coordinates of
the data in Fig. 7a. The samc events noted in Fig. 7a are
labeted in Fig. 7b. In the tau-slowness domain scveral
“stacking” operations can be doac to fill in the gaps in the
scction. First, the velocity spectra are produced in 4 Hz
analysis bands. If dispersion phenomcra are ncglected,
the spectra from the different frequency bands can be
composited. The events from the shots at different offsets
can cap alio he composited on the tau-slowness spectrum
since the offset dependence is removed by the tau-
slowness fransformation [McMechan and Ottolind, 1980].
Finally, multiple events for which travel paths can be ac-
curately identified can be converted to “psendo primary
events™ by appropriate reduction in their travel time and
offset and added to the primary tau-slowness spectrum.

The stacked tau-slowness spectrpm can be inverted
for crusta! velocity structure in several ways {e.g. Kennett,
1981; Baggeroer and Duckworth, 1982]. Tn this cxample,
the spectrum is the input to an iterative migration algo-
rithm which generates a velocity-depth section [Clayton
and McMechan, 1981). The section derived from the data
in Figure Ta as well as other data on the same line is indi-
cated in Figure T¢. Error bounds on the section are also
noted to suggest the degree of confidence that can be as
sociated with the model. This was done vsing the method
of Bessonova, et al. [1974]. As one can observe, the deep
crustal section is well identified nsing just this 6 shot re-
fraction line. While there are many ways to the interpret
scismic refraction data, and Arctic data arc no ciception,
the previous sequence of figures is indicative of the
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TIFME AFTER SHOT (SEC)

Fig. 7a-3) Waveform and velocity spectrum of Fig 7a-1 continued. The
waveforms are plotted with a gain of 0.5 in amplitude. Event [ is the
direct water arrival. Note that at 27.2 km the offset is exactly half the dis-
tance to the first convergence zonc and the arrival is relatively weak. Ar-
rival J is the primary refraction from the upper sediments. Event K is the
compressional arrivat from the decper sedimeats, and L is a shear multiple
from layer 3. Complex M is the seoond frec surface multiple from a sedi-
ment rcfraction path, A high scdiment velocity gradient causes the rise in
phase velocity as the near source/receiver free surface ghosts arrive. Event
M’ is an upper layer 2 shear path, converted to shear above the sediment-
layer 2 transition.
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Fig. 7b) Tau-slowness spectrum at 6 Hz of the shot in Fig 7a. Tau-slowness curves from a
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possible model obtained from this and other shots is shown superposed on the spectrum.
Solid lines are curves for the compressional model, dotted lines are curves for the shear

model. The events indicated in Figs. 7a are labeled.

current level of sophistication possible with high quatity
multi-chanac! array data obtained from an ice floc camp.

In addition to refraction methods, seismic exploration
bas cncompassed several other technigues. Conventional
scismic refraction data often do not lead to good estimates
of the upper sedimentary section because they are sparsely
shot over the offsets where the sedimentary arrivals ap-
pear and are simultancous with the onset of the very high
intensity direct water arrivals. Ocean bottom seismome-
ters can mitigate this to a degree, but they have not been
uscd extensively encugh to obtain good sediment velocity
models. However, the ncar bottom sediments also have a
dominant influence on long range, low frequency acoustic
propagation in the water colomn. These effects can be
exploited to produce useful models of the upper part of
the seismic section [Kutschale, 1982; Baggeroer and Duck-
worth, 1982]. The major limitation of this approach is
that most of the supporting propagation models are un-
derpianed by the assumption of horizontal homogeneity,
This is reasonable for sources and receivers simultanenusly
located within an abyssal phlain, but is not appropriate
when significant bathymetric relief intervencs.

For seismic sections extending beyond the Moho the
charge weights of up to 200 kg used in refraction experi-
ments art seidom adequate. Telescismic events from

m

earthquakes can be used for this purpose, with both body
wave and surface wave events being used to infer deep
crustal and mantle seismic structure [Stewart, 1980].

3. CONTINENTAL MARGIN EXPLORATION

Scismic exploration on the Arctic continental margin
has been very extensive. The preferred method of ex-
ploration is seismic reflection using conventional marine
techniques when the ice retreats during the summer.
Some seismic refraction data using sonobuoys and a single
ship have also been acquired. Extensive work has heen
donc on the Beaufort Sea off Alaska and Canada, in the
Canadian Archipelago in the Amcrasian Arctic, and off
Svalbard and in the Barents Sea of the Euvrasian Arctic.

3.1. Data Acquisition

Marine seismic data are generally of much higher
quality, and the cost per mile of survey much lower, than
that of lines shot on the icc pack. Newvertheless, conven-
tional marine seismic exploration has several prohlems
unique to the Arctic environment. For instance, the sca-
sonal two to three months of ice retreat is not predictable

5.0 | 7.0 9.0
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Fig. Tc) Migrated velocity/depth section For Fram II line which includes data in Figs. 7a
and 7b. Only the compressional data is shown migrated correctly in this plot. The solid
curve is the compressicnal profile. The dotted curve is the shear profile. The dot-dashed
curves are the extremal bounds for the compressional profile.

either in time or cxtent so planning is uncertain at best.
In spite of these problems a significant number of lines
have been shot on the Arctic continental margins, Most
are proprictary data; howcver, scveral have beca pub-
lished in the open literature.

The marine surveys arc shot in essentially the same
manner as in temperate zones but with an alert watch for
drifting ice. Surveys as far as 200 km ofizhore have been
obtained. While the receiver spreads are the same, crplo-
sive sources have been prohibited because of their poten-
tial environmental impact on marine mammals hunted by
the Eskimos.

There is a band separating land scismic exploration,
where dynamite and/or vibrators can be used, and
offshore regions where marine exploration is feasible on 8
scasonal bagis, This is caused both by very shallow water,
which is a problem not unigue to the Arctic, and multi-
scason shorefast ice, which is. This narrow gap in cover-
ape can pose several problems in tying the offshore pro-
fileg to onshore lines and well logs. The approach 1o this
problem has been to use vibrators and geophones en
landfast and seasonal ice out to water depths overlapping
the offshore marine lines. Line geometrics with 2400 per-
cent split spreads with 220 ft group intervals and 4800 per-
cent with 110 ft group intervals have been shot with four

172

vibrator sources at a 6 mile per day rate [Mertz, et al,
1981). Ice roughness, particularly the pressure ridges, arc
a major impediment to high production. This has stimp-
lated inventive application of diverse transport systems in-
cluding hovercraft for mobility about the rough jcz. Un-
fortunately, shorefast ice is also rypically very romgh.
Amnother factor is the presence of leads of open water, or
thin ioe covering recently apened leads. By their nature,
vibrators concentrate a large mass in a small area. It
rumored that more than one has fallen through thin ix.
Airguns have been used and compared to vibrator records
using the same receiving array. The records are similar
and rclative eomparisons are subjective [Mertz, et al,
1981]. An alternative, but far less desirable approach is
to use “roud guns”, airguns specially modified to operate
in shallow water or mud. The time required to depky
this source and the degradation in record quality has
made it far less popular than than the vibrator er airgm.
In addition, it is useful to saintain 4 COMMON SOUTOS Sig-
nature throughout a line so artifacts arc not introduced.

3.2. Signal Processing

The Arctic environment introduces several umigat
problems in processing scismic records. Permafrost un-
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Fig. 8) Labeks show the regions in the Arctic currently undergoing exploration for oil and

natural gas.

dcriies extensive offshore regions of the Arctic. Sorne of
the permafrost is a relic of scalevel subsidence eccurring
20,000 to 40,000 years ago to a depth approximately 100m
below the current level. Ncarshore permafrost can cxtend
to depths of 600 m. Offshore, the permafrost is warmer
and thianec duc to the warmer boundary condition of the
-1.55 degree Celsius scawater [Lewellen, 1973; 1974; 1975;
Rogers, ct al.,, 1975]. Ie addition, the upper section has
seasonal variations as well as long term trends of regres-
gion or advance. Permafrost has a compressional wave
gpeed between 2400 and 4000 m/s. It wsualy is not an
easily identifiable and distinct layer, but it has its own
intgrnal velocity structure. Its occurrence can be very re-
gional, so strong horizontal variations im the velocity
structure are common. These changes create a number of
problems in the signal processing for making static correc-
tions and/or determining stacking velocities,

Ioe floc operations using vibrators introduce flexural
wave noise that can be exceptionally strong becavse of the
direct coupling of the source to the ice, instead of the wa-
ter. The propagated ice wave interference can be 40 dB
greater than the reflected signals on a single trace, which

imposes some strong demands on the noise cancellation or
velacity filtering algorithms [Crary, 1954; Ewing, et at.,
1957]). This seems to be suppressed to some extent if
there is an open water lead or thin ice between the source
and recciver to decouple this motion. The flexural wave
noise can be suppressed to an extent by velority filtering;
however, significant residvals remain in many cases be-
causc of their intensity and the local variability of the ice
thickaess which affects surface wave propapation specds.

An additional complication arises when the ice keels
are deep enough to contact the bottorn {Wadhams, 1981].
This provides a direct, high velocity coupling to the
seabed when compared to that when an intervening water
layer is present. This introduces additional horizontal in-
homogeneiti¢s into the data.

Subsea permafrost with its high velocitics can lead to
the presence of an cxceptionally efficient waveguide pro-
ducing strong reflected and/or refracted reverberation.
The permafrost depth and its sound speed gradient influ-
ence the refraction paths significantly, so care must be
taken in deconvolution and muting algorithms.

Finally, there appear to be numercus locates of shal-



low pas-bearing layers in several exploration areas. These
introduce a highly reflective horizon followed by a low
velocity iayer {Boucher, et al., 1981; Grantz, et al., 1979}
This can Iead to strong reverberation as well as shallower
penetration of the underlying structure due to the lowered
transmission coefficient.

4, SUMMARY

Scismic exploration in the Arctic which had just be-
gun 30 years ago is now proceeding with great vigor. Aan
intense amount of activity is now underway in the quest
for vil and gas, and the development of array processing
and computer technology has made this, and more
academically oriented tectonic studics in the central Arctic
very fruitful. During this period many inventive ap-
proaches have been developed to overcome the impedi-
mentz of the Arctic, especially the unique cffects intro-
duced by the ice and limitations imposed by the ice cover.
We hope to have highlighted some of these approaches in
this short murvey. In spitc of the great amount of
rescarch alrcady done, the Arctic still remains the least
known of the world’s occans. While the technology is
evolving which permits men to work in its harsh climate,
further advances must be made to acquire the comprehen-
sive scismic data needed to develop the resources of the
Arctic, and to understand its origins and evolution.
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Sea ice is & unique geophysical material, consis-
ting of an ensemble of pieces ranging from gravel-
sized fragments to unbroken plates many kilometers in
diameter. in seemingly random patterns, the indivi-
dual pieces, ar "flees", are separated by lanes of
open water, or joined in ridges where thin ice was
¢rushed and compressed to form welts of thick ice ex-
tending both upward, and downward into the water.

To describe the mechanical and thermodynamic
behavior of such a chaotic material in terms of a
manageable numuber of parameters requires a statistical
irsatment. The desired statistical parameters can
only be derived from a very large number of observa-
tions., The technical means of acquiring such data
bacame available about 2 decades ago: the upward
looking sonar mounted on a submarine, and the satel-
lite-borne passive microwave imaging device. The fol-
lowing two papers, "Arctic Sea lce Morphology and Its
Heasurement" by P, Wadhams and "Aspects of Arctic Sea
lce Observable by Sequential Passive Microwave Obser-
vations from the Nimbus-5 Satellite" by W. J. Campbell,
B Glpersen, and H. J. Zwally, are informative by them-
selves as well as in their juxtapesition.

Except for a small ameunt of ice thickness data
laboriously obtained by drilling holes in the ice,
virtually all available information about the statis-
tics of ice thickness and ridge keels and their
regional differences has come from the 28,000 km of
published sonar profiles. There are two difficulties
with the interpretation of somar data: one is the
definition of undeformed or level ice based on a some-
what arbitrarily chosen slope angle, and the other is
the distinction between open water and thin ice. Ewven
s0, the sonar method per se is physically straightfor-
ward and whatever ambiguities exist in the data are
known. The most severe limitation of these data is
their scarcity and the fact that nuclear-powered
submarines are rarely available for unclassified
wrissions.

In contrast, passive microwave observations from
satellites have been taken, neariy without interrup-
tion, for over a decade and cover both arctic and
antarctic sea ice fields. At the chosen wavelength of
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1.55 c¢m, the ratio of emissivities for water, first-
year (FY) and sultiyear (MY) ice is about 10:18:Z1.
Owing to the large difference in brightness tempera-
ture between open water and ice of any kind, passive
wicrowave data have provided an impressive time series
of data on the global extent of sea ice. Ice of dif-
ferent thickness and age radiates with emissivities
within a range of only 10%, making the mare subtle
task of distinguishing between ice of different types
far more difficult. Perhaps the greatest problem--and
ohe that is also being encountered with certain other
tvpes of satellite data--lies in the average view that
a satellite takes over a sizable element of the
earth's surface. It is difficult to estimate the
real, small-scale variations on the ground from which
the average is composed, and thus to relate 'ground
truth” to its appearance from the height of a satel-
lite.

Visual observations from aircraft gathered
during many years, as well as considerations of the
overall ice budget of the Arctic Basim, indicate that
the basin should contain a higher MY fraction than
that derived from microwave data, but such information
is hardly reliable. Observers on the ice surface can
clearly make the MY-FY distinction, but their surveys
are necessarily small scale and cannot cover the 25 km
pixels of a satellite image. Datz that could help
calibrate the MY/FY fractions from microwave data are
the sapar profiles of ice draft.

Both the GURMARD cruise {April 1976} and the
SOVEREIGN cruise (October 1976) occurred at a time
when ESMR on Nimbus-5 was in operatiom. While the
sonar-derived ice thickness alcne is not necessarily
1 measure of the age of the ice, a comparison and
analysis of apparent brightness temperatures and ice
draft along identical profiles might be of great help
toward resolving existing uncertainties.
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1. INTRODUCTION

At present there is no reliable air-
borne technique for the measurement of sea
ice thickness, although impulse radar has
yielded promizing results over fresh-water
ice and over undeformed sea-ice sheets 11,
and we shall also show in this review that
airborne laser profilometer data can be
interpreted to yield a reasonable estimate of
the pressurs ridge depth distribution in sea
ice, Traditional techniques of hole drilling
can yield a reasonable estimate of the mean
ice draft over a region with a few hundred
randomly sited holes (2] but an impossibly
large number of holes is required to yield
useful information about the distribution of
ice thickness. The only reliable method for
the synoptic measurement of lece thickness
distribution and bottom topography is still
the submerged upward-looking sonar,

An upward-lookling sonar can be mounted
on the sea bed {31, allowing lce to pass
ovarhead and thus generating a time series of
ice draft at a point, This 1is especlally
useful for site-specific surveys in shallow
areas subject to scouring where a time series
measured over,say, a year can be analysed
using extreme value technlques to predict the
deepest ice keel that will pass that locatien
in a longer interval. To obtain the geo-
graphical variation in ice morphology,
however, one muat use a moblle sonar,
Successful measurements have been made from
spnars mounted in unmanned vehlcles [4,5,6]
and small submersibles, but such wvehicles are
only really useful for local surveys, and the
only means of obtaining data over a large
area is the full-sized submarine. For the
central Arctic this implies a nuclear
submarine, although conventional submarines
have been used to obtain local data near the
ice edge, e.g. during wave surveys [7].

Since the first voyage of U.5.8.
Mautilus to the North Pole in 1958 there have
Feen more than 30 exploratory cruises beneath
the Arectic ice by U,S. nucliear submarines and
three by Royal Navy submarines. These have
covered most parts of the Arctic Basin and
peripheral seas such as the Greenland Sea,
Baffin Bay and the Northwest Passage, in most
cases with winter and summer profiles. Table
T is a list of cruises where the data have
been released and analysed; the total
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analysed track length now exceeds 28,000 km.
These datasets provide a wealth of
statistical information. Aamong the
parameters which we shall discuss in this
review are;— mean ice draft, ice draft
distribution, the distribution of level ice,
pressure ridge spacings and fregquencies, and
the oceurrence and width distribution of
leads. These are the parameters of major
geonliyaical interest. In addition, the
gpectral characteristics nof the ice bottom
are of importance in c¢alculating the back-
scattering of scund by an ice cover.

2. INSTRUMENTS

Initially, most 0.5, surveys were
carried out with a simple fathometer mounted
ont the upper casing of the submarine, and
operating a standard electrically-sensitive
paper chart recorder. The beamwidth of the
fathometer was large (10° — 307} and
therefore the ice bottom preofile was
smoothed such that fine detail of the
topography was lost, The chart recoré has
to be digitised; normally in this process
the envelope of the sonar record is traced
by the curve follower, i.e. the point on the
ice bottom which is first encountered by the
beam footprint. This causes troughs between
closely spaced ridge crests to be lost. The
overall effects of a finite beamwidth are
thus:=-

a) over-estimate of mean ice draft;
b)

c)

under—-estimate of pressure ridge numbers;

under—-estimate of the slope of a pressure
ridge, and distortion of its shape,
especially rounding of the crest [177;

correct estimate of the absclute draft
a pressure ridge, so long as it is nol
'lost' by merging with a deeper one;

d) of

loss of information on fine scale spatial
roughness,

Having been digitised, the record has to be
corrected for the varying speed =f the
submarine, and also in many cases for the
fact that a circular rotating stylus arm is
used in the sonar recorder, T no
independent measurement of sea level is
available, this has to be removed from the

e}



Table I, Data from under-ice submarine cruises

Ship Month/Year Region Track length Reference
Nautilus Aug 1958 Transarctic 2700 km [81
Sargo Feb 1960 M'Clure Strait 730 (2]
Sargo Feb 1960 Canada Basin 5000 £1o1
Seadragon Aug 19¢0 " N 3400 r10d
Seadragon Aug 19460 M'Clure Strait 540 {91
Seadragon July=-aug 1982 Canada Basin 5000 rloil
Skate July 1962 Eurasian Basin 1800 clal
Queenfish Feb 1967 Davis Strait 900 [113
breadnought March 1971 W Eurasian Basin 600 £121
Trepang March 1971 Denmark Strailt 300 rl3l
Gurnard April 1976 5 Beaufart Sea 1400 141
Sovareign Oct 1976 W Eurasian Basin 4000 rlsa
Sovereign April 1979 - " 2000 £161

DISTANMCE km
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FIGURE A.Concurrent sldescan dupward-looking sonar imagery of sea ice obtained at
B3™N 13™W on Octcber 1%thl276. The upver sketch is an interpretation of the sidescan
sonar image, {After [191),



record by reference to open leads; these have
to be freguent encough to permit the zero
correction to be valid., Even when a zero
correction has been made, the porpolising of
the submarine adds a random error to every
dapth value,

More recent U,5. cruises have solved
most of these problems by using a narrow-
beam {about 3} scnar, with digital
recording of depth and a zero reference
provided automatlcally by a coupled pressure
transducer., Records from this type of sonar
can be regarded for all practical needs as
perfect representations of the ice underside,
failing only in the resolution of very fine
scale topographic variations (since the beam
footprint is about 4 m in diameter).

It would be wery desirable 1f on every
cruise a sidescan sonar profile were recorded
concurrently with the upward-looking profile.
This would give information on the orlentation
and structure of pressure ridges as the
submarine crosses them, which octherwise are
unknown, An experimental deployment of
sidescan sonar was made from HMS Sovereign
in 1976 C18, 191. The instrument was a
norpal 100 kHz sidescan towfish mounted on
the upper casing, and figure 1 shows some
typical imagery from one channel only (the
second channel failed) with concurrent
records from an upward looking somar. The
indiwidual ice blocks in pressure ridges
can be seen, and it is clear that pressure
ridges, which may appear on the top surface
to be narrow linear features, are far more
irregular and wide when seen from below,
covering much or most of the ice battom with
roughness elements, While some quantitative
ectimates can he made from ordinary sidescan
imagery {e.g. the relief of ice blocks from
the length of thelr shadows, typically 2-3m
on fig. 1, or the percentage of thin ice in
leads) the most desirable form of sonar would
be a sector scanning instrument which combines
the guantitative ability of the upward-looking
sonar with the plan view afforded by sidescan,
Such instruments exist commercially (e.g.
'Bosun' C20)) but have never been fitted to a
submarine. They would yield wvaluable
information on the two-dimensional spectral
caaracteristics of the ice bottom,
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FIGURE 2. Geometry of a wide-beam upward-
looking sonar,
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3. BEAMWIDTH CORRECTION

Wwhere a sonar beam is wide in the
fore—and-aft plane only, a correction for the
effect of beamwidth can be made using
reconstruction eguations, such as those of
Harrison £211, In the notation of figure 2,
the digitised ice profile envelope is given
by (s,H-ri{s)), Lf the digitisation of sea
lavel is assumed correct, while the
corrasponding corrected depth point is
(x,H-¥(x)). The parameters Xx and y are
related to s and r by

(1}
(23

% = s-rdr/ds,
y = r[1-tarsas)?) ¥

These equations are valid so long as dr/ds is
single-valued, i.e. is not a cusp batween two
overlapping hyperbelae., When the equations
are invalid a corrected point cannot be
generated; this occurs most fregquently at the
trough between twa close peaks. The equations
are also inapplicable if the reconstruction
involves an angle greater than the beamwidth
i1f the transducer, i.e. if y/r < cos C.

In these cases the recoastructed point is
placed on the edge of the beam, i.c.

13)

r cos 3,
xs 5 + r sin® if dr/ds < O,
2 g - r sint if dr/ds * 0O,

& major drawback of profile
reconstruction, or deconvolution, is that
it cannot regenerate the full depth of a
trough between two peaks when that trough
is obscured by two cverlapping hyperholae.
a possible, although exceedingly time-
consuming, technigue would be to digitise
each of the two hyperbolae rather than the
envelope of the profile; even so the bottom

(1] ¥
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FIGURE 3, Zesult of amplying a simulated
wids bear to 50 km sections of a narvow-
heam ice mrofile: effect on the percent-

ages of ice occurring in four different
draft ranges (after £151).
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FIGURE 4. Result of applying a simulated wide beam to 50 km
{after [151).

ica nrnfile: effect on mean draft

of the trough is lost, although the
reconstruction can proceed further down the
slopes,

A Bacond method of correction for
beanwidth effects, which avoids the problem
of "lost troughs' ia to proceed in the
reverse direction, that is, to take a
narrow-pbeam lce proflile and to simulate the
effect of passing a wida beam over it,
Calibration curves for the various
Statistical parametera can be drawn by
applying the simulation to profile sections
with widely differing icae characteristicy;
the corrected values for the parameters are
then read off the curves. This was done for
the 1976 Soverelgn c¢ruisBe to the Eurasian
Basin [157 Ey us?ng narrow-beam data
collected by U.5.5, Gurnard in the Beaufort
Sea 147, Filgures 3 and & show the effect
of applying a simulated Sovereign sonar beam
(22° overall peamwidth, run at a depth of
74.7 m} to the Gurnard nrofile analysed in
50 km sections. e results were congistent
enough to enable the Sovereign data to be
corrected - in particular, tﬁe effact on
mean ice draft appeared to be gquite simple,
the narrow-beam mean draft hn being related
to the wide-beam mean draft h, by

hn = (.840 hw {5}

It must be emphasised that such a simulation
should be run afresh for every cruise
analysed since the combination of beamsidth
and submarine depth will be diffarent each
time, so the results of figs 3 and 4 shpuld
not be regarded as universal.

L el o
4+ £

MEAN QRAFT m iwiph meam)

sections of a narrow-beam

In all the interpretations of sea ice
profileg which follow, the limitations imposed
by sonar beamwidth and the inadequate
possibilities for its correction should
always be borne in mind,

4. MEAN ICE DRAFT

The simplest statistic to be derived from
ice profiles is the mean draft (h). Even so,
ita calculation is not straightferward, and
when comparing mean drafts from different
crulses several factors must be considered.
Flrstly, there are the beamwidth effects
discussed above. Next there is the proeblem of
statistical reliability, The mean draft must
be measured over a sufficient length (L) of
profile to generate a statistically valid
value, but a length that is not so great tha:
it runs from one ice regime into a quite
different one, Typically lengths of 50 kr or
100 km are used to compute h, and if a 'spot
value' is required, e.g. for purposes of
contouring, the positicn of the 'spot' is
taken to be the centre of gravity of the
submarine’s path within that section. In
coastal zones of the Arctic the mean draft
varies rapidly with distance from shore,
especially where shear is occurring (e.g.
Beaufort Sea, north Greenland)., Here even a
50 xm section fails to resclve the rapid
variation in mean draft, but if shorter
sections are used the problem of sample size
becomes acute, since as L decreases the
accuracy of an h estimate_becomes lower,
can find the accuracy of h by examining

We

82



repeated samples taken over & region of the 4.2 Burasian Basin and north Greenland
Arctic where ice conditions vary extremely

slowly. Two zones have been studied where The Qctober 1976 cruise of Sovereign
these condltions apply: the central Beaufort ssmpled much of the western Burasian Basin
Sea ({Gurmard sections 3-25 143}, which gave and the heavily ridoged offshore zone north 1513
h = {7.67 2 0.06)m for L = 50 km; and the Greenland and Ellegsmere Island (15, 227, he
Eurasian Basin (Sovereigmn sections 14-31 [15]) greatest observed h was 7.4% m at 857N, 70°W,
which gave h = {3.51 ¢ 0.05)m for L = 100 km. north of Ellesmere Island, although the
We assume that these standard deviations are entire track across the north of Greenland
typical ¢f the respective track lengths, and had high values in the range 5.1 - 6.7 m.
therefore 0.05~-0.06 m is the magpitude of According to numerical models (237 this is
arror invoived when we gucte a mean draft for the zone of heaviest ridging in the Arctic
a 50~100 km section. QOcean, since the wind and current stresses
We now briefly review mean drafts as both tend to pile up ice from the Trans Polar
observed in various regions of the Arctic. prift Stream against the downstreamoland
houndaries. Moving north on the 70 W meridian
4,1 Beaufort Sea in spring. towards the North Pole the mean ice draft
ined high out tc 400 km from the coast of
The April 1976 cruise of Gurnard [14] remaine . :
yielded the high value of 5,09 m for a 50 km Ellesmere Island, after which a very rapid
transition occurred to a statistically
section running northward from the 100 m ;
isobath off Barter Island The 17 km that homogeneous regime which gxtended across the
e : rast of the western Burasian Basin. The mean
lay nearest to shore reached 5.58 m. The = o
T draft dropped to 4.51 m, with variations from
second 50 km gave h = 4.22 m, and northward : ;
N section to section which were small enough for
aof this the statlstically homogenecus region ;
a run test to demonstrate that the sections
described above was reached. At the end of . N
came from the same population. The difference
its crulse the submarine again approached the i -
of D.B4 m between the Gurnard mean drafts in
ghear zone north of Point Barrow (300 m =5 aad -
isobath) where an h of 4.61 m was recorded the central Beaufort Sea and the §9E2§5555
: ' ’ - mean drafts in the Eurasian Basin is highly
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Significant, and indicates a clear tendency
towards higher mean ice thicknesses in the
Eurasian than in the Canada Basin,

4.3 M'Clure Strait,

Two cruises through M°"Clure Strait were
carried out in 1960, by U.S5.5. Sargo in
February and U.5.8. Seadragon in August
[9]. Figure 5 shows the mean ?ce draft as a
function of longitude, using a 50 km section
length. The very highest valus of 7.77 n
(the highest mean draft yet observed in the
Arcticlwas obtained off the southwest tip of
Prince Patrick Island just within the mouth
of the Strait in winter. This zone 1ig
already known from airborne surveys to bhe one
of heavy ridging, and iz the source area for
'milti-year hummock fields' (R, Hudson,
personal comm.,}, large ccherent ice masses
composed of continuous ridging, which
eventually hreak out and drift into the
southern Beaufort Sea, The accumulation of
ridging is local, not widespread like that
acrosa the north of Greenland, but it is
exceptionally intense and the reason for its
generation is not known, The rest of tha
winter profile ahows a change in h across the
Beaufort Sea shear zone (sections 10-14)
which resembles the Gurnard observatiansg

north of Alaska, The mean ice draft within
M'Clure Strait in winter lies in_the range

4-5 m, 1In the following summer h within the
Strait was very similar, only 22 cm less on
average, implying ice which is melting in situ.
There is a rapid decline towards the cpen
water ice edge in Viscount Melville Sound, and
algo out into the Beaufort Sea, where the
Spring break-up of the coastal zone has
generated a large amount of open water.

4.4 Fram Strait.

Although the 1976 Sovereign crulse
sampled Fram Strait, a EGEF_EE%E complete
survey of the ice conditions there was
carried out by the same submarine in April-
May 1979 7161, Figure § shows spot values
of mean ice draft for 50 km sections, which
are sufficiently well distributed to permit
contouring, The most obvicus feature is the
very rapid decline of h in the marginal ice
zone (M2} as the ice edge is approached.
Further, h 1s low on the eastern side of Fram
Strait relative to the western gide, implying
a different ice composition - in fact ice
approaching Fram Stralt from the north-east
comes from north of Franz Josef Land and
Siberia and tends to be younger than ice
approaching from the north and north~west
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which has ¢rossed the entire Arctic Basin.
Mote the high h values c¢lose to north
Greenland, reinforcing the earlier Sovereign
data.

4.5 Denmark Strait,

A progile obtained in March 1871
between 67° and 7O°N was reported by Xozo and
Tucker [13], They found that the modal ice
draft_{which we expect to be slightly lower
than h) varied from 0.8 m at the ice edge to
2.9 m some 200 km inside. These values are
Bignificantly jower than those cbserved at
79°N in fig. 6, indicating considerable
melting and/or divergence of the lce cover
during its southward passage in the East
Greenland Current.

LeSchack and Chang [24] produced a
contour map of r.m.s ice draft over much of
the Arctic Basin, which was reproduced in
Hibler [23]. Apart from the difficulty of
comparing r,m.s, with mean values, this chart
possesses some curious features which
probably derive from the fact that it was
based on a mixture of winter and summer data.
For instance, it shows no shear zone in the
Beaufort Sea., In other respects, however,
it agrees reascnably well with the results
described above.

Mean 1ce draft can be converted
approximately to mean ice thickness by
maltiplying by the ratio 1.12, assuming a
water density of 1020 and an ice density of
910 kg m~3, Ackley et al [251 describe more
complex procedures which allow for ice
denslty variation with depth and for a
contribution from snow cover; they must be
applied to the whole ice profile. Mean ice
draft, however, is a useful concept to
retain, since it is a direct measure of the
mass of ice per unit area of sea surface.

S. ICE DRAFT DISTRIBUTION

The probability density function P(h)
of ice draft is defined such that Pt{h) dh is
the probability that a random point 2n the
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ice underside has a draft between h and
(h+dh). P(h} again has to be defined cver a
length scale L; a longer track length gives
greater rellability to the shape of the
distributien but may mask a real transition
hetween ice regimes. P(h) alsoc varies with
time, the most rapld variation being in the
percentage of thin ice present, since the
ice cover can change in days or hours from a
state of net divergence to one of net
convergence. Since thin ice alse tends to be
contained in a relatively small number of
polynyas, its contribution to a measured I(h)
involves a sampling problem which is greater
than that for other types of ice. The
importance of P(h), or rather of g{h), the
ice thickness distribution function [26]1, is
that it is both an input and an output to
models of Arctic ice dynamics and
thermodynamics (27, 233; in particular, the
concentration of lce less than 1 m thick is
the chiaf determinant of ocean-atmosphere
heat flow [281.

Figure 7 shows a typical set of P(h)
functions obtained from 180 kmotrack sections
runaing northward from 85N 70°W (section 11
to the North Pole {section 16) in October
1976 [151. Each distribution shows a peak
at less than 1 m draft due to young ice in
recently opened leads and polynyas, There
is then a gap with relatively little ice,
followed by a major peak at about 3 m due
to undeformed first- and multi-year ice,
followed by a tail which contains ice from
the sides and bottoms of pressure ridges,

The reason for the gap after the young ice
peak is that any ice less than 1 m thick
Found in an otherwise mature icefield exists
only in leads and polynyas, and is easily
crushed during periods of convergence to form
pressure ridges. Most young ice is therefore
transported straight to the 'tail' of the
distribution rather than being allowed to
evolve peacefully to add to the undeformed
ice peak. The majcr peak itself may appear
split into two or more closely spaced peaks
due to the slightly different preferred
depths of first~year and multi-year ice. In
many cases, however, the peak is bread and
the two categories are not resolwved.

when averages of many such distributions

FIGURE 7.
Probability
density functions
of ice draft
derived from 120
km sections
ruanin north from
m 45-00N. TO'w B5 RTNW (section
11} to the Xorth
Bole (section 16).
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FIGURE 8. Semilogarithmic ploct
2f P(h) for a 100 km section
and for 2900 km of ice profile
from the Eurasian Basin

{after €151},

from the Arctic Basin are mada, it is found
that the tail gives a close fit to a negative
exponential distributicn, Figure 8 shows
this for Sovereign data £153 and 1t was also
found for Gurnara [14] and M'Clure Strait (9]
data. The reason for the draft distribution of
deformed ice being a negative exponsntial is
unknown. We shall see, however, that the
pressure ridge draft distribution alac fits
a negative exponential and that tha two
results can be tied together on the
assumption that ridges tend to take the shape
of an isoscales triangle in croas-section.
The two resulta therefore involve only a
gingle mystery.

The cumulative probabllity G{h}, dafined
by

h
G(h) = I P{h] dh {6)
o

1s alsoc a useful concept; it was employed in
the AIDJEX model (271, Flgure 9 showa a
typical form for G(h), obtained from two
intersacting 200 km sections Ln the sBouthern
Beaufort Sea {141, From this type of curve
we can see, for instance, that the median
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FIGURE 9. A cumulative probability distri-
bution of ice draft for two intersecting 200

km profiles from the Beaufort Sea (after [141)

is reached at 3,2

depth (G(h)
that 99% of the ice is less than 2.2 m thick

= 0.5) m and

6, LEVEL ICE

We saw from fig, 7 that the major peak
in P(h) is usnally smoothed out to the point
where the relative contributions of undeforme
first-year and multi-year {second-year or
clder) ice to the overall cover cannot be
resolved., It is important to attempt a
separation of these ice types, since an ice
cover with extensive multi-year ice 1s more o
a hazard to navigation and to offshore
structures than an ice cover of simlilar mean
draft but composed entirely of first-year ice,
The obvicus promerty of undeformed ice iIs dts
comparative flatness, and by trial and error
Williams et al [123 found that if 'lewvel ice*
were defined as ice with a local gradient of
less than 1 in 40, then statistically
generated level ice percentages agreed well
with the results of visual estimates, The
idea is that by isolating 'level ice' we can
find the preferred drafts of undeformed first-
and multi-year ice and the relative contrib—
utions of each to the ice cover.

The 1 in 40 criterion can be applied in
different ways, On one definition (Dl, say),
a peint {x, h(x)) is defined as a level ice
point if its draft differs from that of a
point 140 m away to either side by less than
25 cm. This has the disadvantage that it
includes ice on opposite flanks of a pressure
Tidge at a depth where the ridge width is
10 m, or ice on the same flank of successiwe
ridges separated by 10 m. A more restrictive
definition D2, suggested by A.S. Thorndike
{personal comm,) is that no point within 10 =
of a level ice point may differ in draft by
more than 25 cm from that of the level ice
point. The two definitions are thus

Dl |h{x+1G-h(x)| € 0.25 or ihtx—lo}-h{xalsoigﬁ,

D2 |h(x+d)-h(x)|<C0.25, d=0 to 10 m (B



Wadhams and Horne [141 found that D2 was so©
restrictive that 1t found very little ice,
since normal undulations in undeformed ice
exceed 25 om within a 20 m gauge length. It
is effective, however, in picking out the
preferred drafts of level ice, since although
it does not see all the lewel ice, all that
it 9ees 19 level ice. Dl is more effective
in assesaing the relative contributions of
different undeformed ice types to the overall
ice cover.
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Flgure 10 shows a probability density
function of lewvel ic¢ce draft using definition
D2 and taken from the whole 1400 km Gurnard
profile C14), The technique has separated
both the young ice peak and the undeformed ice
peak into two components, The twe thin ice
peaks are at 0.2-C,4 m and 0,8-0.9 m drafts
{representing two meparate episcdes of
divergence in the recent past), while the main
peak is split into 2.1-2.2 m and 2.7-2.8 m
categories, It 1s reasonable to assign the
2.1 m and 2.7 m peaks to first-year and multi-
year lce respectively. Estimates of
thermodynamic growth rate by Thorndike et al
£26) suggest that first-year ice which Torms
on 1 October will reach a thickness of only
1.B m by 10 April (date of the Gurnard
profile), but 2.7 m corresponds quite well to
thelr estimates and those of Maykut and
Untersteiner [29] for the eguilibrium
thickneas of multi-year ice in April., It is
interesting to note that Wadhams 151 found
only a single peak in the level ice draft
distribution from Sovereign data in late
October, since the ice cover at that time of
year would not contain first-year ice.

We axpect the percentage of the sea
surface occupied by level ice to vary
inversely with the mean ice draft, since a
high mean draft implies a large amount of
deformation. This can be used as a means of
separating ice regimes, analogous to the use
of (T',S5) dlagrams to separate water masses.
Figure 1l shows mean jce draft plotted
agalnst level ice percentage (using
definition Dl from Sovereiqgn data C151), The
overall data show a negative linear
correlation, and there is a clear separation
between ice regimes. The 'cuter offshore
zone'® comprises the region further from shore
{200~-400 km} than the *Greenland offshore
zone' itself, which is the part of the track
traveraing the northern coasts of Greenland
and Ellesmere Island.

7. PRESSURE RIDGES

In an ice profile obtained by upward-
looking scnar it 1s impossible to identify
every ice feature without additional
information. For instance, a single ridge
keel may have a complex ice block structure
which gives it an appearance indistinguishable
from that of two Llndependent Keels which
happen to cross one ancther above the
submarine track. YNevertheless, as it is
undeniable that pressure ridges exist and are
an important component of the ice cover, it
is necessary to adopt an arbitrary criterion
for counting independent keels, TIdealliy, the
game criterion should be used for all
analyses since this permits comparison of
results., The most common definition is that
an independent keel is one in which the
troughs (peints of minimum draft] on either
side of the keel crest (point of maximum
draft) each rise at least half way towards
the local level ice bottom before beginning
to descent again. The 'local lavel ice
bottom' (s difficult to find in heavily
ridged areas, so it is defined arbitrarily
as being at a draft of 2.5 m. This is
3imilar to the Rayleigh criterion for
resolving spectral lines, It has been used
in analyses of sonar and laser profiles by
leppdranta T303; McLaren et al £9%9); Lowry and
Wadhams [313, Tucker et al 323, Wadhams [15,
17, 22, 331, wadhams and Lowry {341, Wecks
at al [3%5] and Williams et al [121, Earlier
definitions, such as that of Hibler et al
361, involved troughs which descend a Tixed
distance from the peak: Hibler £37) and
Rothrock and Thorandike [38]1 have discussed
the problems involved in this type of
definition,

Bibler et al [392 showed that if ridges
occur at random along a track, the
distribution of spacings between ther is
given by

Pr(x) dx = u exp(~ux) dx {2)

where i is the mean mumber of ridges per unit
length of track and Pr(x) dx is the
probabllity that a given spacing lies between
¥ and (x + dx). Mock et al 407 found good
agreement with this relation for surface sails,
except for an excess at small spacings. More
recently, Lowry and Wadhams [313 derived a
modified relation which allows for the
possibility of ridges overlapping so that the
trough between two crests disappears. The
shallower of the two closely spaced ridges is
thus lost from the statistics. This is the
so~called 'ridge-shadowing effect*, If two
ridges have reliefs h,h'{h>h') and are taken to
be triangular in cross section with slope o

in the along-track direction, then the closest
approach Xorit of the two ridges that still
permits h' to be independent is

¥erit = h eot o (1o

A relation based on this idea was found to
give better agreement with the observed
spacing distribution.,

Figure 12 shows keel spacing
distributions from the southern Beaufort Sea
[141, At moderate spacings (40-250 m) the
distributions agree well with (9). At small
spacings the keel shadowing effect reduces
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the number of occurrences, while at very follow. Firstly, we can relate keel draft

large spacings the number of occurrenced is
greater than predicted by (9). This is
because of the presence of leads and
polynyas, which interpcosa additional smooth
gtretches of ice into the formerly random
irefield and thus generate an anomalous
number 6f large keel spacings.

In many independent sets of obeervationa
it has been found that the distribution of
keel drafts fits a negative exponential
distributicen, i.e.

nf(h) dh = B exp (- b h) dh (11)

where n(h) ia the number of keels per km of
track per m of draft increment, and B,b are
parameters that can be derived in terms of
the experimentally observed mean keel draft
h , mean number of keels per km u, and low-
valua cut-off draft hoz
- -1
b = (h hoj

B « pb exp (b ho]

(12)
(13}

Thia relationship fits keel drafts observed
by narrow-beam sonar in the Beaufort Sea £141
and M'Clure Strait [9] as well as sall helghts
cheerved by laser profiling {15, 22, 30, 32,
i3, 351.

Given the wvalidity of the empirical
result (11}, two important congeguences
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Distribution of keel spacings
from 1400 kn prafile in Beaufort Sea, plotted
for keels deeper than 5m and 9 m {after [1431).

FIGURE 12.
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distribution to ice draft distribution EB(h).
Beyond the maximum draft which can be
attained by undeformed ice h say, the
whole of P{h) is due to contTifutians fxom
ice keels, If keels tend to the shape of
isosceles triangles with a mean aleng—track
slope angle «, then it is easy to show that

P{h) dh 28 cot =

b

ax {~ b h) dh

h>hm exp

114)

The obsergations of Wadhams and Horne L[I4!
gave 11,2° as the best value for = to anable
{11) and (14) to agree. This appears low in
raelation to cbserved slope angles, but the
random angle of encounter between the
submarine and the ridge is sufficient to mEake
« approximately half of the real ridge
slope [17].

The second important consequence 13 rhat
{11) makes it easy to predict extreme keel
depths, 1f § km is the distance drifted pex
year by the ice cover which passes over a
given location, then the total number af
keels per year of depth D or greater which
will drift past that point is

N, - sof n(h) dh = Su exp l- b - ho‘ .
R=-h
o
T w 1/N_ is the return pericd in years [ir a
kgel of Braft D or greater at the point

concerned. The chief problem, then, in
predicting extreme depths is the measuremnt
or estimation of §, Extreme depth
prediction is discussed further in section 9.

Some observations of keel drafts,
especially those made with wide-beam sonats,
have fitted a distribution proposed by
Hibler et al £3%], of form

n{h) « exp (-3h?) 116

This distribution was proposed on
theoretical grounds by assuming that keels
are randomly oriented linear features which
are geometrically congruent in cross—sectids
{i.e. cross-sectional area is proportional
to the square of their relief), and that
their depth gistribution can be abtained o
a variational calculation holding the voliue



FIGURE 13. Relation between mean
keel draft and number of keels

per kilometre, for keels deeper
than 9m. Numbered ovoints refer

4 to 100 km sactions from the
Sovereign profile, black spots

to 50 km sections from the Gurnard
profile convolved with a wide
heam (after [151).
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of deformed ice as constant. The Javereign
data £151 fitted (16}, hut the relationship
appears to hold mainly for wide-beam results,
suggesting that the wide beam ‘smooths out'
the complex topography of keels so as to
vield deformation elements which resemble the
simple congruent features assumed in the
theory.

Some datasets obtained from the Arctic
show a positive correlation between the mean
weel draft and the keel freqguency. Figure 13
shows this relation for the Scvereign data,
and also shows that the Gurnar ata, when
convolved with a wide beam FootDrint so as
to mimic the Sovereign's sonar, alsso gives
peints which 1lg¢ on the same curve. Many
other data sets show only a weak correlation,
however,

The deepest keel ever observed in the
arctic had a draft of 47 m (Lyon gquoted in
[411}, while a 43 m keel was ocbserved by
Sovereign 151, Wadhams [17] analysed the
distribution of keels deeper than 30 m in
the region profiled by Sovereign and found,
as expected from (15), that tﬁey were
concentrated in areas cf high ridge freguency.
A significant clustering in groups was also
Eound, however, suggesting that very deep
keels are formed by singular events of major
deformation, and that they subsequently split
into a number of keel linkages which drift
downstream in fairly close company,

B. LEADS AND POLYNYAS

Although the function P{h] gives
information about thin ice cecurrence which
is wital to heat flow calculations, there
are other applications for which it is
desirable to know how the thin ice is
digtributed in leads and polynyas. One set
cf applications concerns sea ice mechanics,
since each lead is a potential pressure ridge,

and the distribution of leads is a measure of
the ice cover's capacity ta sustain deform-
ation through convergence or shear. Other
applications are practical - leads and
polynyas offer a submarine the ability to
surface and also are possible landing sites
for aircraft which support ice operations.

The definition of a lead adopted for
the computer analysis of ice profiles 29, 14,
15) is that it is a continuous stretch of ice
at least 5 m in length, within which no point
has a draft of more than 1 m. A polynya
containing an  ice floe more than 1 m deep
is thus counted as two polynyas. We must use
the terms 'lead' and 'polynya' interchangeably,
since an upward-looking sonar alone gives no
information about the shape of the thin ice
region which is passing overhecad.

The distribution of lead widths has not
been found to fit any simple function.
Sovereign data [157 fitted a relaticnship
where Eﬁe freguency of leads was proportional
to (diameter)'2, hut this has not been found
to be of general validity. The normal way
to represent leads has therefore been by
means of a trafficability diagram such as
figure 14, where the ordinate represents the
average distance between encounters with a
lead of minimum width given by the abscissa.
From this it is possible to see at a glance
the average spacing of leads which exceed
the critical width for some operational

requirement, e,g. the surfacing of a
submarine,
Wadhams {151 found that in Jctober leads

occupied 1-5% of the ice cover in the western
Eurasian Basin, with the percentage xicing to
1020 in the marginal ice zone and also in
the heavily ridged zone north of Greenland,
This assoclation of heavy ridging with large
amounts of thin ice was ascribed (423 to the
acceleration of already deformed ice as it
moved around the northeast coast of

Greenland to approach Fram Strait, Typicadl
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and the nearby Reaufort Sea shelf during winter and summer (after (91).

lead fregquencles ware 7.2 - 0.9 per km, with
908 or more of leads being less than 30 m
wide., Figure ld4 shows the difference between
the lead distributions in winter and summer
in M'Clure Strait and the neighbguring
Beaufort Sea shelf. iLeads are almost a
factor of 10 more frequent at all widtha in
SUmmer.

9, EXTREME DEPTH PREDICTION
An important application of upward-

looking sonar profiles is their use in the
prediction of the deepest kes] that will be

encountered in a time interval or a length of
track greater than that observed. This is
similar to the use of wave measurements at a
site to predict a '10O-year wave'. In shelf
areas, the need for such predictions is
concerned with the recurrence period for
scouring of the sea bed by deep keels. In
the central Arctic, the relevance is to the
safety of submarine operations ancd to
scientific problems such as the water depth
to which stirring and internal wave
generatiqn by deep keels takes place.

The simplest extreme value problem is
one-dimensional, i.e. what is the deepest
keel that will cross a given spot in a given

FIGURE 15, Definition
of the depth crossing
statistic X(h).
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intearval of time? Wadhams [43] proposed
three techniques for tackling this problem.
Thay are;-

(i) Use of the nagative exponential distributian,
wiere it has been showm to be the frequency
distribution followed by the keel drafts. This
method has already been dlscussed in sectian
7 (eguation 15).

Ug=e of a depth crossing technique.
A statlstic X(h) is defined (figure
15), which i3 the set of distances
betwaen the upward crossing of depth
horizon h by the ice profile, and the
subseguent downward crossing. X{h)
is computed, and for the Gurnard data
was found to fit a positive
exponential distribution ag a function
of h, Extrapclation to some greater
depth D tells us that the return period
T. for keels of depth D or greater is
just -

TD -x (D} /8 {17}

where S ls defined as in_{ 15}, Although
in the example studied, X{h) fitted a
simple distribution, the advantage of
this technigue in general is that there
is no need to define or count
independent pressure ridges.

Use of a probability plotting technique.
The record 1s divided into uniform
sampling intervals (say 50 km) and the
deepest ice point in each interval
found., The resulting points are

ranked in corder of depth and plotted

on exponential extreme-value
probability paper (447 using the
Welbull plotting formula

F ou 1 Lt
Flx-x) ™

return distance in units of

50 km

n = number of depth values ranked

m = rank of a given depth point,
m = ! being deepest of all,

{11}

Fiii)

(18}

where F =

The results from Gurnard fit a straight
line (figure 1&), Trom which we ¢an
infer the return distance for extremely
low probabilities. This differs from a
technique proposed by Tucker et al (321
using normal probability paper, which
was found not to give a straight line.

Predictions from these three technigques agreed
well, and Ln the Heaufort Sea coastal zone
gave a depth of 40 m for a return period of
10 years, and of 55 m for 1000 years.

A more difficult two-dimensional
prediction problem concerns the return periad
for the exceedence ¢f a given depth anywhere
along a line of wnit length drawn at right
angles to the mean ice drift. The
application here is to the frequency of
scouring of a seabed pipeline laid to shore
at right angles to the net ice Arift in the
shear zohe. Wadhams (431 showed that a
parameter which must be measured t¢ solve
this problem is 2, the mean length of a keel
in km, measured along its crest, which
continuously exceeds a depth D. No such
parameter can be derived from upward-looking
gsonar profliles, but the distribution of this
statistic is identical to the distribution of
the widths of lce scours themselves, since it
is only the sections of keel deeper than D
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{where D is water depth) that scour the
bottom, Using the existing observation
that the depth @ of scouring below the
undisturbed seabed follows a negative
exponential distribution exp {-k d}, Wadhams
derived the prediction formula

d=11n{8% + T f exp (- D - hD]I
E N

[451

1 (19)
7 -nl
8]

where d is the maximum depth of scour
achieved per km in a recurrence interval T
yrs, and £ = W/ 2¢, where ? 1s measured over
the same region as the submarine profile.
Values for d of 4-8 m were predicted for 100
year recurrence at depths of 15-65 m in the
canadian Beaufort Sea coastal zone,
necessitating deep burial of any pipeline.

SPECTRAL CHARACTERTSTICS OF THE ICE
SURFACE

10.

The spectral characteristics of ice
surfaces were investigated in studies by
Hibler (461 and Hibler and LeSchack [471].
Hibler discussed the two=-dimensional spectral
analysis of airborne laser profiles obtained
by a star-shaped pattern of flights, i.e.
intersecting tracks over the same area
differing in orientation by eqgual ircrements.
He showed that it is possible to determine
the anisctropy of ridge structure and of
higher-fregquency roughness elements
finterpreted as drifting snow). He defined
a ‘roughness tensor' which is a measure of
the degree and orientation of the anisctropy
and which also indicates the sense in which
convergence has occurred in the icefield.
Sonar data of comparable guality are nct
available, but Hibler and LeSchack [47]
found that two tracks crossing at right
angles each displayed a single significant
spectral peak at different wavelengths,
enabling the presumed orientation of a
loral array of aligned pressure ridges to
be determined.

More recently Rothrock and Thorndike
{38) proposed a fractal aporeach toc the
geometric properties of the ice underside.
They found that one~dimensional spectral
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amplitudes of ice roughness vary as k_3, where
k 15 wave numher, in the limit of high wave
numbers {figure 17). An exponent of -3
segparates surfaces which are 'rough'
{continuous but not differentiable} from those
which are 'smooth' {continuous and 3
differentiable), and in addition a k
relation implies that there iz no natural
length scale to the lce roughness, i.e, that
an ice surface locks the same when viewed
under any degree of magnification,

The fractal approach is a promising
route towards ice surface simulation. It
would be very useful to be able to numerically
aimulate ice surfaces such that the shapes and
roughness scalea of ridges, hummocks, leval
ice and lsade are correctly represented.
These simulations could then be used to
examine the scattering of sound by the lce
bottom surface, or the scattering of
microwaves by the upper surface on a
gtatistical basis. An application of the
latter is to the inteypretation of return
pulses from airborne or spaceborne radar
altimeters over sea lice,

ll. UNPERSIDE~TOFSIDE COMPARISONS

In this review we have concentrated on
ice morphology as measured from below, since
thias offers the cnly reliable means of
determining the ice thickness distribuytion.
The chief drawback of under-ice profiling is
that the instrument platform, a nuclear
submarine, ia not available where and when
wanted, The airborne laser profilometer,
however, is an instrument which can be
cheaply flown in a light aircraft and which
can profile the top surface of the lce with
high accuracy. It would be very valuable,
then,if we could develop algorithms which
give valid information about lce thickness
distribution from the results of laser
profiles alone.

Attempts at direct point=-for-point
comparigon between freeboard and draft using
submarines and aircraft have not been very
successful, because of the difficulty of

navigational control., Even a few metres of
error between the submarine track and the
aircraft track yield top and bottom profiles
which cannot be adequately correlated, and
aven the use of transponders and heacons
cannot guarantee a sufficient degree of
superimposition, The only reliable point-
for-point technique is hole drilling, and
by the aid of this laboricus method Ackley
et al [25] were able to test models of
Edp-bottom transformations whereby the
surface topographic variations were
multiplied by a factor to take account of the
buoyancy effect and then subjected to a
smoothing filter to allow for the observed
fact that roughness elements are longer on
the underside than on the topside.

A statistiecal comparison is a more
promising method, since ice conditions vary
siowly enough that an error of a km or so
in space and of a fsw hours in time is not
crucial to the interpretation of 100 km
section lengths. This experiment was
carried out by HMS Sovereign and a Canadiam
Argus aircraft in 1 t{5, 17, 18, 22, 31,
34]. Significant correlations were found
hwoth for draft/elevation and for keels/sails.
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Figure 18 shows that the mean draft (hg) of =
10D km schar section was positively _
correlated with the mean elevation {h.} of
the correswonding laser section by

hy = 8.35h + .04 (r 0.79)
In the analysis of laser profiles %t_is
necessary to remove aircraft porpoising, and
except in regions of extensive open water \
this can only be done to give a 'zera level
which is the mean freeboard of undeformed ioce,
not sea level. Therefore (20} implies that
the intercept at h, = 0 represents the mean
draft of undeformeﬁ floes {3.04 m} while the
gradient is the ratio of added draft to
added elevation when pressure ridges are

{20}
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formed, i.e. (pg.) { =(p) I any ocean boundary but subject to the
- fi'sails ;-fw /i’ keels thiottling affect of a passage through a

Setting (filsails - ‘fi}keels “ Py (20) strait (Bering Strailt, Wares Strait) or
yields p, = 0.915. Both this and 3.04 are equivalent barrier, e.g. the narrowing of
reasonable numbers for a polar icefield, the ice drift in the Trans Polar Drift Stream
suggesting that (20) is a wvalid relation far as it approaches Fram Strait with the barrier
inferring mean ice draft from mean 'elevation' of northeast Greenland on its right hand. 1In
as derived from a corrected laser profile. these eituations an arcuate fracture pattern
Por sails and keels, two linear develops in the ice cover generating a
correlations were found, of form distribution of very large floes (tens of km
- in diameter} which also follew a negative
h, = 9.509 h_ - 1.834 (r = 0.85) {21) exponential distribution of diameter 49, 501.
® The measurament of floe size
and distributions in the MIZ is besthcairied
vertical aerlal photography from a
By = 0.2421 u_ + 1,688 {r = 0.76) (22) E::_:i?;oter or 1ow-f1ym§ atrcraft, although
- infra-red line scan has also been used
Here h_ is the mean keel draft relative to a suceessfully and SAR is valuable for surveys
im Cu&'cff. by i the number of keels per where fog or cloud obstruct yisibility. The
km, again with"a 9 m cut-off, h_ 1s the mean distribution of very large floes is best
saill height above the undeformed tce surface studied from satellite imagery, of which
ralative to a 1 m cut~off, and v, is the NOBA imagery is especially useful because
correapeonding mean number of salls per km. of the high northern latitude to which it
It should be noted that the mean ice draft reaches. The relationship of floe size
h., has been corrected for the effect of distribution to physical forcing, and the
bgamwidth, while the keel numbers and mean effect of floe size distribution upen the
keel drafts have not, since there is no large-scale rheology and dynamics of an ice
valid technique for doing so; the keel cover, are important subjects of current
parameters in {21) and (22} are therefore research,

relative to a wide-beam sounder record.
Using (21) and (22) it is possible to

convert a distribution of sails into a ACKNOWLEDGEMENTS
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Observations made from 1972 to 1976 with the
Electrically Scanning Microwave Radiometer on bpard
the Mimbus-5 satellite provide sequential synoptic
information of the Arctic sea ice cover, This four-
year data set was used to construct & fairly contin-
uous serles of three-day average 19-GHz passive
microwave images which has become 3 valuable source
of polar information, yfelding mary antictpated and
unanticipated discoveries of the sea {ce canopy
observed in 1ts entirety through the clouds and
during the polar night. Short-term, seasonal. and
anoual variations of key sea ice parameters, such
&s ice edge position, ice types, mixtures of {ce
types, ice concentration, and snow melt on the fice,
are presented for various parts of the Arctic.

1. INTRODUCTION

The first synopttc view of the Arctic and
Mtarctic sea ice covers and fce sheets was obtained
by the Electrically Scanning Microwave Radicmeter
(ESMR-5) on the Nimbus-5 satellite. From the time of
its launch in December 1972, 19-GHz passive microwave
data was acquired and used to construct imeges of
the polar regions on a fairly centinuous basis for
four years. The series of images has yielded many
discovertes of the polar fce as observed in its
entisety through clouds and during the polar nights.
The combinatfon of complete spatial coverage, provided
by the scanning microwave sensors, and the temporal
detail, provided by sequential coverage at short-time
scales, has yielded unique informtion an the cryo-
sphere that can not be obtained by surface or aircraft
meas urements,

During the 1970s an extensive series of sea ice
remate sensing experiments were conduwted to gain an
understanding of the microwave properties of sea ice
and provide an accurate interpretation of the complex
satellite microwave images. The experiments involved
ranote sensing aircraft, icebreakers, mnned and
unmanned sea jce drifting stations--atl cperating in
various combined modes coupled when possible with
sateellite gbservations.

The principal instrument used for most of the
studies is the ESMR-5. Before the ESMR-5 Tnstrument
was used in space, an airborne version was flown on
+the NASA CV-900 Airborne Laboratory extensively over
the Arctic Ocean #n 1970, 71, and 72. The 1970 data
(WiTheit et al., 1972} showed that it was possible to
distinguish sea fce from the open ocean both through
the clouds and in the dark. The observed brightness
temperatures of sea ice ranged between 210 and

250 K, whereas the brightness temperature of open
sea water range between 130 and 160 K. This great
differance in brightness temperature between water
and ice readily allowed their discrimination in
the fmagery, and pointed the way to the ability to
observe the fractional area covered by leads and
polynyas, even when the individual leads or polynyas
are not resolved in the imagery. The early data
alse showed that strong microwave emissivity
differences occur on the ice surfece itself. The
ground-truth measurements and mesoscale microwave
mosaic maps (10,000 km?) acquired during the 1971
expariments allowed Gloersen et al. {1973} to show
that the observed emissivity differences of sea
ice at a wavelength of 1.55 ¢m are associated with
the age of the ice. Multiyear ice had lower emis-
sivities {cold brightness temperature of approxi-
mately 210 €) and first-year ice had hicher emis-
sivities {warm brightness temperature of approx-
imately 235 K}. This important result suggested
that passive microwave imagery could provide an
all-time capability of distinguishing between old
{thick} and new (thin} ice as well as determining
the area of open leads and polynyas within the ice
pack.

Additional research was conducted during the
joint US/USSR Bering Sea Experiment {BESEX), per-
formed 1n February-March 1973, and during the most
extensive sea ice experiment ever mounted, the
Arctic Ice Dynamics Jaint Experiment {AIDNEX},
leading to a series of papers on various aspects
of the variations of the microwave emissivities.
Information on extent, concentration, type, and
motion of Arctic sea fce has since been deduced
from ESMR-5 imagery, gircraft observations, and
surface-truth experiments (e.g. Gloersen et al.,
1974a, 1974b, 1975a, 19760, 1975¢, 1978; Ramseier
et al., 1974; Campbell et al., 1974, 1975a, 19/5b,
1975¢, 1977, 1978, 1980, 1981; Ramseier et al.,
1974, 1975; Yant 1976; Iwally and Gloersen, 1977;
Carsey, 1982; and Crane et al., 1982},

The purpose of this paper is to discuss our
present understanding of the physical basis for the
measurement af ice parameters by the ESMR 5 sensor
and to discuss the significance of some of the sea
ice observations. Seguences of ESMR-5 tmages are
used to describe several of the observed sea ice
phenomena. Such observations include repeatability
of the radiances from one annual cycle to the next,
variations in type end extent, interpretation of
1ow radiance zreas within the pack, comparison with
in situ and airborne observations, large-scale ice
dynamics inferred from variation of ice concentra-
tions during as annual cycle, differences in such



dynamics from one annual cycle to the-pext, and
inference of ice melt patterns from the ESMR-5
radiances durfng the sunmer.

2. SEA ICE MICROWAVE PROPERTIES

2.1. Equations and Assumptions,

Both the surface of the earth and fts atmo-
sphere radiate in the microwave region (1 mi111-
meter to 1/2 meter). [n the wmicrowave wavelength
regfon and for the phystcal temperatures encoun-
tered, the Rayleigh-Jeans approxtimtion to the
Planck radiation law pertains, and the radiated
power {usually expressed as brightness temperature,
Tg} 1s therefore proporticnal to the physical
temperature, T. However, most real pbjects emit
only & fraction of the radiation that a perfect
emitter would emit at the same phystcal temperature,
This fraction defines the emiss{vity, <, of the
object, so that the brightness temperature is,

(n

Varfations in the brightness temperature ob-
served over the surface of the earth are primarily
due to varfations 1n the emissivity of the surface
material and secondarily to variations in physical
temperature. For example, the emissivity of sea
water at the 1.55 cm wavelength of ESMR-5 {s about
0.44 compared to 0.92 for first-year sea ice and
0.84 for multiyear sea icae.

1f the field-of -view of the sersor on the satel-
lite includes a mixture of two materials, for example,
sea water and sea {ce with emissivities ¢, and £
and physfcal temperatures of T, and T, respectively,
then the observed brightness temparature is approxi-
mately a linear combfnation of the respective bright-
ness temperatures according to the fractional area,
C, of the ocean covered by sea fce,

Tg = T.

Tp= (1-C) ey Ty +Ceg Ty . {2)
Sea ice concentration 1s defined as C, and the frac-
tional area covered by sea water is, therefore,
{1-C). 1f the emissivities and physical terperatures
are known or estimated, sea ice concentration is
determined by Equation (2} as a function of the
observed brightness temparature,

{3)

Fquation {3} is plotted in Figure 1 for the value of
ey T = 130K, two values of e, and several
values af Ty (labeled T, in Figure 1). Uncertainties
in Ty and e both contribute to uncertainties in
the 1ce concentration calcuTated from Equation (3).
The full radiative-transfer equatfon applicable
to passive microwave observations at a glven wave-
length within the sea ice canepy includes tares that
account for the attenuatfon of the radiation in the
atmosphere, atmospheric amission, and reflaction of
background radiation from space (Gloersen, et al.,
19?8?. The principal effect of the additional terms,
which tend ta be small in polar regions, is in¢cluded
in Eguation {3) ty interpreting ¢, T, to be the
arfghtness temperature of sea water as observed
through a typical poTar atmosphere. Variations in the
atmosphere, as well as variations In the ocean emis-
sivity due to surface roughness, produce variations
of the absarved ¢, T, with 2 standsrd deviation
of about 5 K. Sugstantiiﬂ ly larger deviations,
however, are caused ty the presence of ratnfall in

the sensor field-of-view. In the absence of
atmospheric effects, variations of «, T, are
neqligtble because T, tends to be nearly constant at
271 K 1n the presence of sea fce, and e, at 1,55 cm
1s {nversely proporticnal to T,, with & proportion-
atity constant of approximately 130 X,

Over consolidated sea ice, the atmosphere is
usually very dry, with cloudiness generally consist-
ing underlying stratus containing mostly ice crystals.
Such clouds have Tow opacity 1n the microwave region
and could be neglected except for their influence on
the sea ice canopy surfzce temperature, T{. Local
variations in Ty on this account have bean obserwved
ta be as much as 7 K (Gloersen et al., 1973). Annual
variations in Ty are typically 30 K,

If the sea ice pack consists only of first-year
jce (FY) and open water, the sea ice concentration
(L) can be determined by equation {J) ta about + 158,
using estimated fce physical temperatures {7y}
{Comisp and Zwally, 1982; Zwally et al., 198£]. In
estimatfng Ty, the appropriate vialue is the tempera-
ture of the radiating Tayer, which for first-year
seg 1ce 1s the saline ice just below the snow-Tce
interface. Conseguently, Tp is usually somewhat
warmer than the air temperature Tyqp, except agar
the melting point, and is approximately given by Tp
= Tayp * 078 (T, - Ta4p}, [iRid),

.’[.f the sea 7ce paci consists only of a mixture
of first-year (FY) and multi-year ice [MY) with
emissivity ¢y and temperature TJ"' then the
observed brightness temperature s

Tg = Fery Tiq *+ (1-F) e Ty, {5)

and selving for F gives

(5)
v T - e Ty

where f is defined 25 the fraction of {ce cover
that 1s multiyear ice, [f open water is alse
present, the observed brightness temperature is

Tg = {1-C} ey Ty +

, (7}
C{FE[MTH‘f(l-F]r_ TII'

M can be seen 1n Equation 7, the values of both
sed fce concentrattion (C) and multiyear fraction
{F} canrnot be obtatned from only the single wave-
length Ty obtained by the ESMR-5. In Figure 4 of
Section 3.4, nomegrans are presented for the three
variables, C, F, and Tp, and for various seasonal
values of the ice temperatures and emissivities
to assist in the interpretation of the microwave
images.
2.2, Sea Ice Types and Emissivities.
In the previous section, we mentioned differ-
ences in the emissivity of sea ice. The emissivity
of sea ice depends on its type, varying from about
0.84 for multiyear {MY) sea ice to about 0.92 for
first-year (FY) ice in the months when no melting
occurs, These sea ice emissivitios are at 1,55 cm
wavelength and nadir viewing angle consistent with
field measurements (Gloersen et al., 1973; Meeks
et ai., 1974; Campbell et al., 1978) and model
caleylations {Gloersen and Larabee, 1981}, within
the uncertainty of the actual rediating temperature.
Thus, the average emissivity in a given field-of-
view containing a mixture of ice types assumes &n
intermediate value depending on the composition of
the mixture,

When the freeboard portion of the sea i1ce nears
the melting point, the distinguishing features of



firgt-year (FY) and mltiyear FH\') 1ce disappear
[see next sectfan), and the emissivities become
uniformly high. At the melting point, melt ponds
appear on the surface of the ice, especially under
tloudy conditions, again lowerimg the average
emissivity fn a given field-of-view to values
depending on the area of the melt ponds and whether
the me1t ponds are ice-free or jce-covered {Gloersen
et xl., 1978).

A model accounting for the differences 1n the
emissivities of the two principal fce types has
been described 1n detafl elsewhere (Gloersen and
larabee, 1981), but the results are summarized
here since they are useful in the interpretation of
the Tp images. Four principal factors enter into
the chserved Tp's: 1) the vertical temperature
profile in the ice, 2) the surface reflectivity,

3) the optical depth, and 4} the volume scattering
cross-section, These considerations have also been
discussed in detail for the deep snow caver on
Greenlard and Antarctica {Chang et al., 1979); the
basic elements of that discussion alsp pertain
here,

The optical depth and the surface reflectivity
are determined by the complex fadex of refraction
in the freeboard portion of the ice, the scattering
cross-saction, and the density of the saow caver.
Phystically, the principal difference between first-
yrar {FY) and multiyear (MY} ice is that in MY the
freeboard portion is devoid of amy liguid component
{at beltw freezing temperatures), since the brine
has dratned out of the brine cells during the
preceding medt period. Thus, the imaginary part
of the index of refraction of the freeboard partton
of the MY is simitar to that of fresh water ice,
which {s the order of 0.0003 at 250 K {Cummings,
1952), A a consequence, the optical depth, although
modified by tha contribution to the extinction co-
effictent by volume scattering from the empty brine
cells, {5 much greater than the elevation of the 1ce
above sea level. Below sea level, the brine cells
do contain brine, the imaginary part of the fndex is
at least 0.1, and the optical depth becomes the
order of 1 cm, Therefare the resultant optical
depth in MY is approximately the thickness of the
freeboard layer, In FY the brime component in the
freeboard portion of the ice {present at temperatures
down to at least 230 K; ef. A. Assur, 1960) re-
stricts the optical depth to about 1 wavelength
below the ice sarface.

2.3, Repeatability of Nimbus-5 ESMR Chservations
Recognizing that the microwave properties of sea
ice depend on the fce temperature, as indicated
above, we have examined the time history of two
specific fce types in the Arctic basin utjlizing the
three-day averaged images of ESMR data over the
three-year period. In order to ¢ircumvent effects
of varying concentratien in our first-year (FY) ice
sample, we have selected the maximum radiance for
aach three-day ESMR-5 1image tn the arez of the
Chukch{ Sea (Ffgure 2}, known to be Targely first-
year ice. For the multiyear (MY} ice sample, the
area chosen is north of Greenland and Ellesmera
Island {Figure 2}; here the minimum radfance in the
area 1s chosen in order to avoid inciuding effects
of any first-year ice that might have been produced
in Teads and on the reasonable premise that the ice
concent ration in that area fs generally close to
unity.

The results are summarized in Figure 3. [t
should be kept in mind that the brightness tempera-
tures {n these images are represented bv a calor
scate with & K steps; therefore, the points in
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Fiqure 3 are artjficially bimodal, and their true
va?ues lie between the plotted poi'nts. Nevertheless,
the points 1n Flgure 3 show an remarkable repeat-
abtiity in each of the seasons for the three years
studied, In the January-February period, FY sea

jce appears to have a brfghtness tesperature of 237
X and NY of 203 K, For March and April, the FY
value became 243 K, and the MY became 203 X. In May
and June, both FY and MY radiances tacreased, a
result due to both the increase tn the sea ice temper-
ature and the temperature-dependent emissivity
during the onset of surface melting, as previously
discusied. From mid-June through mid-fuqust, FY and
MY jce appear to radiate with approximately the same
brightness temperatures, and are thus indistinguish-
ahle in this time period when each ice type has
moisture in the freehoard structure.

Frem mid-August through September there is a
cocling trend and a bifurcation of the paints again
occurs, [t is in this period that much of the FY ice
for the ensuing winter season is newly formed; the
Tower set of points in Figure 3 represents the chang-
ing properties of the pack remaining after the summer,
i.e., the MY (including second year) sea fce. It
will be moted that these points approach an average
minimun value of 193 K, probadly indicative of the
of melt ponds in the ice at that time.

In early Octaber, then, as snow begins to cover
the new 1ce and it thickens, becoming FY, the
Chuckchi Sea area assumes the steady-state wvalue of
243 K as in March-April. At the same time, the melt
ponds in the ald ice are largely refrozen, and MY ice
assumes the steady-state vaTue of 208 K.

2.4. Seasoral Nomograms of Sea Ice Concentration
These observations have enabled us to construct
nomograns for four distinct ice seasons, as shown in
Figure &, to aid fn the interpretation of the
saquential ESMR-5 images. We have lumped the
January-8pril and October-December periods into

a single ice season we call “winter”, using average
valugs of 240 K for fully conselidated FY ice and
205 K for consolidated MY. Thus, this nomograph
can be used with assumptions as fo ce type

mixture in a given locality to infer ice concentra-
tion, This is accomplished by seiecting a value
for the MY fraction, F, and utilizing the appro-
priate lavel on the nomograph, which s a Tinear
fnterpolation between the radiances of the two

pure fce types, FY and MY, for various ice concen-
trations. The “spring" ice season is defined as
the May-early June period (see Figures 3 and 4).

In the "summer” period [mid-June mid-August) the
nomogran indicates that the FY and MY are indis-
tinguishable. Finally, the *fall" period {mid-
Augqust through September) shows again a difference
batween FY and MY sea ice types, with average
values of T$ for each which differ from the "winter”
and "spring” nomograms. Bear in mind that these
seasons we have chosen and which are labelled
winter, spring, summer, and fall in Figure 4 only

apgmxirrate the normal calendar seasons. (Figure 4
nd other color figures may be found on pages 219-222)

3. OBSERYATIONS OF SEA ICE EXTENT AND TYPE

The most distinct sea ice feature that appears
in the ESMR-5 images is the ice edge because of the
large emissivity differemce between open water and
sea ice,” a5 discussed earlier. A number of studies
using Arctic and Mntarctic ESMR-5 data have shown
that the ice edges are far more complex than de-
picted in various ice climatotogical atlases.
Similar cbservations of this complexity have
occasionally been made, when lack of cloudiness
permitted, with visible and infrared imzgers on



board spacecraft (see, for instance, Campbell et
al., 1975b). However, ESMR-5 provided the first
synoptic view of the entire edge of the polar ice
packs.,

The first Antarctic ESMR-5 ice edge maps were
also presented Tn Gloersen et al. {1974a} for select
days in the winter of 1972-3. A thorough discussfon
of all the Mtarctic ice edoe data for the entire
useful 1ifetime (1973-6) of ESMR-5 is given in
Iwally et al. [1983}.

The first Arctic ESMR-5 fce edoe maps were
also presented n Gloersen et al. (197da) and show
the entire ice edge with detailed discussion of
the positions fn the Greenland and Barents Seas
for sefected days 1n the winter of 1972-3,

Campbell et al. (1977) give ESMR-5 ice edge posi-
tions for 1973-6 for the southern Beaufort Sea,
and Compbell et al. (1875 and 1981) give the same
for the Bering and Okhotsk Seas.

Between the maximmm and minimun tce extent
ext remas, the fce concentration and edge Jocation
vary in a rapid and complex way. Atime-lapse
motdon picture of ESMR-5 images ([Camphell et al.
1980) has shomn this most draemtically, particu-
larly in the East Greenland, Barents, and Bering
Seas. Features have bean observed with changes in
position up to 100 km/week in thase areas.

foproximate Arctic minimum and maximum sea
{ce extents derived from ESMR-5 data are shown in
Figure 5 for the years 1973, 1974, 1975, and 1976,
These were obtained by selection of approximate
extrema from the series of three-day ESMR-5 {mages.
Experience has shown that the ice edge so deter-
mined s usually geographically lacated to an
accuracy of approximately S0 km, The largest
quatitative difference 1s the large tongue of sea
ice extending from east of Greenland toward
Svalbaed {n 1973 which 15 absent in 1974, appears
less prominently 1n 1975, and 1s absent again in
1976. 1975 appears to be an anomdlous year 1n
which the minimum boundary touches the Alaskan
north shore and {is detached from Cape Cholyuskian
whereas in the other three years shown the opposite
condition obtatns. (More will be said about this
anomaly later.)

The discovery of how to distinguish first-year
{FY) from mitiyear in‘t‘) $ea ice by means of micro-
wive remote sensing (Wilheit et al,, 1972) was con-
firmed during the 1971 AIDJEX Pilot Experiment where
the first simultaneous in situ and atrborne microwave
measurerents were made [Gioersen et al., 1973). The
first apptication of this discovery on a global
basis usimg satellite microwsve data was made using
ESMR-5 Tmages {Gloersen et al., 1%74a; Campbell ot
al,, 1974).

Twe fce types and theie mixtures are observed
in the ESMR-§ {mages to make up the Arctic 1ce pack:
multiyear ice, with an average thickness of approxi-
mately 4 m, covering most of the area between the
Horth Pole and Canada-Greenland and having radiance
vaélues ranging from 205 te 215 K; first-year 1ce,
with an average thickness of approximately l-1/2m,
covering most of the Beaufort, Chukchi, East Siberianm,
Laptev, Xara, and Barents Seas and having radiance
values between 235 and 240 K; and various mixtures
of these twa ice types {n other areas, There are
apparently significant variations betwren the spatial
distributions of these 1ce types from one year to
the next as can be seen in Figures 10, 13, and 19.
Since there are probably also significant temporal
changes in the physical terperature distributions in
the ice canopy, we avold the temptation of over-
interpreting these radiance distritution varistions.
Clearly, the tce within the minimum ice boundary for
pne year becomes the multiyear, or mixed first-year/
maitiyear ice, for the following year. The degree

of mixing depands on how much ice divergence and
refreezing takes place in a given locatinn, and how
mich compression of the newly-formed ice into
hurmocks results fram subsequent ice convergente.
With the uncertainties in the interpretation of
multiyear fraction (F) from the single—channel
ESMR-5 radiances, as a result of not having
independent information on surface temparatures or
ice concentration, a cross-check on the interpreta-
tions of these ESMR-5 data is highly desirable.
Such a comparison between spacecraft data obtained
during part of the Main AIDJEX in April 1975 and
data acquired at the same time from afrborne radie-
meters has been discussed in detail in P. Gloersen
et al. {1978). Briefly, the spacecraft data used
for this comparison are fllustrated in Figure 13,
with the path of the aircraft underflights super-
imposed 1n white, The corresponding airboree ESMR
data {with the cross-track image data averaged into
a line profile)} aleng these tracks are shown in
Figure 14, The alrcraft flights were carried out on
nearly cloudfree days, so that an onboard thermal
Infrared radfometer could be used to determine
surface terperature along the tracks, The ice was
agbserved to be fully consolidated along the flight
tracks (Ftgure 14), and the observed surface tempera-
tures were extrapoiated to other areas of the paci
and used to ¥nterpret the ESMR-5 radiances in terms
of F in Figure 13 (note scale on right hand side of
ftogure). Comparison ¢f the data in Figures 13 ané 14
reveals that the relative changes in radiance {and so
the first-year/multiyear ice mixature) is the same
along the tracks for both ESMR-5 and the afrbarne
ESMR. This experiment provided additional confidence
in the ability to distinguish ice type via ESMR-5.
The transects discussed above traversed the Main
AIDJEX manned drift station array. The nature of the
mixing of the MY and FY ice can be seen in the meso-
scale airborne microwave image acquired five days
after the transect data (Figure 15). The image shows
large miltiyear floes clearly separated by various
size areas of first-year ice, with F approximately
equal to 0.6. Although interpretation of the micro-
wave radiances for ice types had previously been fon-
firmed by in-sftu sea ice property measurements
(Gloersen et al. 1973}, it was reaffirmed by simi-
Yar observations during the Main AIRNEX (Campbell
et al., 1978). The same area enclosed within the
AIBJEX triangle contained considerable open water
during the following August (See Figures 16 and
17, which will be discussed in the next sectiom].

4. OBSERVATIONS OF LOW RADIANCE AREAS MWITHIN THE
ICE PACK

Because of its importance in energr-balance
stydies, for example, there has been comsiderable
speculation during the last Few decades concerning
the amount of open water that occurs within the
patar sea fce covers. One of the most important
results of the ESMR ice observations is that
Gloersen et al. (1978) have shown that large areas
of reduwed ice concentratior occasionally occur
within the Arctic ice pack during al11 seasons.

In each of the four years of the ESMR-5 data
set, the most proncunced cases of large areas aof
low microwave radiances [< 195 X} cccurring
within the pack are in August and September. The
interpretation of these low radiance areas as
reduced ice concentrations and a discussion of
alternate interpretations are given in Campbell et
al. (1980) and Crane et al. (1982). In Figures 6
and 7, a series of 16 ESHR images of the centrat
Artic show the appearance and disappearance of
several large areas of low microwave radiances



which occurred durfni the period 14 August through
28 September 1474, A1) dates on the images indi-
cate the first day of the 3-day period for which
overlappfng ESMR data are averaged in the {mage

map. In Figure 3, a serfes of three ESMR images

of the same area in the late summer of 1975 show

the variations of similar large areas of iow micro-
wave radiamces that have a very different distribu-
tion than those observed a year earlier.

During the summer, three phenomera can account
for tow microwave radiances from sea ice - Tow ice
concentration, substantial liquid water in the sur-
face layer, and ice-free melt pends. Indeed, 1f
in & given location 1ce-free melt ponds cover 30%
of the area, then the microwave radiance from {t
would be the same as 1f it had 30% open water 1n
imads and polynyas, or 70X ice concentration.

Thus, 1n the absence of appropriate surface truth
informatior, the open water versus ice-free melt
pond ambiguity in the Interpretation of ESMR-5
images s unavoidable. Similar surface truth pro-
blems exist in other areas of remote sensing, but
in sea ice studies obtaining suitable surface truth
is especfally difficult during the melt season,
because large spatial variations in ice concentra-
tion and the freeze/thaw of malt ponds occur at
small time scales, and the only available surface
truth information comes from sources which are
seldom operating--manned drifting ststions and
fiights of remote sensing aircraft equipped with
ricrowave radiometers. Drifting stations g¢ive
relevant data for extended periods when they exist,
but the information is only for a point or a small
area in a vast reglon - hardly the syoptic data

on surface conditions needed to fnterpret smoptic
satellite images. Remote sensing aircraft cam
acquire microwave images, which when coupled with
visual and infrared observations from the aircraft,
yleld mesoscale synoptic surface information
(6loarsen at al., 1973; Campbell et al., 1974,
1978). The advantage of aircraft passive microwave
imagery lies in its ability to resolve individual
Teads and polynyas and unambiguously determine the
pressnce or absence of open water. Aircraft can
also aequfre microwave data along extensive transects
of the ice cover, which can also be used to infar
surface characterfstics over large areas (Gloersen
et al., 1978B). 8ut even during the best of years,
such aircraft flights over the Arctic Ocean accur
curing anly a few days. During the operating life-
time of ESMR, therefore, very little sunmer surface
truth data were acquired, A we discuss the satel-
Tite data For the four summers observed by ESMR
(1973-76), we use the available surface and aircraft
data to aid in their interpretation.

4.1, Case of August - September 1975

The most extensive summer surface truth measure-
ments of sea ice durfng the ESMR lifetime were made
as part of the Arctic Ice Dynamics Joint Experiment
[AIDJEX) during the sumrer of 1975. During August
1975, the HASA (¥-990 fiew a series of microwave
mapping missions over the AIDJEX manned drifting
station and a series of transects over extensive
areas of the Arctic Basin (see, for example, Figure
13). The geographical positfon of the AIDJEX triangle
of drifting stations (Figure 12) at the time of
thase observations was in the Souvthern Beaufort Sea
to the north of the MacKenzie Delta, and is shown in
the ESMR-5 fmage for 30 August 1975 in Figure 9,

The physical conditions of the ice surface which
existed at the AINDJEX stations Big Bear (BB}, Snow
Bird (SB), Blue Fox (BF), and Caribon {C) for the
period 10 August to 4 September 1975 were abserved
by Hanson (personal communication) and are given in

Figure 8 a?nng with the 2 m air temperature at atl
casgs. The observation perinds of the C¥-$90 aircraft

and the ESMR-5 {Gloersen et at., 1978} are also
noted in the figure. Two of the aircraft LSHR
microwave maps of the AIDJEX area (Campbell et al.,
1978) are given in Figure 16 {22 August 1975) and
Figure 17 [27 August 1975).

According to the AIDJEX surface observations,
the syrface-layer moisture increased steadily during
the period of the three CY-990 flights. Microwave
meas urements of an alpine snow pack by Edgertom et
al. {1971) and snowpack mode! computations by Chang
and Gloersen {1975) show that the emissivity of snow
increases rapidiy with the onset of melting and then
decreases stowly as the free water content increases,
but the slope of this decrease is not well known.
The increase of surface-layer moisture in the AIDJEX
arega during the C¥-990 overflights agrees with the
alrcraft microwave results, which show a decreasing
trend of the Ty of the ice floes; note that the
average Tg of the floes shown in Figure 16 {22 August
1975) is approximately 240 K while five days later
(Figure 17} it was approximately 230 K. There are
no aireraft measurements to indicate how cool the
Tg's became due to the progressive ice-surface melt-
ing after the CV-990 flights, that is after 27 August
1975, However, there is a Timit to how much free
water can remain in the surface layer, because
percotation through the layer and into the melt ponds
nccurs rapidly. Therefore, because the last CV-990
f11ght occurred immediately after the largest seasonal
melt increment [Figure B}, we assume that the 10 K
decrease in Tg to 230 K was the maximum due to in-
creasing surface-layer moisture and estimate that
the minimum Tp of the wet sea ice is about 230 K,
Furthermore, because the melt ponds during the 19 to
27 August melt perind retained a $lush surface, we
have assumed that the Tg of the slush-covered melt
ponds remains as high as the surrounding wet sea
ice; if not, then the estimated minimum Ty of wet
sea ice would be greater than 230 K. The value of
Tg = 230 K is also the signature of dry MY just
below the melt point. Therefore, any Tg appreciably
lower than 230 K at this time of the year can be due
nefther to wet sea ice nor dry MY just below the
melt point.

The change in Tg due to surface wetness or
formation of dry MY after freezing is significantly
less than the change observed by ESMR-5 for parts
of the Arctic Basin during this period of late
Auqust 1975, Appreciably lower Tg's can be caused
by either large areas of open water within the
pack, due to ice divergence, or by extensive areas
of ice-free melt ponds. OF these two possibilities,
we beliave according to the discussion below that
the former mechanism is respensible for the large
areas of low Tp ohbserved in the summer fce pack
shown in the EEHR-S images {e.g., Figures &, 7.
and 9.

Considering the 1975 abservations {Figure 9)
in soma detail, the large azreas of low microwave
radiance appear as green and light yellow (Tp <
195 X) zones within the ice pack. Te coTar-coded
scale chosen to make the images resulted in some
of the 5§ K changes having stronger visual effect
than others, For example, the 195+ 190 K changes
in the images are more obvious than the 130+ 18%

K changes. The scales are chosen to represent
quantitatively a range of Tg's, and no particular
color change ts inteinsically more importent than
another.

Not only are the absolute values of the Tg's
in the Yow radiance areas important, but these
regions atmost invariably have more promounced Tg
gradients around them than the gradients elsewhere
in the pack. To show how rapidly the Tp gradients



can change, in Figure 11 are plotted the varfations
tn the ESMR-5 Ty's along the transect shown fn
Figure 9. Note that these profiles pass through
the AIDJEX area. Since the surface observations
{Figure 8} indicate that the melt ponds were not
ice-free during this period and since the ESMR-5
Tg's, extept for 24-26 August, are below the
temperature where surface-layer free water cowld
have 2 significant effect, we attribute these T
varfations to 1¢e concentration variations, This
thests based on surface and satsllite observations
i5 al1s0 supported bty the following alrcraft obsery-
ations.,

The CY-990 aircraft ESMR images for 22 Bugust
1976 (Figure 16} and for 27 August 1975 (Figure 17)
both shoaw Jow radiance aress in the vicinity of Blue
Fox (BF). Ahistogram analysis (Campbell et al.,
1978) of these images indicates that the percent of
open water within the AIDJEX trizngla was 8,5% on 22
August and $.6% on 27 August, and that or 18 August
it was zero. On beth 22 and 27 August, visual sfght-
ings from the NASA £V-990 aircraft were mede of the
leads and polynyas in the Blye Fox area, which not
only verified thelr existence but also proved that
they were free of thin ice because sun glint from
capillary and small gravity waves within them was
observed. Indeed, on 27 August the aircraft made a
northward turn from the Blue Fox are2 and a large
area of open water with an ice concentration of
approximately 60-70% was observed to extend to at
Teast 25 km north of the station.

We now compare these 27 August vfsual and air-
craft observations of open water to the ESMR-S
satellite image for 27-29 August (Figure 9). Because
the footprint of the ESMR-5 {s approximtely 30 km,
the individual leads and polynyas generally are not
resolved as ful ly-open water but appeir as reduced
ice concentrations. The average 1c¢e concentration
of the Blue Fox cormer of the AIDJEX triangle and
the area just north for 25 km was approximately 75%
on 27 August. In comparison, the average ES5MRt5
value of Ty, averaging over four 30 km footprints
in the same areas, was 210 K, which gives an ice
concentration of 80% using the nomogram shown In
Figure 4. The ESMR-5 image for 30 August - 1
September {Figure %) indicates that the ize concen-
tration in the area of Blue Fox continued to decrease
after 27 August. HNote the dark green area with Ty
= 190 K tamediately north of the northeast corner of
the AIDJEX triangle, for which the nomogram gives an
ice concentration of 60% consistent with the nearby
alrcraft observatfons,

Having verified that the Tow microwave radiances
observed by the ESMR-S {n the AIDJEX area in Rugust
1975 were due to open water in leads and polynyas, we
now turn to the very large fow Tg areas which exfsted
north of the AIDJEX area and extended 1n & ring
centerad around the North Pole at approximately 86°N
tatitude {Figure %), The radiances ranging from 170
to 195 X pbserved in these areas, which move quite
rapidly, orders of magnitude faster than typical ice
drift velocities, indicate 1ce concentrations from
abeut 40 to 655, Althpugh no surface data or atrcraft
flights were obtained over these transient and
interesting events, we believe these 1ow radiance
areas were also due to low ce concentration just as
we have shown existed at the same time fn the AIDJEX
vicinity,

Returning ta the gquestion of the possible con-
tribution of meit ponds to the Tow radiances, it was
observed that in the AIDJEX area the percentage of
the ice surface covered by mlt ponds was approxi-
mately 303 in August 1975, although these meTt ponds
were not ice-free, Melt ponds in the Arctic Basin
qrow in extent rapidly in the early summer, but by
August they narmally have reached their maximum

extent and thereafter only qrow in depth. As noted
earlier, only limited drifting station and aircraft
data exists on the spatial and temporal bshavior of
miry sea 1ce phenomena, including melt ponds, A
figure of 30% far total mett pond area of the time of
maximm melt {s about average. Drifting Statfon
Alpha was fn the area of B85°N and 130°W in Auaust
1958, {r the reglon where large low radiances area
appear in Figures 6, 7, and 3, and the average maxi-
mum ppnd areas was then ohserved to be approximitely
anx.

Assuming that the melt pond area 1n August 197%
over the central Arctic Basin was 30X, {f the pomds
were ice-free everywhere, then the decrease in Tg -
comared to the frozen state would be about 30 K,
When the melt ponds are completely ice-free, the
surrounding surface of the ice floes is also wet.
Previously we established that the Tp values of wet
sea ice floes (Figure 16 and 17) had minimun values
in the range of 230 to 240 K. Therefore, the com-
bined effect of 1ce-free melt ponds with 30% coverige
and a wet surrounding surface would lower the average
sed ice Tg to approximately 200 to 210 K. Howewer,
the ESMR-5 jmages for August show low radiance areas
are consfderably colder than 200 K, ranging normally
in the region 170 - 195 K, with some values as low
as 150 k. ‘Terefore, although preferential thawing
of melt pond surface within the low Ty zones could
account for part of the decrease in Tg, this mech-
anism codld not account for the major Tg decraase.

In order that melt pond thawing could acqount for abl
of the Ty decrease in these low radiance treas, which
move and change shape rapidly, mast of the central
Pectic Basin would have 1o have 1ce-free melt ponds
cavering 40-60% of the area, and they would have to
thaw and refreeze rapidly and preferentially over
large and small areas, Thawing and refreezing of
melt ponds generally occurs over large areas, because
the controlling mechanisms are associated with weather
system and the existence of extensive cloud cover.
These phenomena generally have much larger dimensdons
than those of the low radiance areas observed by ESMR-
S, &nd the summer weather systems generally do nat
move in the way the low radiance areas move in the
sequential ESMR-5 images, along the specific routes
described later.

He have observed from a NOAA-4 image that on
30 August 1975 the entire 1ce pack north of the
AIDJEX to the Pole was covered by a thick stratus
¢lowd Tayer. Therefore, if the melt ponds were
tce-free due to backradiation from the clouds,
then they should be fce-free over very large argas
and not just fn the low radiance areas shown in
Flgure 9. Alsp, as was show earlier, the melt
ponds in the ATDJEX area at this time were not
1ce-free, and, although this area had slightly
less cloud cover than the area north to the Pole,
the general meteorological regime in both areas
was the same. Thus, we find no redason to assume
ice.free ponds in the area of the large Tow
radiance events which occurred to the north of the
AIDJEX area.

The history of what becomes of the ice after
summer when all meit ponds are thoroughly frozen,
say in December, gives additional evidence that
the Tow radiance areas shown in Figure 5 are pri-
marily due to the presence of open water., Melt
ponds which do not connect to the ocean typically
have salinity of several parts per thousand or
greater when they are fully developed, and when
they do connect to the ocean they have salinities
ranging up to that of the ocean. Unfortunately,
we do not know the ratio of ocean-connected to
unconnected melt ponds over the Arctic at the height
of the summer season. Meeks et al. (1974) faund
that at 13 GH the brightness terperature of FY ice



remafned constant for all tce thicknesses greater
thary 1 cw that had salinities equal to or qreater
than 2 ppt. Therefore, if we assume that the typical
mlt pond has a salinity sufficiently high to form
ice with salinity sgqual to or greater than 2 ppt then
whan 1t refreeezes, it will have the signature typical
of FY ice no mtter what the age of the ice it rests
wpan., Observations of the radiometric sfgnatures of
refrazen melt ponds were made at various times

of the year during the Main AIDJEX. Observations

for Summer 1975 (Campbell et al., 1978, Gleersen

ot al., 1978) confirm that frozen melt ponds

with a thin layer of slightly moist ice do indeed
have the microwave signature of FY sea fre. kWhen
th¥s naw fce on the melt pond becomes FY ice as the
winter progresses, the sfgnature continues to be that
of F¥ ice, It is worth noting that even 1f the meit
pond mater were fresh, there would be no empty brine
peckets apon refreezing, and so¢ the scattering in

the freeboard portion typical of muitiyear ice would
be absent. The tmplfcation, then, is that areas
which show a nearly pure MY sea ice signature in the
winter had few if any melt ponds the previous summer,
howeyer, additional surface measurements on the

eaf s5ivity of refrozen melt ponds are needed o
confimm this conciusion. Therefore, assuming that
the refrozen melt ponds do have emfssivity of FY
ice, then if the Tow radiance areas were due to
preferential melting of pond ice that covers 50%

or more of a given area, then when those areas
rafreeze thelr microwave signature would range from
tatal FY to a maximum of 50X of MY {F=0.5). In
other words, the signatures could only becom that
of & mixture of MY and FY fce with no values of

F > 0.5. On the other hand, 1f, as is shown below,
in Ehe areas where the low radiances occurred in
August-September, the winter ESHMR-5 signatures revealed
the presence of greater than 50% MY to as much as
100X MY, then the summer Tow radiances could not be
due ta preferential melting of large areas of SO%
welt pond distribution,

[n Figure 5 are shawn envelopes of the Tow
redfance areas { 197.5 K) which occurred within
the Arctic Basin during August and September for
edch of the four sunmers of ESMR-5 , 1973-76.
dote that for 1975, the distribution aof the enve-
lope is quite dissimilar to that of the other
three years, appearing as a ring at B5°N latitude,
vhareas for 2i1 the other years the envelopes are
arranged along the Transpolar Drift Stream, which
is & major component of the average Arctic Basin
ice circulation that transports sea tce northward
from the East Siberian and Chukchi Seas towards
the Pole and continues southward into the area
between Greenland and Svalbard, The ather major
tomponent of the average Arctic Basin circulation
is the Beaufort Sea Gyre, which can clearly be seen
in the drift dataz from the Arctic Data Bugy Network
shommt 10 Figure 18.

Consfder again the envelope for the low ice
radiances gbserved in August-September 1975 {Figure
5]. The area covered by this envelape is large,
and if we assume that the jce velocities within
and around this envelope was similar to those
shown in Flgure 18 (a safe assumption since a plot
of the trajectories of all drifting stations
stnce Mansen's Fram voyage yields a pattern of
average ice circulation showing the Transpolar
frift Siream and the Seaufort Sea Gyre with veloci-
tfes similar to the buoy velocities) then the major
part of the ice that was in the envelppe during
Agust - Septamber 197% was still in it when the
ESMR.5 image shown in Figure 10 was acquired on 19
December 1975. We have verified by analysis of
cequential images preceding the December 1975 image

that no significant ice divergence, that is change
in G, occurred in the central Arctic Basin, There-
fore, these images can be used directly to indicate
{ce type distribution using the nomogram given in
Figure 4, A comparison of the 1975 Tow ice radiance
areas tn Figure 5 with the same areas in ensuing
winter {(Figure 10} reveals that a wide range of ige
type mixture, from full FY to full MY, occurred in
these low radiance areas in December. In particular,
the high F values from 0.5 to 1.0 could not have
tome from MY ice covered with 50% refrozen melt
ponds .

Considering all of the arquments and chserva-
tions presented abave, we conclude that the low
radiance areas observed within the Arctic jcepack on
the ESMR-5 images of August-September 1375 are due
to large amounts of open water.

4,2, Cases of August-September 1973, 1974, and 1976

A comparison of the August-September low radiance
areas with Decamber jce type distribution by ESMR-S
in the same areas for 1973 and 1974 (Figures 5 and
10} reveals as in 1975, that a full range of ice
type radiances occurred where they could not if
larga amounts (1.e., 50%) of refrozen melt ponds
werg prasent, A 197§ comparison 15 not made since
the EMSR-5 images for December 1976 were not avail-
able.

In an anzlysis of long-term Soviet ice observa-
tions in the Arctic Basin, Yakovlev (1977) gives a
map showing a “rone of occasfonal polynya" that
covers a triangulariy shaped area with the corners
at 85°N, 150°E; 72°N, 180%; 72°N, 160°W. This
polynya zone very closely coincides with the low
radiance envelopes for August-September 1973, 74,
and 76 (Figure 5) that lie between the North PFola
and the Siberian coast. Thus, there exists long-
termm observational evidence that supports our premise
that the Tow radiance 2ones are areas of lTow ice
concent ration,

Note again that for 1973, 74, and 76 the low radian
envelopes 1n August-September all 1ie along the
Transpolar Drift Steam, Only in 1975, the ATDJEX
year, did a dissimilar distribution occur. Consider
that in the August-September period when the large
tow radiance areas appear in the ice pack interier,
the pack is at its minimum extent, much of the FY
and younger ice types have disappeared, and the pack
is Far less rigid and compact than during other
times of the year. Unfortunately, the Arctic Data
Buoy Metwork was not in operation during this period
to provide jce drift information. Thus, we are
unable to deduce the actual ice motions, which
occurred in the region of the low radiance envelopes,
and compare them with sequential images to discover
how the ohserved distributions of ice concentration
and type relate to the ice dynanics. However, we do
have ice dynamic observations in the southern Beaufort
Sea in summer 1975 from ALDJEX.

The drift of the AIDJEX manned drifting station
array {Figure 12) was very different from the drift
that was expected when the stations were established
in the spring of 1975. Indeed, the array was posi-
tioned with the expectation that it would drift
westwards with the long-time average drift of the
southern Beaufort Sea Gyre and then, when it arrived
in the area north of Pt. Barrow, it would drift
northwestwerd 3along the western part of the Gyre.

The opposite drift actually happened. Thus, it can

be said that the 1975 circulation of the Beaufart

Sez was anomaTous compared to the average circulation.
During Augest-September 1975, then, the south-

eastward drift of the southern Beaufort Sea ice was

anomal gus conmpared to the average summer westward

drift, Ffurthermore, for this same period the distri-



bution of the envelope of low radiance areas (Figure
S) was anomalous conpared to that of the other three
appearing in the same image along the Transpolar
Drift Stream. The year 1975 was als¢ the only one of
the four years 1973-76 that a Targe shore lead that
normal 1y opens #n August-September along the northern
coast of Alaska and the McKenzie DeTta region did not
open (Figure 5}, The low radiance envelopes for this
1975 period are arrayed in two modes: the largest
envelope starts fn the central part of the Beaufart
Sea Gyre and extends westward Into the Transpolar
Orift Stream, thus being positioned perpendicutar to
the envelepes for 1973, 74, and 76 which 1e along
the Transpolar Drift Stream; a2 series of three
smaller envelopes north of Greenland, Svalbard, and
Wovaya Zemlya that &lso lie alaong the Transpalar
0rift Stream.

Based on the evidence above, we surmize that:
{1) the 1ow radiance (Figure 3) areas are primarily
due to lowered fce concentration in all years; (2)
during August-September 1973, 74, and 76, the long-
time characteristic average ice circulation existed
and a zone of Towered {ce concentration, on the order
of 60%, was formed atong the Teanspolar Drift Stream;
and (3 during August-September 1975, an anomal ous
circutation occurred in the Beaufort Se2 with a large
part of the {ce pack being pushed southward toward
the Alaskan-Canadlian coest, which resulted in the
formation of an extensive zome of towered 1ce concen-
tration, agatn on the order of 60%, running from the
central Beaufort Sea westwards into the Siberian Sea,

There i a2ddittonal evidence in the ESMR-5 images
for Argust-September 1974 {Figqures & and 7) that the
Tow radiance areas are primarily due to lowered ice
concentratian. MNote in the image for 20 Augqust, that
two small low radlance areas appeared at B1°N and 90°F
and at 79°N and 73°E. The brightmess temperatures in
thesa two arsas are at least as low as those in the
larger radfances appearing in the same image along
the Transpolar Orift Stream. Following the evolution
of the two small areas, near the ceatral top of each
image, in Flgures 6 and 7, they gradually expand,
while¢ maintaining their Tow radiances, untit by 13
Septamber they have opened into the ocean at their
southern extremities sti1] maintaining their Tow
radiances, Indicative of Yow ice concentration.

Note also that these two areas grew while maiataining
their centroid and did not migrate rapidly ilke the
similar Teatures in the Transpolar Drift Stream.
Since these tw polynyas were located at the edge of
the cantinental shelf, we beliave that they are
formed by a local oceanpgraphic effect, such as
upwelling, that did not vary spatially during the
Bugust -September period,

Similar small, stationary zones of Jow microwave
radiance, which we again interpret as being primarily
due to low {ce concentration, also appear in the ESMR-
5 images in the area adjacent to the lanadian
Archipelago. In August-September 1975, which as
said above we believe was an anomaltous ice ¢ircula-
tion year in the Beaufort Sea, two such zones appeared
at 77°N and 135°W and at 80°N and 105°., They were
approximately the same size as the ones near the
Siberian coast discussed abova and were a21so near
a continental shelf. The one at 77°N and 135°W
persisted until late October 1975, while the one at
BO°R and 105°W persisted well into the winter with
gradually increasing ice concentration. Indeed, in
the area where this latter gne formed thare were
reduced microwave radiances well into spring 1976,
but signatures at that time fall with the range of
MY signatures so there is some ambiquity in interpre-
tation after Fall 1975, As with the small, statfon-
ary rones near the Siberian coast, we suggest that
the ones near the Canadian Archipelago could have been
formed by a local ocean effect asspclated with the

continental shelf,

In Figure 19 are shown a series of four ESMR.5
images of the Southern Beaufort and Chuckchi Seas for
the period of September te 29 November 1274 alang with
the appropriate nomogram, MNote that on 9 Septemher &
large shore lead or polynya extended from the McKenzie
Delta across the coast of Alaska and into the Chuckch:
Sea, By 17 November this polynya can be seen to be
full of F¥ 1ce, By November all melt ponds are re-
frozen, therefore the radiance variations in the
Chukchi Sea that occurred fn the period 14 - 20
Navember can only be due to variations in ice concen-
tration. MNote that some areas show variations in
ice concentration of about 20-30% occurring at
time scales as short as several days.

4.3. Comparison of ESMR-5 and DMSP images

Inittaliy, we believed that one way to verify
what caused the Tow radiances in the ESMR-% images
would be to compare them to vistble images pf the
area acquired at nearly the same time. There is a
severe restraint on using visible images in this
manner, because it is not possible to distinguish
leads and polynyas which are full of nilas and grease
fce from those which are fce free. Indeed, this
anbjguity also shows up in the interpretation of radar
images of the lce {Campbell et al, 1977). Also open
leads and polynyas smaller than about 1 km are not
resolved in the visible images, but do contribute to
lower microwave radiances, The task of finding near-
simultaneous visible and ESMR-5 images of the transient
low radiance areas proved far more difficult than
imagined, It appears that stratus clouds are almost
atways associated with the low radiance areas that
occur in August-September. We are indebted to Dr.
R. Crane for finding a visible Defense Meteorological
Satellite Program (OMSP} image of part of the Arctic
Ocean fn the region of Svalbard that shows two
polynyas and part of the ice edge in the East Green-
land Seas. In Figure 20 this image, acquired on
8 April 1973, is corpared to an ESMRS image of
the same area acquired on 5-7 April 1973. Three
arrows connect corresponding features: 1) the edge
of the se2 ice in the Fast Greenland Sea (A}, 2) a
polynya north of Svalbard, and 3) a polynya north
of Novaya Zemyla. The polynyas appear to be ice-
free in the DMSP image, and the ESMR-5 image also
shows that they are ice-free,

5., CBSERVATIONS OF SPRING AND SUMMER ICE

The variation of the microwave radiances dur-
ing three suwcessive annual cycles was discussed
above (see Figure 3.). It is interesting to examina
the spatial distribution of these radiances during
the Spring and Summer in some greater detail. In
Figures 21 and 22, radiances from the central Arctic
basin are shown in fourteen ESMR-5 images beginning
on 19 April and running to 14 August 1974. Based
on this sequence alone, it might be concluded that
a roughly 1inear warm front proceeds on the ice
surface from Siberia tao the Canadian coastline
(see for instance Campbell et al. 1980). In fact,
this surface warming pattern is repeated in the
1973, 1975, and 1976 data sets f{not shown}. This
notion is further supported in Figure 2] by a
sequence of Arctic Ocean Data Buoy (AQDB} tempera-
tures, albeit for 1979 (Thorndyke and Colony
1980), which show a similar pattern of ice surface
warming starting at the Siberian Coast and proceed-
ing in a roughly tinear front to the faradian
coast.

A unique interpretation of the sumer micro-
wave radiance pattern changes for the Arctic Basin
is not possible. To illustrate the complexity of



the supmer season radiances, we have selected
three areas surrounding three of the AQDBs to
study in detail, recognizing, of course, that
these data were acquired five years after the
ESMR-5 data. Because of the difference in time of
the two data sets, a detailed conparison is not
appropriate. Still another caveat is that the
ADBs move, whereas & fixed area was selected to
study the ESMR radfances. Nevertheless, we assume
that the average annual cycle of physical tempera-
tures 1n a given Arctic basin location approxi-
mtaly repeats itself from one year to the naxt,
supported 1n part by the repetitior of the apparent
linear warm front pheromenon in the 1973, 1974,
1975, and 1976 ESMR summer data sets. We also
assume that the spatial variation in the temporal
behavior of the physical temperatures can be
neqlactad over the path of the buoy traverse. The
three areas selected are: (1) a predominantly
first-year sea ice area In the East Siberian Sea
[near 76N, 166E); (2} a mixed mltiyear/first-year
sea jce 2rea in the central Arctic [purple area in
the 21 June fmage in Figure 21, near BN, 135-180M);
and {3} a heavy multiyear sea ice region north of
the Queen Elizabeth Islands (near B3N 120W).

The AQUB tesperature data for 1979 and the
nearty’ ESMR radiances for these three areas for
1974 are plotted in Figure 24, The first noteworthy
feature of these plots fs the difference in ampli-
tudes in the temperature curves for the three
RODBs. Al1 three curves rise to about 5°C in July
[consistent with the melting point of the sea ice
and the offset in the huoy temperatures to be
expected on the basis of solar warming of the
buoys), but the February-March minimum §5 about
-30°C for the East Stherizn Sea case, «35°C for
the Central Arctic, and -40°C for the zrea near
the Queen Elizabeth Islands. Within the errors of
these smoothed curves of buoy temperatures, there
1s certainly no obvious phase shift in the three
cycles as might be expected for occurrence of an
advancing linear warm front phenomenon. On the
other hand, such a possibilty fs not excluded and in
Fact 1s probably present as fndicated by the differ-
#nces n the buoy temperature minfma.

Another remarkable phenomenon is observed when
comparing ESMR-5 radtances and OADB temperatures for
these three locations over the 1974/197% annual
cycles. Startfng with the area north of the Queen
Elizabeth Islands (Ftgure 24a), the ratioc of the
amplitudes of the ESMR-5 radiance and AODB physical
temperature in the cycles {which are in phase even
though they are five years apart} is about 0.78.
This ratio of ampTitude of brightness temperature
to the aplitude of physical temperature implies an
ewmissivity of 0.78 which is in reasonable agreament
with the approximate 0.B4 value for the emissivity
of myltiyear fce at the ESMR-5 wavelength of 1.55
ca. Thus, it can be seen that at this particular
location an emissivity change fn the snow cover on
the sez2 1ce 1s not evident as the physical tempera-
tura approaches the nelting point in the sunmer
[Edgerton et al., 1971, Stiles and Ylaby, 1980). En
contrast, the area near the Narth Pole {Figure 24b),
where the twe cycles are again in phase, yields a
ratio of about 1.1, clearly indicating a significant
change 1n sea fce emissivity, which is assumed to be
due to the presence of a liguid phase. Also consis-
tent with such an emissivity change is the increase
in the slope of the ESMR-5 radiance curve late in
May (Figure 24b}. The ESMR-5 radiances in the Fast
Siberian Sea {(Figure 24c) do not follow the AQDB
temperatures as closely as 1n the other two areas,
The sitvation in this area appears to be more complex,
The out-of-phase characteristic in March is likely
to be related to differences fn the annual cycle of

the physical temperatures in 1974 and 1979, The
lack of agreement im the fall curves may also result
from sea fce divergence or the formation of and
subsequent freezing of melt ponds on the sea ice.

The freezing and thawing of the surfaces of
meit ponds is conmtrolled by meteorological events,
such as the passage of cyclones and the presence of
stratus cloud patches, that are freguent during
the Arctic summer. The synoptic weather conditions
asso¢iated with the pattera of brightness temera-
tures and snow melt In 1974 is discussed in Crane et
al. {1982). Since such events move over over broad
areas, it could be assumed that the response of melt
ponds to them would als¢ eccur randomiy over broad
areas rather than in a relatively narrow band along
tong-term ice circulation features.

The sequential ESMR-5 images for July 1974
(Figurs 22) show microwave radiance variations of
sed ice gccurring aver broad, amorphous areas,
Considering the magnitude and range of the radiance
variations observed, they could be due to freezing/
thawing of melt ponds. These are not nearly as Tow
in radiance as those zones {Figure 5) which we attri-
bute to low ice concentration. HNote that there are
two dominant signatures in these images: a brown/
vrange ane which has the signature of multiyear ice
with approximately 30% ice-free meTt ponds; and
pink areas which have the signature approximately
20 K higher and which indicate that the melt ponds
are refrozen, These large, amorphous zomes migrate
with speeds similar to those of summer cloud systems.
Comparing the July 1974 images to those for 1973,
1975, and 1976 {not shown), wa find no repeating
pattern in the distribution of these amorphous
zones, Thus, these freeze/thaw 2ones in July behave
in an entirely different way then the well-defined
August/September lower radiance zones which are
relatively narrow and appear repeatedly in the area
of the transpolar drift stream.

6. CONCLUSIONS

The ESMR on the Nimbus-5 satellite provided
data for the first synoptic images of the polar
sea ice covers and ice sheets. [t did so on an
every three-day basis with occasional gaps during
the first four years, and has provided data of
lower gquality untit the present time. The ESME data
set affords a unique look at the behaviar of ice on
our planet. This study has focused on the intar-
pretation of the Arctic sea ice data. Zwally et
al, (1983) have performed a detailed analysis of
the Antarctic sea ice data. These and other stud-
ies using ESMR-5 data have shown that the polar
sea ice cover undergoes Targe spatial vartatians
af 1ce extent, ice concentration, and ice type
throughout the range of time scaies from sevaral
day to interannual. ESMR-5 was a single-frequency,
single polarization sensor, which measured key
sea ice parameters to accuracies useful for a wide
variety of studies: position of the sea ice bound-
aries to 25 km, ice concentration to Ll5%, and
qualitative information on multiyear ice fractiom.

In 1978 NASA launched the 10-channel Scanning
MuTtichannel Microwave Radiometer {SMMR) on both
the Nimbus-7 and Seasat satellites. These two
instruments, essentially copies of each other
with five frequencies each with horizontal and
vertical pelarization [Gloersen and Barath, 1977),
represent 4 considerable jump in complexity aver
ESMR-5, The Seasat SMMR aperated for the 1ifetime
of the satellite, only 110 days, but the Nimbus-7
SMMR is still gperating. Thus, the length of the
high-quality SMM® data set now exceeds that of
ESMR-5. The rultifrequency, dual-polarized micro-



wave data from SMMR has yielded a drametic facrease

in the precision in the deterstnation of 1ce
parameters compared to ESMR-5. The Ninbus-7/SHMR
Experiment Team has developed a sea ice algorithm

that determines bath total sea ice concentration and
multiyesr sea ice fraction making use of the polariz-

ation and miltispectral information [Cavalieri et
al., 1983; Gloersen et al., 1983).
1thms 1nclude those of Swift et al. (1983} and
Svendsen et al, (1983),

The combined ESMR-5 and SMMR data sets has
provided &n almost decada]l record of the behavior
of the potar sea fce packs &t a wide range of
space and time scales. Tis record will continue
to be a valuable source of information for many
air-ice-sea Interaction, weather, and climte
studias,
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ARCTIC OCEAN BUOY SURFACE
TEMPERATURE (1979)

Figura 23, Arctic Qcean Buoy temperatures fields for mid-April, mid-
My, wid-Juns, and mid-Jely 1979 {data from Thorndike and Colony,
“1980). in each case, the buoy data shown were averaged over a five-

day interval,
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ARCTIC SCTERCE AND ENGREERING TIZ

INTRODCTIONE

W. David Kingery

Tepartment of Materials Science and Ergyinesring
Massachusetts Institute of Techoology
Camtreidue, Massachusetts

Sftudies of the characteristics of ice and
+z deformetion properties were first carried
s olueidate the behavior of glaciers, and it
a5 only been in the last few decades that
propertics of sea ice have been sericugly
udied. During the carly years of VWorld War

the range of British aircraft was inade-
ate for protection of the North Atlantic
lapes and several suggestions were made
T using natural ice ag temporary landing
eids. However, icebergs are notoricusly
Lnstakble, and the prospect of a landing fielad
flipping over during an approach was not very
somfortable. Sea ice platforms are alse
iradeguate. As a result a substantial effort
gdavetaed to developing an ice structure

t wonid be more useful. A new ice alloy
develaped (callLd "pykrete"} and prelim-
tnamy dm%ans carried out. However, by the
tira it got that far the exigencies of the
Wi mituation had changed and the project
was mot carried to completion.  This story
ms to be symptomatic of pur up-and-down
proach to aretiec endaavors.  That was
rtainly the case whem in 1961 we carried
t successful experimental landings of the
tire Alr Force lnventory of aircrafit at
ala, Gresnland, including &2 constructed
rking area suitable for the heaviest air-
crafr. Soon thereafter the Air Forse lost
interest. Let us hope that our present
arotic policy will include 2 sustained effort
anderstanding the properties and behavicors
archiice ice, The papers presented this
ternoen wiil make it clear that thers is
2Ll much to learn.

In this session we shall look to the
havior of arctic sea ice from two guite
different points of view. First, 2r,
fritohard will take a macroscopic view of
ize behawior on the scale of hundreds and
tens of Kilometers, modeling its behavior in
terms of the imposed forpes and character-
igtic ice properties. The problem is a
aGifficult one since the forces acting on
CEES ;ce are complex and come from Cifferent
arigins which can be evaluated and described
suzlitatively, but thelr guantitative esti-
mation is still most difficult. Similarly,
edgtlon wf sea ice to the opposed
5 15 4 complex one and depends on the
2 gf the ice and time, temyperature, and
wural considerations that are most
pult to simplify in a form for which

[N

»

AR L]

583

macroscepic computations are useful. hever-—
theless, a lot of prodress has been made the
last several years, and Dr., Pritchard will
inform us about the present state of aflairs.

Sea ice behavior can also be approached
from the paint of view of materials groper-
ties in which the characteristics of the icw
are related to its crystalline structure, 1ts
composition, its microstructure and the
influence of various impurities which may be
prasent. This iz alsc a complex subject
since ice forms in various ways. We Can not
expoct that the properties of sea ice which
containg a gqood deal of entrapped brine will
be similar to the higher purity, larger grain
size glacier ice carved from the sheres of
Greenland and Ellesmere Island. GEince its
mechanical properties are of lnterest in &
temperature range ¢ults close to its melting
point, temperature and strain rate are also
important vartakles. Since several variablos
influence the resulting properties, a certain
comp lexity must be addressed and this i1s the
task which Dr. Wecks and Dr. Mellor lhave
unidertrken.
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The capabllity to model sea ice dynamics behavior
hes increased substantially during the Jast decade,
The literature descriding macroscale and mesoscale
modeitng in the Arctic Basin, especially the Beaufort
Ses, the Chukchi Sea and Bering Strait region, and
the Baltic, Bering and Greenjand Seas is reviewed.
Basic contribytions to model development are ident-
ified with the intent of determining the essential
similarities in approach. Features needed to des-
<ribe ice behavigr in a physically acceptablie way are
discussed. Although models have come into more com-
won use, many of these models have not incorporated
the results of recent studies of small-scale pro-
c#sses. The sex ice modeling community is challenged
1o take this better understanding of individual phy-
stcal processes and to incorporate it into the models.

1. TINTRODUCTION

During the tast decade, the understanding of sea
ice behavior has increased substastially. As in
other engineering and scientific fields, modeling of
this hehavior has been able to keep pace because af
the great advances in computer hardware and software
and, to a lesser extent, because of advances in nu-
merical splution techniques for solving compiicated
problems, The techniques needed to simulate sea jce
nehavior are some of the most sophisticated in use
anywhere today,

The purpose of this review is to survey the mod-
els cuerreatly in use and to examine and compare their
basic components. In this way, the differences and,
aven more, the simitarities in the various approaches
can be {dentified. It is hoped that this analysis
w11l encourage and help other investigators to focus
an improving our understanding and description of sea
fce processes and thereby adapt and extend present
mocels.

Models are used in a2 diverse range of applica-
tions, extending from the need for more fundamenta)
scientific knowledge to a variety of specific opera-
tional needs. These applicatfons include under-
standing climate dynamics, determining oil spill tra-
jectories, estimating loads that might be applied to
a fixed structure operating within the ice cover,
estimating noise generated by the ice cover, or warn-
ing of possible future jce invasions during petroleum
grilling operations in open-water conditions. Time
and space scales in each of these problems differ
significantly.

On macroscales of hundreds of kilometers, sea ice
pehavior affects climate dynamics. The effects of
sea ice motions and defgrmations are realized primar-

ily through the formation of open water, which in-
creases heat transfer from the ocean to the atmos-
phera. The ice stress fs not of direct physical
concern. On mesoscales of tens to hundreds of kilo-
meters, bath ice moiions and stresses are important.
Ice motions would influence an ¢il spill by trans-
porting it. Alsa, the large-scale ice stress could
be transmitted shoreward to generate forces on off-
shore drilling structures. The geophysical scale
forces from winds and currents over wide areas of the
jce pack cause its motion. These effects can be
realized at large distances when intermal icc
stresses are high. These large-scale forces and
stresses cannot be measured directly. To compare
with observed behavior, our attention must be focused
en the motions, the only directly observable vari-
able. On small scales of a hundred meters and Tess,
these forces affect the design and use of offshore
drilling structures. Artificial  islands, docks,
breakwaters, and conical platforms must be designed
to withstand the forces that sea ice can apply. For
scales bpetween a hundred meters and ten kilonaters,
sea ice behavior is difficult to categorize. There
is not a clear separation of scales and sewveral
problems fall within the mespscale and small-scale
bounds .

In current sea ice models, the physical behavicr
of sea ice is described hy accounting for mass, mo-
mentum and energy balance and the constitutive Taws
relating deformation to stress and thickness redis-
tributign and thermal growth. In this raview, the
numerical schemes used to soive the mathematical
models are discussed briefly. Computational consid-
erations include the cheice of a Lagrangian or Euler-
ian description, a finite element or finite dif-
ference approximation, and an implicit or explicit
time inteqgration.

This review is not complete in the sense that not
a1l ice modeling publications are discussed. Atten-
tian is focused on mesoscale and smaller modeling in
which stress, velocity and ice conditions are equally
important. Past reviews by Rothrock [1,2] and Hibler
[3,4] on macroscale modeling are updated, but models
developed primarily for studying climate dynamics are
only included as they apply to mesoscale problems.
Alsa, small-scale engineering studies are ignored.
These enginearing studies will, in the future, provige
input to modeling individual processes, but, at tnis
time, have not been included in larger scale mcdels.
Many valuable engineering studies are to be feund in
proceedings of the POAC and OTC conferences as well
as the numerous recent ASME and ASCE conferences with
Arctic sessions. The NKTIS has alse prepared a pub-
lished search on sea ice, The works referenced in



this paper car provide detailed finformation on speci-
fic topics and references to further relevant studles.

The remainder of this paper is divided into four
sections, A lengthy review of literature on sea ice
modets appears in Section 2. Then, <Computational
tonsiderations needed to salve problems with these
models are presented in Section 3. In Section 4, an
overview of the fundamental companents of a model
needed to completely describe ice dynamics behavior
fs gqiver. Recommendations for future eatenslons are
also made. Finally, in Section 5, a brief conclusion
evaluates the current status of ice dynamics modeling.

2. LITERATURE REVIEW

The literature reviewed in this section is ex-
tensive. Tt ¥ncludes macroscale and mesoscale models
of almost all arctic and subarctic ice-covered oceans.
Since different length and time scales, geographic
regions and specific appiications are involved, it is
difftcult to separate the presentation into legical
subsecttons., In general, the discussion is broken
down by gecgraphic reglion. Separate subsections are
presented on models developed for use in the Arctic
Basin and Beaufort Sea region, the Chukehl Sea and
Bering Strait area, the Baltic Sea, and the Bering
and Greenland Seas., Thae first subsection {5 an
exception, however, 1n that it Is a general discus-
ston of free drift. This seems reasonable because
free-drift models, in neglecting ice stress, do not
show strong reqional differences.

2.1 Free Orift

Free drift of sea ice is defined as the condition
where all forces act on the 1ce cover except {ce
stress divergence. In most present wmodels these
aother forces include inertial and Corlolis accelera-
tion, afr and water drag, sea surface tilt and, at an
tce edge, wave radiation drag. Many authors have
discussed free drift, with early references to Mansen
{5] and Zubov [6]. Recent articles typically trace
the momentum bajance in free drift to Campbell [7].
Rothrock [1,2] and LeppXranta [8) have presented re-
cent reviews.

McPhee [9) has used AIDJEX data from the summer
of 1975 to analyze the relationship between winds and
fce motions., This time period was chosen because it
appears that ice motions then were ynaffected by in-
ternal ice stress., The study had ase a primary goal
the determination of an oceanic drag law, This work
has continued, and a comprehensive repori has been
published comparing various drag laws [10]. Owverland
and Pease [11] and McPhee [12] have developed similar
models of the oceanic mixed layer for shallow seas.
Pease et al. {13] have used a free-drift model with
guadratic drag laws to determine drag coefficients
near the ice edge in the Bering 5ea. Andther ocean
mode) that 1s useful to note 1s the muitilevel ocean
model of Liu and Leendertse [14], which treats ice as
a linear viscous layer but includes most ocean trans-
port processes in great detail,

A1l of these water drag models may be incorpor-
ated inta more compiex and complete ice dynamics
models, but have peen exercised to date gnly in free-
drift models ([except Thomas [15] has used McPhee's
shallow ocean model in Ris nearshore Beaufort Sea
studfies).

Colony and Thorndike [16] and Thorndike and Colony
[171 have analyzed ice motion data and geostrophic
wind data from Arctic Basin buoy deployments in 1975-
76, 1979-80, 1980-81 and J981-82 to determine how
well a linear model relates daily average motions,
They found that at distances further than 400 km from
shore, free drift describes about 85 percent of the

variance in ice velocity in winter and about 95 per-
cent in  summer. Velocity vector errcrs betwegn
observed and modeled velocities have a stardard
deviation of about 4.0 cm/s. MNearer to shore where
ice is often in contact with the coast, shout 50 per-
cent of the variance is described. Mean vector errors
over monthiy perigds are nearly constant and may bDe
attributed to long-term ocean currents., This may be
the best avajlable estimate of the ocean currents
because of the sparcity of direct measurements.

Thomas and Pritchard {¥8] and Pritchard [19] have
used a free-drift model with quadratic drag lews o
analyze AIDJEX data for the Beaufort Sea in 1975-76.
They found that modeled velocity vectors have monthly
mean errors less than 1.0 cm/s and standard deviations
of about 3.6 cm/s in summer and up to 10 omfs i
winter. This model is also used with 25 years of
barometric pressure data for the Beaufort Sea to est!-
mate the range of ice motions that may be sxpected for
this region. The study updates a similar estimate by
Sater et al, [20].

Dimensionless variables have been intreduced by
Pritchard and Thomas [21] and Leppdranta [8]. The
choice of reference variables differs and dimensien-
less parameters appear in different combinations, but
similar resuylts are obtained.

McPhee [22] has used free drift to study inertfal
oscillations in the Beaufort Sea. When ice stress is
negligible, 1imertial and Coriolis forces respond to
wind drag and proguce inertial oscillations. 1n the
subarctic waters of the Baltic and Bering Seas, the
thinner ice means that inertial and Corioiis accelera-
tions are smalier and, therefore, produce smaller
inertial osciliations (Leppdranta [B8]). Pease et al.
[13] have shown that air and water drag are nearly in
balance in the Baring Sea because the ice is thinner.

2.2 Arctic Basin and Beaufort Sea .

The strain that may occur in an jce fipe before
failure is small compared to the deformation due to
failure by opening, rafting and ridging. A model may
describe behaviar on a scale small enough toe resolee
variations from floe to floe or may average aver a
numbaer of floes and describe a set of average prop-
erties. This set of properties must be complete
enough 50 that the desired output variables, such as
velocity and stress, are datermined in aa average
sense at this length scale. Then, even though there
are known variations on smaller scales, it s not
necessary to resolve them explicitly.

The velocities of individual particles of ice on
a floe differ, especially when floes are large cow-
pared to the scale of resolution. These velocity
variations cannot be described well as a conkinuum
velocity field because deformations are localized at
floe boundaries rather than being distributed as con-
tingous straining of the floes. WNye and Thomas [23]
have shown how dce wvelocities vary over an  area
several hundred kilometers long by using satellite
images. On smaller scales, Hibler et al. [24] have
presented similar results. This wark has been re-
viewed by Rothrock [2]. More recently, Thorndike and
Calony [25] and Colony and Thorndike [16] have ana-
lyzed ice motion data from the Beaufort Sea and the
central Arctic Basin to determine the portion of ob-
served motion that can be explained by a cortinus
velocity field and the portion that appears as sub-
grid-scale velocity inhomogenesities. Their wort
focuses on large-scale behavior, 100 km and larger in
resolution. V¥elocity variations as large as O.% cm/s
in winter ard 1.1 ¢mfs in summer cannat be describes
by a continyum velpcity field. Strains calculates
from buoys about 190 km apart have an uncertainmty of
0.4 to 1.1 x 10°7 s-1 An  uncertainty of  this
magnitude makes it difficuit to determine whether z-



area fs diverging or converging. An uncertainty in
shear and rotation is less severe because these quan-
tities are larger than dilatation. The impact of this
uncertainty is that the stress can be im substantial
error becayse it is determined from the strain through
a8 constitutive law and 1imits the accuracy of a coa-
tinuum model for a selected Tength scale.

S5ea ice dynamics modeling im the Beaufort Sea ad-
vanced 4t a rapid pace with the concentrated efforts
during AIDJEX, as discussed by Untersteiner [26].
Coon [27] has summarized the model developed during
that program. DOne of the major contributions of the
AIDJXEX model is the attempt to describe large-scale
jce behavior by describing individual processes such
2% lead formation, rafting and ridging.

Ice conditions, which are expected to control the
relative importance of Individual processes, are
gescribed in terms of the thickness distribution by

Thorndike et al. [28]., The large-scale heat flux
between ocean and atmosphere that affects climate
gynamics  throughout the world 15  also  affected

divectly by ice conditions [29,30]. Thermal grawth
and ablation of sea ice has been described by the
climatological average rates for each thickness
throughout the year. This approach was used for
Short-term simulations [31]. Thermal growth has also
been accounted for by simuiating the heat budget
directly. This approach was used by Hibler {32] to
simulate year-long behavior, and it is the approach
needed for climate dynamics simulations.

Large-scale ice stress is related to deformations
by an elastic-plastic canstitutive law [33,34]. Ice
strength has been determined by Rothrock [35] by
equating the energy digsipated in plastic
deformations to two small-scale energy sinks. These
two sinks, which have been identified by Parmerter
and Coon [36] in their study of the mechanisms pre-
valent in ridging, are increases in gravitational
potential energy as ice conditions change and fric-
tional dissipation as ice blocks slide through the
rubble of a ridge. This AIDJEX model provides the
framework within which all recent modifications and
tmprovemants are discussed.

Simulations of sea ice behavior using the AIDJEX
model have indicated that strength walues less than
T. x1 N/m are unrealistically low [37]. Bugden
[38] modified the redistribution function to aliow
thin ice to be ridged inte a range of thicker ice
categories, instead of assuming that al! ice ridges
fnto ice 5 times its original thickness as assumed by
Coon et al. {31] and Thorndike et al. [?8]. Rothrock
{2) rewviews this aspect of the model development.
Hibler [32] has introduced an alternative formuiation
of the redistribution function in a simulation of
Arctic Basin tce drift for 1962-63. This redistribu-
tion also accounts for ice being ridged into a range
of thicker categories, and it more accurately refiecis
the morphology of the ridged ice caver and the square-
root thickness scaling found by Parmerter and Coon
[36). This assumption increases the strength to wore
acceptable levels for accurately simulating ice tra-
jectories. Pritchard [39] summarized the framework
of the AIDJEX model and generalized the constitutive
taw by adding an energy sink to account for shearing
deformations. He assumed that shearing occurs along
narrow bands rather than gver wide areas and, as =&
result, does not redistribute ice. These assumptfons
have atlowed mare accurate simulations to be made,
while stitl retaining the physically realistic model
developed initially during AIDJEX. Accurate simula-
tions of nearshore ice dynamics have been performed
with this model and with an ideal plastic model [40],

Rothrock [2] has called for a more thorough vali-
dation of the performance of these models. Rothrock
et al. [41] presented a method for evaluating model
performance by calcuiating the stress divergence and

all other forces in the momentum balance using ice
motion, wind and current observations directly. They
concluded that an ideal plastic model with a teardrop
yield surface did not satisfy momentum balance for the
three times 1t was tested during the AIDJEX experi-
ment. Kolle and Pritchard [42] have determined
velocity vector errors for a series of simulations of
Beaufort Sea ice dynamics., Errors in daily average
ice velocities are shown to have 2 mean of less than
1.0 cm/s and a standard deviation of 3.6 em/s, inciud-
jag both nearshore and far offshore sites. These
errors appear ta hold for simulations througnoui the
AIDJEX field experiment in 1975-76.

Hibler [3.43] has developed a viscous-plastic con-
stitutive law to describe the mechanical response.
This change from elastic to viscous behavior at low
stress levels is a valuable extension because it
aliows different numerical techniques to be used teo
solve the model. No definitive study has yet been
made to determine the range of conditions for which
viscous or elastic behavior is superior in numericai
simulations. However, the U.S. Navy has adapted the
viscous model for simulations and predictions of ice
behavior over the whole Arctic Basin and the elastic
mode] for regional ice behavior analysis.

Both the elastic-plastic and the viscous-plastic
constitutive laws were developed to describe sea ice
that is nearly rigid at Jow stress levels but that
succumbs to large deformations at a limit stress.
These properties are comsistent with the ridging
mechanism model of Parmertar and Coon {36], who found
that defermations are rate indepemdent and that as a
limit height is reached the ridge extends harizontal-
1y. This behavior could be described reasonably well
by a rigid-plastic constitutive law in a model seeking
to describe sea ice motions, but such & constitutive
Jaw poses seripus aumerical difficulties and the
assumption of rigidity prohibits determination of
stress in the ice cover. The viscous-plastic madeid
of Hibler [3,43] also has difficulties in determining
stress because of the presence of a static pressure
term that treats pressure 1n the ice similarly to
pressure tn a gas. This term induces a pressure in
the 1ce equal to half the isotropic yield strength
whenever deformations are zero, a result that is not
acceptable near an ice edge, for exawple. McKenna
{441 has circumvented this shortcoming by eliminating
the static pressure term.

McKenna has studied the effects of constitutive
Taw on ice behavior for short time periods [44]., A
finite element formulatign was used, and both elastic-
piastic and viscous-plastic laws were studied. He
found 1ittle difference in the resultant ice behavior.
Although the finite element formulation is limited to
allow only triangular elements, the consideration of
arbitrary yield surface shapes and both elastic anc
viscous behavior is a valuable step toward developing
ong computer program that can solve problems using any
of the models already developed.

In addition to mass and momentum balamce, whick
have been included in the ice models previously des-
cribad, the mechanical energy balance has been des-
cribed by Coon amd Pritchard [45]. The mechanical
energy budget has been evaluated by Pritchard et al.
[48] for the Beaufort Sea in 1975-76. During two
strong storm events, the ice dynamics model represen-
ted each term in this mechanical energy budget accura-
tely. Further work has shown that one of the terms
in the budget, the energy dissipated by riaging, ex-
plaing about half of the variance in low-freguency
t[nacligr'ound noise observed during the winter of 1975-76

47].

In the Canadian Beaufort Sea, drilling activities
of fshore of the MacKenzie River deita have Jed to the
need for a smaller scale model to predict ice motions.
Leavitt et al. [48] have adapted the viscous-plastic



model by introducing a four-component characterization
of the ice thickness distribution, first presented in
{49], to characterize this primarily first-year ice.

In the Alaskan Beaufort Sea, offshore tracts in
the Mapir field from Demarcation Point to Barrow have
been leased. The environmental impact statement re-
gquires that the probability of impact in case of an
oil spi)l be determined for the Alaskan shoreline. To
determine ice motions that affect this probability,
Thomas [15) has adapted the AIDJEX model presented by
Pritchard [39] to estimate the range of ice trajector-
ies that can be expected. Daily fce motions were
simulated. The computaticnal grid size was typically
about 40 km, put was as small as 5 km in some cases.
This smali-scale resalution alliowed the effects of the
shoreline to be i2c1uded. Even at moderate fce
strengths of 5. x 10% N/m, the smallest resolution was
found to be unnecessary for determining the range of
ice trajectories. Most simulations were performed
with the larger grid. Some 2250 ice trajectories were
calculated for 30 starting sites. The range of mo-
tions shows how 1ce behaves under different ice, wind
and current conditions.

2.3 Chukchi Sea and Bering Strait

when & shorter fetch 1s available for winds and
currents to act on the ice, the internal stress di-
vergence becomes more important than the other driv-
ing forces. In the Chukchi Sea, the smaller scales
are caused by surrcunding land masses. Thus, the
Chukchi Sea differs from the Beaufort Sea because it
is bounded by land on all sides but its northern edge.
Moreover, at its southern edge the funneling effect
near the Bering Strait reduces the ice cover to a
mere 80 km in width. The behavior of sea ice here is
dominated by the internat fce siress. The dimension-
jess parameter that reflects the ratia of 1ce stress
divergence to water drag provides a measure of the
retative importance of the ice stress [21].

The motion of the Chukchi Sea ice cover fs gen-
erally toward the northwest. However, alorg the
Alaskan shore the 1ce 1s extremely mobile, often
moving alongshore in one direction or the other (see
Shapiro and Burps, [50]1). Sodht [51], Pritchard et
al, [52] and Kovacs et al. {53] have used plasticity
models of the 1ce to describe the formation of the
structural arch that forms across the Sering Strait.
They alsa studied breakouts of {ce from the Chukchi
into the Baring Sea when the arch collapses. Reimer
et al. [54] have related breakcuts to the intensity
of winds and currents and have shown that currents
provide the primary driving force that controls break-
outs. Reimer et al. [55] gqive accurate simulations
of ice motions 1in this region, including the high-
speed ice motions near shore.

The strong influence of dnternal stress in the
vicinity of the Bering Strait has ailowed some study
of ice strength values. Reimer et al., [543 have
estimated the unconfined compressive strength to be
gn the order of 1.5 x 10% N/m. Kovacs et al. [53]
have pursued the determination of yield strength and
estimated the ice cover on this scale to have an
internal friction of 30 degrees by considering the
wedge-shaped protrusions of ice around Fairway Rack,
which 15 southeast of the Diomede Islands in the
Bertng Strajt. This approach is attractive because
it aliows a direct evaluation of one parameter, the
angle of internal friction, in terms af a directly
measurable guantity, the lgcation of 2 slip line in
the plasticity solution. Pritchard and Reimer [358]
have determined the mathematical characteristics as-
sociated with the two-dimensional plasticity models;
these give a means for interpreting lead directions
in terms of slip lines as suggested by Marco and
Thomson [57,58]. Sedhi [51] and Kovacs et al. [53}

use results of a soil model adapted for sea ice, which
provided consistent results. Studies by R. T. Hall
{personal communication) have attempted a similar ap-
proach using large-scale lead patterns observed in the
Beaufort Sea, but poor correlations between character-
istic directions and lead directions were found.

2.4 Baltic Sea

Year-round shipping in the Baltic Sea has ted to
an active effort to develop a model to predict the
effoct of an ice cover on icebreaker performance.
Field experiments carried out by both Finnicsh amd
Swedish investigators as early as 1972 have provided
a comprehensive set of data on ice conditions, ice
mations, winds and currents (see, for example, Blom-
quist et al. [59]; Udin and Omstedt, [60]; Omstedt and
Sahlbery [61]). Mathematical models of ice mation in
the Bay of Bothnia have been developed and used In
Finland (Valli amd Leppdranta [62]; Leppiranta [8])
and in Sweden {Udin and Ullerstig [63]; Udin and
Omstedt [60]; Omstedt [64]}). Research to davelop the
mocels has continued, An outstanding description of
1ce mechanics and modeling of sea ice behavior in the
Bay of Bothnia is given by Leppdranta {8]. This com-
prehensive study discusses both observed ice behavior
and models used te predict short-term ice motions and
conditions.

Leppdranta [B] uses the t%hickness distributioa
concept to characterize ice conditions. He separates
the thickngss distribution into flat ice and a distri-
bution of ridged ice. This allows the shape of a
ridge sail and keel to be introduced simply and ridg-
ing intensity to be used as a means of observing the
result of ridging. Nondimensional variables are de-
fined to estimate the importance of each term in
momentum balance, inertial and Coriolis acceleratiom,
alr and water drag, sea surface tilt and ice stress
divergence. The important dimensionless groups are
expressed as ratios of each force to the inertial
force, a commen technique in fluid mechanics. The
stress-deformation jaw is assumed as a viscous law, an
unfortunate shortcoming in light of recent swoccess
with plasticity models. The mechanical energy budget
in the Bay of Bothnia has also been derived and com-
pared with observed values. However, no attempt
appears to haye been made to use this relationship to
estimate mespscale ice strength or other properties.
Hibler et al. [65,66] have presented a similar model
that is under development for use by the Swedish
Mzteorological and Hydrological Institute for short-
term fce farecasts. This is an application of the
macroscale model of Hibler that uses the viscous-
plastic constitutive law [3.4,32,43].

Leppsranta [67] has questioned captains of the
icebreakers that operate in the Baltic during winter
to evaluate the accuracy and usefulness of a model for
predicting icebresker performance in this area. These
individuals gave a somewhat mixed response, but agreed
that the model was useful. While this evaluation of
model performance is only qualitative, it is neverthe-
less a ¢ritical test of model performance, i.e.,
whether or not it helps those who must operate in the
sea ice cover.

2.5 Bering and Greenland Seas

Discussions of modeling efforts for these twe
regions are combined because the ice dynamics proces-
ses are relatively similar. The essential similari-
ties are that an ice edge is present, tracking its
position is necessary in most applicaticns, and ice
i usually thin enough that internal ice stress
divergence fs not the dominant force in the momentem
balance. However, ice stress must he included in any
mode) used to predicf ice edge motion because onshorz



1ce motfons compact the dice and, thus, make ice
strests an important factor. The set of processes
that affects ice motion and deformation differs under
the compact and dispersed 1ice cenditions that
accompany onshore and offshore motions. The
plasticity models developed for Beaufort and Chukchi
Sea ice behavior are applicable for describing
compact 1ce behavier here. The plasticity madels
automatically produce zero stress levels in dispersed
fice 1f a thickness distribution {5 dncluded to
describe the ice conditions. Therefore, they are
immediately adaptable to the thinner ice conditions
occurring in these subarctic waters, and they provide
the best available simulations of ice behavior.
However, these models Jack a tuning of the
constitutive Jaws and a description of the more
complex gceanographic features and thelr effects on
the ice.

The essential processes controlling ice behavior
in the Bering Sea have been categorized by Pease [68]
from data taken in March 1979, ODuring that time, ice
advected southward in a "conveyer belt," melting at
the southern edge and growing in palynyas adjacent to
the northern land masses by freezing. Thomas and
Pritchard [69] deployed bucys on the ice during the
winter of 1980-81 and found that, while the “conveyer
belt® {s active at times, northward motions also
occur frequently. The northward motions persisted
during this winter so that ice was advected northward
ts;hrough the Bering Strait into the northern Chukchi
ea.

A comprehensive field program is sheduled for the
1982-83 ice season as part of MIZEX [70], The data

will include ice motions and deformations, winds,
currents, and fce conditions, as well as other
meteorological and oceanographic observations near

the 1ice edge. Some ice wmotion abservations are
planned within the ice pack to allow comparison with
motions observed near the ice edye. A conceptual
model of forces applied to the ice has been presented
by Muench et al. [71] to describe forces applied by
wind and current drag, wave radiation and internal
wave drag. However, little effort has been focused
on modeling the physical processes governing ice
behavior or developing the constitutive laws relating
deformations to 1ice stress and ice conditians.
Severa! different mechanisms have been offered to
explain the bands, streaks and patches of ice that
occur during off-ice winds, Madhams [72] and Martin
et al. [73) have shown how forces due to wave
radtation separate ice flpes that already are
fsolated from the pack and cause them to accelerate
away from the pack. McPhee [10] describes how the
melting of ice at the ice edge reduces the ocean drag
coeffictent and allows higher floge welocities,
Together these two mechanisms could explain how bands
and streaks octur.

Tucker and Hibler [74] and Tucker {75] have simu-
tated ice behavior east of Greenland for October and
November 1979 using the viscous-plastic model discus-
sed earlier [32,76]. The thickness distribution
$ncliuded two categories of ice, open water and thick
ice; therefore, compactness and average ice thickness
were simulated. Data praovided by two buoys that had
drifted through this region during the simulation
period allowed simulated ice velocities to be com-
pared with actual velocities. The average velocity
error vector was about 19 cmfs and the standard
deviation of daily velocity errors was 18 om/s.
Correjation coefficients for each velocity component
for the two buoys ranged from 0.48 to 0.57. The ice
thickness and ice edge motion were reasonable, but
excesstve. ILnaccurate thermal growth rates were felt
to be at fault. Since this was a first, rough
calcutation to determine which processes are most
impartant, results were judged acceptable.

3. COMPUTATIONAL CONMSIDERATIONS

Either a Lagrangian or an Eulerian description is
used in sea ice dynamics modeling, depending upon the
application., Both approaches provide the ability to
deseribe ice velocity and stress fields.

The Lagrangian description refers each grid Joca-
tion to anm initial particle position. It is most
frequently used ta describe the behavior of solid
materials that are strained up to perhRaps 59 to
100 percent, but no more, An advantage is that indi-
vidual ice floes may be tracked simply. A disadvan-
tage is that grids can become too disterted over long
periods of time. The Lagrangianm approach is most
useful for simulations of fairly short duration, say
5 te 10 days, where total strains do not exceed the
usual 50 to 100 percent. When observed ice motions
are prescribed as boundary conditions, the lLagrangian
description directly accepts these data as boundary
conditions {e.g., Pritchard [39]).

The Fulerian description refers each grid location
to a fixed point in space. I is most frequently used
to describe the behavior of fluids. An advantage with
this approach is that, since the grid dees not dis-
tort, arbitrarily large strains may be simulsted. A
disadvantage is that numerical dispersion occurs as
the ice cover moves through the grid. The Eulerian
description is most useful when long-term simulations
are needed. An example is the Arctic Basin simultation
of #iblar [32] in which yearlong dce moatipns are
calculated.

Since mathematical relationships relate time deri-
vatives in either description, the two approaches are
agsentially the same. The advection through the fixed
Eulerian grid adds terms to each of the equations for
conservation of mass, momentum, and enerqy. However,
for ice dynamics, the magnitude of these advective
tarms i5 negligible in almost 211 cases (Hibler et al.
[66]; Leppiranta [81). Therefore, they may be neg-
lected for determiping instantaneous solutions and
onty need to be considered when velecities are
accumylated to determine Jjong-term displacements.

Finite difference schemes were developed for early
ice dynamics modeling efforts (Pritchard and Ceolony
[77]: Hibler [781). HMore vecently, finite element
schemes nhave been developed (leavitt et al. [48];
McKenna [441). Both methods have potential benefits.
The most vaiuable feature of the finite element formu-
lation is its flexibility. This method allows arhi-
trary connectivity of elements, simple specification
of boundary tractions, and a variety of time integra-
tors. The use of finite element formulations does,
however, dincrease computer costs, which sometimes
makes finite difference formulations more desirable.

Implicit or explicit time-stepping procedures may
be used with either finite element or finite differ-
ence schemes. The time step is restricted for expli-
cit schemes, with the size depending on either the
elastic moduli or viscosities. Reasonable estimates
of the time step Timits are:

£lastic ptet BX
2 (M/ch)' 2
- 1 ﬂ!z
Yiscous At < 7 ofoh)
where
At is time step (s],
Ax is roughly the smallest grid spacing ém},
ch is mass density times thickness {xg/m¢},
M is elastic modulus, which must exceed

0 times the ice strength if elastic straie
is limited to 0.5 percent, and

v is kigematic viscosity, which must exceed
2 x 10/ 5 times the ice strength if wviscous
strain 1s limited to 0.5 x 10-7 5-1 {about
0.5 percent per day).



The explicit numerical scheme of Pritchard and Coloay
[(77] reguires time steps as small as a few minutes for
winter simulations in the Beaufort 5Sea. This scheme
is cost-effective, though, because each time siep re-
gquires Yittle computer time, Solutions at each node
are found independently of surrounding nodes at each
step, so no targe systems of nonlinear equations must
be selved. Under similar conditions, the explicit
viscous law reguires time steps of only a few seconds,
and 1in Just about a1l realistic situations, the
viscous time step is smaller than the elastic time
step. Therefore, explicit numerical schemes, while
effective for elastic-plastic models, do not appear
to be useful for viscous-plastic models.

For useful implicit schemes, the time step is not
restricted, except that it must be small encugh to
resalve the physical processes. This {s often about
1 day. However, since soluttons at all nodes are
determined simultaneously, large systems of simultan-
eous nonlinear equations must he solved. The number
of computer operations needed to determine the solu-
tion at one time step, therefore, {s far greater for
an impiicit scheme than for an explicit scheme. The
viscous-plastic constitutive law of Hibler (78] is
attractive because it allows the easy use of an im-
plicit finite difference scheme, The treatment of
advection requires that the time step be Vimited Dy a
Courant cohdition

At < ax/izv| ,

where v s the maximum ice velocity. Time-step limi-
tations are about 0.25 day for the same parameters
used to estimate time-step limitations far expiicit
schemes,

In applying the finite alement method, most codes
use matrix notation and store all solutions in arrays,
1t s natural, then, to formulate a set of simyl-
taneous equations whether an explicit or implicit
time integrator {s used. Therefore, most finite
element codes offer both explicit and implicit time
integrators.

4., MOOEL COMPONENTS AND FUTURE EXTENSIONS

The physical behavior of sea ice is described by
accounting for mass, mosentum and energy balance. In
addition, the constitutive laws defining thermal
growth and relating stress to deformation and to the
redistribution of ice must be given. The equaticns
describing a specific model are not given here;
general formulatfons can be found 1n Rothrock [2],
Hibler [3,8], Leppdranta [8] and Pritchard [39].
Dif ferent levels of detall are presented in these
works for the various components of the medels. How-
ever, in total they provide a rather comprehensive
view of conservation laws and constitutive laws, as
well as descriptions af the important physical proces-
ses described by the madels. In this paper, brief
verbal descriptions are given for each component of a
hypothetical model that reflects the basic physical
processes that occur in sea fce. The model is generic
in the sense that the different levels of importance
of wvarious parameters 1ipn different reglons are
ignored.

Ice conditions cam be described by the thickness
gistribution or by a simpler function that describes
only a few of the thickness categories. 1t 1s neces-
sary, however, to include open water and thin ice in
this function because these fractions strongly influ-
ence ice strength and vertical heat flux. Mass con-
servation is satisfied by describing the evolution of
the thickness distribution, i.e., by accounting for
mechanicel redistribution of ice between categories
as the ice cover opens, rafts and ridges and by ac-

counting for thermal growth and ablation, Mechanical
redistribution is assumed to depend linearly on the
magnitude of plastic stretching so that the evolution
of the thickness distribution is rate independent.
The fraction of open water is specified for all
stretching states, including both dilataticn and
shear. The ridging function that describes the dis-
tribution of categories into which ice is rafted and
rtdged ts assumed. The effects of thermal growth and
ablation appear in the thermal growth rates for each
ice cateqory. Thermal growth and ablation also re-
distribute ice as its thickness changes. Either a
fixed growth rate table or an active model of the
heat budget may be used.

Although the thickness distribution provides am
excellent framework for describing ice conditions,
our knowledge of ice redistribution is inadequate.
Data are needed to estimate the fraction of open water
formed in shearing, the fraction of ice participating
fn redistribution and the range of thicknesses {into
which ice is ridged. These, in fact, are all of the
constitutive relationships defining redistribution,
and 211 are inadequately understood.

The effects of welocity inhomogeneities showld
atso be included in the equation describing the evelu-
tion of the thickness distribution, A relationship
that determines part of the thickness diskribution fa
terms of a statistical measure of the velocity inhomo-
geneity should be reasonable, and it should describe
better the effects of this subgrid-scale process than
do present models. Although these velocity inhomo-
geneities cannot be resolved in a deterministic way,
their effects can be taken into account statistically.
They generate leads, the leads freeze and thin fice
resulis. This process alters the thickness distribu-
tion as do the rafting and ridging processes. Pri-
marily, it is the thin jce category in the thickness
distribution that is altered. Any change in the
fraction of thin ice affects the ice strength, which
in turn affects the large-scale stresges.

Thermal growth rates are fairly well understood,
but only because thermal growth is less ‘important in
the short-term problems uswally addressed in meso-
scale modeling, However, at an ice edge, where
freezing can cause the ice cover to extend hundreds
of kilometers in a few days, better models are re-
quired. Here, the heat budget of the upper ocean
will likely be necessary.

The faorces exerted on the ice cover arg from
winds, currents, waves, sea surface tilt, and inter-
nal ite stress. Acceleration must account for both
fnertial and Coriolis comporents. The relative im-
portance of each force and the accelerations differ
with time scale and location. The conservation of
horizontal momentum provides the eguation relating
forces and accelerations, The force from wing is
described as & gquadratic law. The force from cur-
rents 15 also included as a guadratic function of the
currents relative to the ice, though it can be a nmore
complicated function of this relative wvelocity,
especially in shallow waters where bottom effects are
important, Mave radiation forces and intermal wave
drag also influence ice floe motiens at an ice edg
and the motfon of the edge itself. Incoming waves
break the ice floes in addition to adding to the water
drag. Furthermore, when off-ice winds form bands,
streaks and patches, wave radiation in the leads ac-
celerates the ice floes and disperses the ice. 5ea
surface tilt may be prescribed from the known dynamic
topography or from the geostrophic current 1f appro-
priate. Tidal currents can in some locations add to
the short-term motions. They can be added o the
currents or can be included §n an active dynamicai
ocean modet, The inertia of the ice is negligible
when averaged over 2 day. However, on shorter time
scales, significant inertial oscillations can be



generated by the balance of inertial and Coriolis
accelerations., On these shorter time scales, however,
ihe inertta of the water column becomes just as impor-
tent and should be included along with the inertia of
the ice,

Although the forces acting on sea ice have been
described, we are not yet able to estimate them ac-
curaitely. For example, our knowledge of current drag
1s improving, but there remains a need for extending
the mode) to treat large-scale currents in a shallow

sae.  Also, even though wave radiation forces can be
estimated, the effect on jce dispersion must be
determined. It is likely that this effect will be

described as a subgrid-scale process and not caleula-
ted directly from the divergence of the ice velocity
field. The problem of sea ice behavior near an edge
will rightly receive extensive study soon.

Mechanical enmergy f§s typically input by the wind
and transferred info the ocean by the current drag
accompanied by fce motion. In addition, energy is
input by wave radiation and sea surface tiit. The
kinetic energy of the fce cover is modified as ice
veloctty changes under the influence of these
forces. The iInternal dce stress dissipates part of
this enargy through deformation. In addition, the
stress flux divergence transfers energy horizontally
through the ice. Etffects of ice stress divergence
are therefore felt long distances away from Jocations
at which energy is input by other forces acting on
the 1ce.

tn jce dynamics models, the strength of the ice
covar miay be determined by assuming that the work done
by the ice stress during deformations is equal to the
erergy dissipated by small-scale processes. But anty
two small scaie sinks have been included in the mech-
anical energy budget to date: gqravitational patential
energy and frictional sliding. A shear sink has been
shown to improve mode) performance, but the mechanism
has not yet been analyzed. Also, since energy dissi-
pated by ridging correlates well with observed back-
ground naise, other energy sinks such as fracture of
the tce sheet should be reexamined. While too small
to affect ice motion, energy released during fracture
might explain more of the noise. Finally, other
energy sinks, especially dissipation by velocity In-
homogeneities, should be estimated and inciuded in
the mecianical enerqy budget.

8y studying the processes that contrpl ice be-
havior, investigators have generally concluded that
plasticity offers the best mathematical model for
describing macroscale and mesoscale sea ice behav-
ior. This agreement hnas not been quick in coming,
but its universal acceptance now seems apparent. The
constitutive law relating stress to deformation 1is
assumed to be elastic-plastic or viscous-plastic.
Both are capable of describing the wide range of
strain rates observed in the ice cover without chang-
ing mwmaterial parameters in 2 nonphysical way. A
variety of yield surface shapes are availabie. Yield
surfaces are usually isotropic, allow no temsile
stress (or only negligible values) and have a maximum
compressive strength determined by failure in rafting
and ridging during convergence, An associated flow
rule is assumed in all medels. A nonzerp value of
untaxial comressive strength is essential to describe
arching across narrow openings between land masses
such as straits,

The evidence for selecting a yleld surface and
flow rule come from thecretical reasoning and from
avaluating model performance in ice dynamics simula-
tioms. In a few special cases, individual parameters,
namely, the dsotropic and uniaxial compressive
strengths, have been inferred under conditions whers
winds and currents were known and the ice was sta-
tionary. Many more special! cases are needed 10
confirm these data and to estimate other parameters.

Frd )

what would be ideal is a set of cases that allows
isolation of individual parameters rather than com-
plicated simulations. Mathematical characteristics
of the madel offer some potential here.

5. CONCLUSION

The past decade has seen major advances in sea
ice dynamics modeling tapabilities, largely because
of the concentrated efforts of the government-
spansoreé AIDJEX program.  However, the past few
years have shown far less coordination in funding of
sea ice modeling research by the U.5. government. On
the other hand, Canadian, Finnish and Swedish
goverrments and the U.S. petroleum industry have
increased their interest and funding. During this
time several new groups have developed computer
programs to sclve a range of specific problems.
Wwhile our understanding of the basic physics invelved
in  individual ice processes has increased, this
information has not yet found its way into the ice
dynamics models. A few attempts have bheen made to
validate the models by gquantitative camparisan with
gbservations, but many more quantitative compar isons
are needed. it is good that more knowledgeable
scientists and engineers have become involved in
arctic research, and there is an increasing need for
both basic scientific knowledge and practical
application of this knowledge. Hopefully, then, if
these past few years are tOo prove fruitful, we are
poised for some new ideas and some basic progress.
1f this paper helps to give perspective to our
present capabilities and identifies some of the
effort needed to make this pragress, it will
have served its purpose.

then
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MECHANICAL PROPERTIES OF ICE
IN THE ARCTIC SEAS

W.F, Weeks and M. Mellor
.5, Army Cold Regione Research and
Engineering Laboratory
Hanover, New Hampahire 03755 USA

SUMMARY

The mechanical propevbies are revieved for the
maln types of ilce in arctic seas [glaclal {icebergs),
shelf (1ce islands), sea Llce] and representative
values are given. Each lce type poasesges a charac-
teristic range of structures and compoelticne Lhat
differentiate it from other varieties of fice and to a
considerable exteat, thege produce large variations
in mechanical properties. Factors affecting mechani-
cnl properties {temperature, brine and gas volume,
cryatal orientation and aize, atrala rate) are
discussed, as arve gaps, contradictions, sod inadequa—
cles in available data,

1. INTRODUCTLION

Even pure ice displays complicated mechanical
propearties, largely because it exists in naturz at
high howmologous temperatures, commonly mbove 0.95 and
alwogt always above (0.90. When deformed at high
strain rates or loaded for bwief perioda, it behaves
elantically. By contrast, when strailned slowly or
when subjected to suetsined loadings ice im ductile,
and it can creep toe large atrains without breakiog.
At any given stage In such a creep process, the
Telation betven etrain-cate and strese is strongly
oonlinear, i.a, ice 13 viaca-plastic rather chan
1inearly wiscous. Because ice propertdes are highly
sengitive to wirain rate and temperature, streagth
can vary greatly. Furthermore, the general effects
of maltisxial stresa statea, as tepreseated by
failure criteria, also change drastically with
changes io temperature and strain-rate.

It im oot our purpose to discuss the idealized
properties of bubble-free, filne-grained, randomly
orieanted, pure ica ia this paper. Instead we shall
discuss the more complicated ice that occurs natural-
ly in the asea. The soutrces of theae materlale are
highly varied, ranging from ice gheets and valley
glaciers (icebergs), ice shelves (ice islanda),
civers apd lakes (freshwater ice), and from Che
freexing of the aea lcself (sea ice). This lage
materlal 1s the predominant ice type in the geas of
the Arctic and it comes in a variety of types, each
with ire own characteristic assoclation of grain
mizes, crystal orieotaticas, and gas and brine
1acluwions. We shall discues briefly how each type
develops, its internal structure and ite asgaciated
mechanical properties. To do this fully is a task
far beyond the present limitations of time and
space. Bere we simply attempt to provide a balanced,
geoeral feel for the current state of this subject

snd a llsting of eome of the wore useful references.
In dolog this we draw heavily on more exhaustive
reviews that hmve already been published [1-7].

Current loterest in the properties ©f ice in the
sen is neither the result of such ice belng an ideal
material for atudy, nor of the desire of materials
engineers to spend thelr spare moments visiting the
arctic ice pack, with its mobile scenery and delight-
ful climate. Ice in the sea is the primary obatscle
to effective and safe reacval of the presumed large
oi]l and gas reserves of the continental shelves of
the Arctic, as wll as s barrier to development of
new ses routes acrose the Pole that would result in
great changes in current patterns of marine com-—
werce. To overcome this barrier, it i3 esgential
that eogineers uoderstand both the behavicr of ice ia
the sea as well as 1cs pertinent propertlies.

2. STRUCTURE AND COMPOSITION OF ICE IN THE SEA

To understand the mechanical behavior of the
varieties of Llce that ocewr in arctic seas, ooe
should first understand somekhing about the structure
and compoAaftion of these materials and alse of pure
ice. We now briefly review this subject, scarting
with pure ice, then glacler {iceberg) ice, then sea
ice, and finally shelf (ice igland) ice thereby
mwoving from simple to complex structures and composi-
tione. MHesi attentiosn will be given Lo sea lce, ino
that it 1s the aost leportant ice type in the majori-
ty of arctic maripe arcas. River and lake ice will
not be discussed as they are net of major importance
1o most mArine areas.

Z.1 Ice 1h

Although there are saveral polyworphs of ice
|18}, 1ce Ih (so-called ordinary ice} is cthe only one
of these that exists In significant quantities under
the physical conditicas encountered at the earth's
surface. 1In fact, ice Ih (which will be referred to
glmply as ice) is the stable polymorph even at the
bottom of the world's thickest ice sheets. ILce is
vnugual in cowmpariscn to most materials In that the
solld phase 18 less dense than the liquld phase.
Therefore, ice floats, forming a cover over the seas,
lakes, aod rivers of the Arctic, causing a variety of
engineering and operational problems that have
largely iespired this meeting,

The general atomlc structure of ice is well
vaderstond as ice Ih was one of the flrst substances
te have its structurs determined 19|. Each oxygen
atos is located at the center of a tetrahedron with
faur other oxygen atoms located at each of the apices
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(Figure }). The tetrahedral coordinstion of the
oXygen atows produces an open, low density ccyatal
structure with hexagonal symmatry. One important
feature of this structurs Le that the oxygen atoms
4are conceantrated close to & series of parallel
planen, refarred to as the bawal planes. The
directiom perpendicular to these planes L¢ the pria-
cipel hexagonsl axis, or c-axis, The arraagement is
such that, in aoy unit eall which contsins four
oxygen atomd, fracture along the basal or (J001)
plant involves the rupture of only two bonds, while
fracturs along any plane normal to this plane
requires the rupture of at Jeast four bonds.
Therefore the cbservation that ice glides and cleaves
readily on the basal plane can easily be explained in
terms of its atomic arrangement. When the positions
of the oxygen stoms are projected parsllel to the
c-mxis, the resulting hexagonal srray {(Yigure la) can
ba seen to be composed of chres close-packed rows of
atoms with sach vow parsllaling the <11207 or a-axis
directione. These direccians, which are all equive—
lent, correspond to the directioos of the arom of a)
anow flakea growing froe the vapor, b) dendritic wsea
ice crystals growing from the melt and ¢) internal
melt features (Tyndell figures) that form inaide ice
crystals as the result of absorbed solar radiation.,
All are macromcopic manifestations of the atomic
Btructure.

The structure of ice provides redsons for its
characteristically low impurity content, For an
iapurity stom to occupy lsttice sites 1o the atomic
structure of an ice crystal, the impurity atom muet
be of & similar size and charge, and must form &
similar type aof cheaical bond as the atom it is
replacing. Impurities meeting these requirements Eor
substitution inte ice are rare, Powwibilitles are
¥, HF, NE,* aad NH,, NH,OH, NH,F and the hydro-
halogen scida and, fn fact, all of these substaacee
do subscitute in the ice structure in very small
amounts (mole fractions of 1 in 5000 or less).
However, such materials are not present in signifi-
cant amounts la aatural water bodies. The amgunt of
other more common solutes that go into eclid-gsolution
in ice crystals is sc small that {ce formed by
freezing even concentrated solutions can be con-—
nidered pure. Therefore, the phase diagrams thar
govera the freezing of aqueocus mclutions are iavari-
ably of the simple eutectic type where the pure ice
that forma initially f{s at equilibrium with
increasingly concentrated solutions of brine ag the
temperature decreaases,

2.2 Iceberga

In the Arctic, the primary source of lcebergs is
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Figure l. Structure of lce I.

the Greenland Ice Sheet, which containg 2.4 x 10% km?d
of wvater, has a maximum thickoess of 3300 m, and
aonuaily calves about 240 km? of ice into the Bur=
tounding seas. If all the other permanent ice fieldm
located in the Canadian and Soviet arctic and 1in
Svalbard are taken rogether, they contaln elght times
times less ice then Greenland. The iczberg praduc-
tion from these latter regions, although not well
known, is certeinly small and primarily of local
importance (good examples are the small icebergs
produced by the glaciera on Svalbard and the Saviet
arctic islands [L0O]}. Because of the diatribution of
iceberg sources, Llcebergs are not much of a problem
Lo the North Pacific, the Bering Sea or most parte of
the Arctic Ocean,

Estimates of the total number of icebergs
spawned annually by the Greenland Ice Sheet vary frowm
20 to 34 thousand, with most being produced by west
coast glaciers, The iceberg drifv pattern i such
that icebergs formed along the east cosst usually
drift around the southern tip of Greenland and theo
wove north, jolning the drifc of the lcebergs pro-
duced by the large outlet glaclers located along the
wesal coast. This northern drifc continues up to
Baffin Bay, where the fceburgs swiag atound and stmrct
moving south aleng the coasts of Baffin Island,
lLabrador and Newfoundland.
Banks and ultimately melt in the North Atlantic.
Although the southern limit of iceberg drift is in
general defined by the northera edge of the warm
(»12°C) Worth Atlantic Current, icebergs have beena
known to transit this current in cold water eddies
and have been sighted as far south as Bermuda and as
far saat as the Azores (11|, At present, concera
about the drift and properties of icebergs is forused
on the reglong off the Baffin and Labrador coasts, on
the Grand Banks, and to a lesser exteat off che coast
af Weat Greealand, especially in areas where
exploration for offahore odl aod gas 1s curreatly
underway.

Few studies have been made of the character-
istica of the ice in actual icebergs [(11]. In the
Antarctic this i not a major problem ag the proper-
ties of most of the f{cebergs can, with some confi—
dence, be {nferred from the properties of the paraent
lce ahelves which have been well studied [41]-

Sinilar inferences cannot be made ag readily in the
case of Greenlawd iceberge, aven though the Greenland
Ice Sheet itgelf has been reagsonably well studied.
The ceamon fur this difference is that in Greenland
the {nlacd ice iavariably passes through the coasral
mowntaing in outlet glaclers before forming ice-
berge. This usually produces strong defarmation with
resultiag recryatallizacioen changing bath the crystal
orieatation and the graln size. The ice 18 thea
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Four fabrie diagrams of c-aris orienta-

tioos in glacler ice frow sites along the nmargia of
the Creenland lce Sheat [12].

comparable to & metamorphic rock. ¥Figure 2 shows
four fabric diagraps for ice from the marglas of the
Greenland Lce Sheet [12]), Two diagrams {locatioas 7
aand B) show a random pattern, indicating the absence
of recrystallization Lo a stroagly anlsotropic stress
field. Such fabrica are commonly observed in lce
from the upper portions of large ice aheets, whare
tepresentative crystal cross-sectional arens are 2 to
5 wmm?. The third dlagram (location 1) shows an
ertremely stroag c-axis aligoment normal to the
folintion (i.e. normal to the plane of laplied
shgar}, Such etroag single-pele allgnments are
ugually found in fine-grained ice that is undergelog
tapid shear deformation in either temperate or polar
glaclers, The fourth disgram (location 2) 1s of the
aultimaximum type, in which the indlviduval maxima are
iovarisbly within 45" of the centet of fabric sym-—
metry. Such mulcinaximum fabrics are believed to
develop by recrystallization I{n strongly deformed ice
that is at or near the pressure melting point [13].
Such fabrica would be axpected to be common in
Greenland iceberga, as the majority of Greenland
gutlet glaclfers are belleved to be temperate. For
isstance, fabrics from the Moltke Glacler, a major
iceberg producer in NW Greenland, are of this type
[12]+. Associated with thig recrystallization there
is characteristically a pronounced increase in grain
alre with cross—sectional atreas ranging between 100
and 1000 mm“. 1o contrast to the roughly equi-
dimengional crystale commonly assoclated with the
flirat two fabric types, the crystals showing Lhe
multimaximun fabric type are oot only large, but show
extremely complex interlocking shapes that makes
their characterization by simple thin section
analysis both difficuit and time-coasuming |14].

Changes in crystal allgnment are usually associ-
ated with changes ln characteristics of the air
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bubbles present in the icebergs. Lee with random
c—-axis orientations generally has rounded hubbles up
to about 2 me in diameter. In anlsotroplce dce, alr
bubbles tend to be tubielar, wich diameters between
0.02 and 0.18 ma and lengths up to 4 mm {15]. A& gas
pressures in bubbles in glacler ice are commonly
equal to the hydrostatic pressure at a specific
depth, the gas ptessures in bubbles in icebergs would
be expscted to vary from 20 bars (roughly equal to
the maximum tenalle strength of ice} to some lower
value, depending upoa lce relaxation and gas

leaksge. In fact, gaa presgures ranging from 2 to 20
bars have been observed [l11].

Ag the firn lmit (smowline)} in
roughly 1400 m, little or no snow oOT
found fn Greenland {cebergs, and the
presunmably reascnably uniform in the range of 880-910
Mg/m? [16]. This means that between 86 and 89% of
theae icebergs are submerged (as compared to about
63% gubmergence for Aatsrctic shelf leebergs which
contain snew in thelr upper levela).

Greeanland is at
perpeable ice is
ice density 1is

2.3 Gea Ice

Bea 1ce, formed by the freezing of sea water, is
different from glacier ice in both structure and
compositien, Ia coontrast to glaclier ice, where
chemical impurities are commonly at concentrations of
parre per million or lower, sea 1ce salt concentra—-
tione [salinities) are Invariably in the paris per
thousand range. The lce structure 1is alee quite
different, exhibitiaog a characteristic defect struc-
ture within cach sea lce ¢rysral associated with the
entrapuent of lmpurities, zcad also strong, dis—
tinctive crystal alignments caused by directional
growth. TIn the Arctic, there are pronounced changes
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Pigure 3. Representative fabric disgrems for sea ice
collected along the cosstline of srctic Aleska: a)
rendow c-axis distribotion in the horitootsl plane,
Cape Thompson, b) preferced c-axis aligament in the
horizontal plane, Kotzebus Sound [20] .

ia the properties of the ses Lce that hae survived
One of more summer welt seasons [wo-called mlti-year
ica). We therafors discuss the structure and compo-
eition of seversl differeat typss of first year lce,
of multi-yeat lce and of the highly deformed tce chat
CoRposan pregsure ridges.

Structurally, first-year soa ice is similar to o
cast ingot. There is as initisl skis, then » treomi-
ticn zone where rapid changes 1o crystal orientstion
occut, and a columnar tone formed of long cEystals
oriented vertically {parallel to the direction of the
heat flow). Although the structurs of Ehe initial
skim and the transition zone are interesting from the
polat of view of crystal growth, thase layere are
quite thin (the base of the transition layer Ls
usually lees than 10 ca below the uppar sutface of
the ice shegt). For preasnt purposss we ouly
coasldar the propsrties of ice in che columnar zone,

As 8 matter of facr, there have been no specific
mtudias made of the mechanical provertiams of che
Lce sbeve che columnar zone.

The structure of ice in the colupnar tooe ia
falrly uniform, with assentislly all the cerystals
having proanounced eloagation in the direction of
grovwth. Tha cryscal orfentstion is {avariably c-axis
horlzoatal, ss crystsle in thie orientatipn have a
growth advantege over crystale oreintad 1n other
directfons {thelir directfon of maximue thermal con—
ductivity is arieated parallel to the direction of
heac flow [1, 17])). For years it was believed that
the c-azle orientation: In the columanr sons were
alwsys rsodom in the horizontml plane [6] as & mumber
of such Fabrics had been obwerved., Such a material
would be transversely Leotropic; 1t wuld show pro-
perty variations in the vertical direction sseociated
with changes in graln eire, crystal substructure, and
#ait content, but at any glven level all directionos
in the borizontsl plane would be identical. However,
vecent studies [18-21} have shown that most of the
fast ice occurring over the continental ehelves of
the Arctic ashows strong c-axias aligoments within the
horizootal plane. Theory, field cbaervatious and
experiment {19, 22| suggest that these alignment
directions are controlled by the directics of che
curreat at the ice-sea water iaterface. Figure 3
thows two Tepresentative fabric diagrams for gea ice,
the first showing a random c-axis orieatarlon In che
horiroatal plane, the second a atrong c-axis align-
meat., {n & receat study of c-axls orlentations slong
the Alaskan coset, over 951 of the sites szapled
showed etrong crystal aligoments |2ZG). At first
sight it might appear that such alignmente would oaly
develop in fast ice aress. However, chservatione

Figure 4. Photomicrograph of a thin section of sea
Lce showing its characteristic substructure. Grid
spacing equals | cm.

Guggest that strong alignoents can develop in the
pack [18, 23] Lf there is little rotation of the
floes relative to the current direction, Such condi-~
tions do exiet well offshore in the Arctic Ocean.,
Sea ice with such alignments is orthotrople, showing
property differences along three orthogonal axem.

Assoclated with selective grain growth ia the
upper portion of the columnar zaone 18 a wmarked
increase in grain size with depch [1, 24). Limited
data suggest that mean grain diameter is prtoporcional
to depth in wea ice i¢ms than 60 em thick. Mean
dismeters range from 0.5 to over 2 cm [&]. 1In
thicker i{ce the linear tnerease in gtaln diameter
with depth becomes less clear, and some decreases
with depch have bean obeecved {25]. In 1ce that has
developed a strong c-axia alignment, it becomes
difficult to distinguish one crystal from another when
orientation differences are less than 5 degrees.

The most distinctive feature of sea ice, ln
addicion to Lis high salt content, is the substruc—
Cure within the ice crystalv. In the columnar zome
each saa {ce crystal is composed of a oumber of ice
platelets that are Jjoined together to produce a
quasi-haxagonal network in the horizontal plana.
Thie substructura, shown in Flgure 4, results from
crystal growth with a non-planar solid-liquid incer—
face. Similar Bubstructures are commoaly produced
during the sol{idification of lmpure melts. In face,
it 1s the eatrspment of brine between the ice plates
8t the gon-placmr interface that causes ees ice [0 be
salty. The spacing (measured paraliel to the c—axis)
between the btrime pocket arrays (a,) is commoaly
Teferred 1o either as the brine Layer spaciag or as
the plate spacing, and it varies inversely with
growth veloetity [, 26]. Typical 4, veriatione
range from 0.4 wm near the upper surface of the Lce
sheet to |.0 o at the baee of the 2 @ ice sheet.

The beat availuble study of these variations [27] was
made vecently at Eclipse Sound in the Northwest
Terzitories. The results sre shown in Figure 5. The
inversa relatfon betwecen a, and growth velocity is
¢lear. In thick multi-year mea ice, which presumably
grows very slowly, ag values of 1.5 mm have been )
cbeerved. In the sea ice forming on the hottom of
the Ross Ice Shelf at a location whure the shelf Is
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Figure 6. Salinity profiles of ice of Eclipse Sound
made at two week intervals during the winter of
1977-78. Scale for salinity fs shown in Linsert.
Verticel eolid lines represent a value of & %/oo
and are given as reference [31].

416 m thick and the ice caly grows about 2 cm/year,
4o values of 5 ma have been moted {2B]. Brine
layer spacing is belleved to affect the atcemgth of
sea tee [29]).

A mentioned mariier, the ealt in the sea ice 1s
aot the result of solid ealution, But 1@ caused by
the satrapsent of brine between the platelets of pure
ice that cowpome individual crystals of sea ice. The
amount of salt entrapped {s not constant, hut
Y&Eles systematically with the salinity of the water
being frozen and with the ice growth velocity., Very
slow growth results in near-total rejection of salt
from the ice, while very rapid freezing causes near
total entyapment [1, 30]. The effect of changae in
growth rate on ice salinity can also be seen clearly
1o Pigure 5. A geries of representative salinity
profiles for firat year gsea ice 1s shown in Figuvre 6
[31]. Wote that the upper and lower porticus of the
ice characteristically have higher salinities thao
the ice in between, and there is & gradual decresse
ta the mean salinity of the ice with time,

The drainage of brine from saline ice appears to
be a complicated process and several different
mochanisne are believed to be involved [L]. Ia the
prasent context, the wmost important results of brioe
drainage are changes in the porosity and the develop-
ment of bdrise drainage channels. Theese structural
featurea, one of which is shown schematically in
Figure 7, can be considered as tubalar "river™

2 Auiy

Figure 7. Schematic drewing of a cut through a brine
drainage channel [32}.



Figure 8,

Shapes of brine pockets:

a) horizontal

view (brine layer spaclog is approximately 0.5 mm),

b) verrical view,

Figure 9. Scanning electron amicrograph of a vertical
saction of m brine pocket at -30°C {35}.

ayatess in which the tributarima ars arranged with
cvlindrical symsetry arousd each sain chanael
[32-33]. A cepresentat ive channel diameter atr the
bottom of a 1,535~m-thick ice sheet I8 0.4 cm and
there is, oo the average, one channel every 180 cm?,
Channel diencters as large as 50 cm have been acted,
though most disseters range between 0.1 and | cam.
Although these large "Elaws™ presumably have an
efFect on the mechanical properties of sea ice, mo
studies have been made of the matter.

Glven a sampls of sea Lce with a specified sale
content, the amount of liquid brine (the brine
volume) present in the ice i a functicn of tempera-
ture only, because st each tampersture the compomi-
tion of brine ia equijiibrium with che lca is speci-
fled by the phase diagrsa [34]. Changes in the
volume of brine in the sea lce are mos!l proagunced
near the welting point, where emall changes 1n
temparature cause large changes in brice volume. As
aost firet-year sed ice has salinities in the range
of 4 to 12 %foo and teoperatures between -2 and
-30°C, the brine volume y can be expected ro vary
betwaen 30 and 300 ®foo. Figure B shows detalled

lce i from Thule, Greenland.

ahapes of a series of brine pockets; they commonly
are rather complex. The dark clrcles are gas
bubbles, Ar lower temperatures there also are
geversl different solid salts that precipitate in the
tce (~B.7, Na,50,.10H50, -22.%9, NaCl«240; -36.8 KCl;
ete). Figure % Lo a scanning electrun wicrograph of
a verticsl sectioca of a brine pocker at -30°C showfnyg
the solld salt crystals [35). The effect of theae
solid salte on the mechanical properties of sea ice
hae been studied surprisingly littla.

In addition to c¢olumnar sea ice, there ia one
other type of first-year undeformed sea ice that
#hould e mentioned. This is frazil ice, produced by
accumulation of individual discs and spicules of ice
that fora in the water. It has commonly been thought
that, although frazil ice i{s frequeotly cheerved
duriag the formation of the initial ice cover, once
thia cover atabilized frazil ice geperation would
greatly decresse. Exceprhlons to this would be aress
nesar the ice edge or in large polynyas where substan-—
tial reglons of open water are found. However,
recent work in the Weddeil Sea to the east of the
Antarctic Peniaula haa indicated that, at least io
that region, frazil fce generation is a very
important ice producing mechaanlem [1, 36]. Por
inetance, of the lce sampled, over 50Y was frazil and
the thicker the fioe, the higher the percentage of
frazil lece it contained. Whether such large amounts
of fra{l alac occur in the Arctic is not kaown but
there 1is uo strong evidence mgainst such a poasi-
bility. Lf major quantitiea of frazil ice form in
the Arctic, there are i{nteresting implications.
First, because frazil ice forms by a completely
differant nechanism than columnar ice, present esti-
mates of the smount of ice being generated in the
Arctic might have to be revised. Secondly, frazil
ice has a completely different crystal structare than
does columoar lce. Structurally, frazil ice is com~
moaly fine-grained, with cryetal sizes of 1 mm or
less, it has a cryetal orientation which is preaumed
to be random, and there are brine pockets located
malaly between the ice crystala, as oppesed to within
cryetals., Although there have nof yet been any
systematic studies of the physical properties of
frazil ice, they clearly would be expected to be
different from those of columnar sea ice.

When ses ice goes through a summer melt period
it undergoes a promounced change in salinity produced
by the percolation of relatively fresh surface melt-
water dovn through the ice. The result 1s an ice
cheet with very low salinitles (¢! °/an) in the
pertion above water lavel and salinities of between 2
and 3.3 ®/go in the partion below water level.
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Figure 10. Cross-section of a
multi-year floe [37].

Owce thw briae has drained from the upper portion,
the it 15 gquite porous and it may recrystallize.
Ice that has survived several summers ultiumately
bacomes a layercake of the annual layers formed
duariag successive winter periods of growth [37-38].
& croms-section of such a floe is shown i Figure
0. In fact, much mlti-year ice was probably
daforwed ac sose time in 1its past and would show a
mch msre complex cross-section. Confldent sLace—
munts concerning the relative percentages of multi-
yoar ice that are undeformed, deformed, columnar or
framil will have to await more adequate sampling., In
gemaral,, undaformed milti-year ice 1in the Arctic
Rasio is believed to reach a steady-state thicknesas
of 3 to 5 m, at which time the thickness ablated
durisg the sumser equals the thickness grown during
the winter {39). Although deformed sea Lce can grow
Lo greater thicknessas, rather atyplcal conditions
are Taquired and such ice, although known, would
sppear to be rare [40].

Lece thicker than 5 n is, however, rather common
ia the Arctic Basin. For Instance, In a racenl study
of submarine sonar profiles of the underzide of mea
tce, over 40X was thicker than 5 m [41]. This
thichar ice 13 generally believed to be pressure
ridges and rubble fieldas that are produced by the
daforestion of thinner ice. Pressure ridges and
daforsed ice in general are common in all arsas of
pack ice, and are particularly common in the laad-
locked Arctic Ocean. Although data are limiced, it
turteatly appesta that the moat highly deformed, and
almo tha thickest, ice in the Arctic occurs in a
broad band starting off the NE corner of Greemland
snd strecching to the West, north of Ellesmere Land
amd then veeriog toward the SW down the coast of the
hrchipelago to the coast of Northern Alaska. The
largest free—floating ridges that have been observed
kawve saile up to 13 w high and keels up to 50 n
degp. Io near-cosstel areas where pressure ridge
kewle can grouod, ridge salls can be particularly
bigh (heighte in excess of 3} m have been poted.

Consideriog the lmportance of ridges, there has
peen surprisingly little work done on thew. As
flret-year ridges are composed of blocks, it would be
intersstiog to have quantitative information wn
bbock gizes and orientations from a variety of
different locations and on the degree of boading
beLwaen the blocks. A limited amount of lpnformation
Ls avallable for che first of these [42] ut there is
sothing on the latter. However it should be possibie
e obtaln useful information on this subject froum
rmamiog tests with an tcebreaker. In contrast o

Figure 11. Thin section of ice from a milti-year
ridge in the Beaufort Seas showing a block of columnar
ice “cemeated™ by fine grained granular ice. Core is
0.5 om ipn diameter [43].

first-year ridges, multi-year vidges are commonly
composed of masslve ice, in that all the wvoids
present in newly formed ridgea have now been filled
with ice. Figure 11 shows thin sections of ice from
a sulti-year tidge. The ice is quite complex,
ahowing fragments of the {nitial ice cover that wae
crushed to form the ridge, plus a large amocunt of
fine grained ice {presumably similar to Frazil} chat
formed in the voida between the blocks [43].

2.4 Ice Islands

So called ice 1lslands are, in fact, tabular
icebergs from a relict Pleistocene ice shelf that
still exists aloog the north coast of Ellesmere
Island, the morthero-most lslamd in the Canadian
Archipelage, Strictly speaking, ice lslands are just
a specitic type ot shell ilceberg, but we will discuss
them in a separate category as Chey are unique to the
Arctic Decan and are composed of & rather complex mix
of ice types. They are a particular hazard alomg the
coaats of Horthern Greenland, the Canadian Archi-
pelago, and oEf the North Slape of Alaska. 1lce
islands cap have long Lifetimes. For inatance, the
best koown fce island T-3 has been drifting arcund
the Beaufort Gyre (the large clockwise circulation in
the Beaufort Sea) for owver 3 years, If current
predictions of its trajectory are corteckt, T-3 may
"die™ wichin the next year by leaving the Arctic
Ogean wia the East Greenland Drift Stream and melting
in the North Arlantic¢. Tce ismlands alsc have been
known to leawe tha Arctic Ocean wia Robeson channel
(between Greenlaod and Ellesmere Island) aod also
through the Canadian Archipelage into Viscount
Melville Sound. It i only afcer they leave the
Arctic Ocean that chey drift through regions where
ordinaty lcebergs produced by glaciers are common,

As their origin ig an ice shelf, ice islande are
tabular with thicknesses of several tens of merLers
{T-3 had an initial thickness of approximately 70
m)., Lateral dimensions are highly variabie rauging
from more than 10 kilometers to a tew tuns of meturs
for ice island fragmeats. There is no adequate
cengud of the number of ice islaonds currectly
dritting in the Arctic Ocean. The numbers "sighred”
at especific locations are highly vaeriable. For
instance 1in 1972, 433 ice islande were sighted aloong
the Beaufort Coast. Of these 117 had lateral
dimensions greatetr thao B0 m and 1 had dimensions of
over 1600 m. In 1975 there were no sightings along
the same stretch of coast. It is generally believed
that the large nuober of fragments seen in 1977 was
the result of the breakup of a very large ice island
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that grounded north of Barter Ismland. The curreat
interast in ice ielands results from the threat they
pode (o offshore structures in the deeper waters of
the Bsaufort Shelf. The ice island problen is
similar to that posad by iarge hurricanes in the Gulf
of Maxico in that although the probability of a given
structure being impacted &y an {ce islsnd 14 small,
the probability of the structure sustaining damage 1if
& collislon does occur 18 high.

Although the ice in ice Lslands has not Iwen
axtsnaively studled, encugh im koowa o Be able Eo
Elve & general description of the several different
ice typea involved [44-50). The complex structures
ancountersd in some lce islande can best be appre-
ciated by referring to Pigure L0 in Smith's study of
Arlis II [47] and to Figura 12 which is presanted
hore and which summarizes the Lyons et al. [50])
plctuce of che atTucture of the fce iun part of the
Watd Hunt Ice Shelf. There srw st least four dif-
farant Lypes of ice present, Thase are as followe:

Lake ice - The laks ice is che result of the
freating of elongated bodiap of water that form on the
surface of ice islands during the melt sesason. The
ice can be ensily recognized by its medium to very
coarse gralned texture, the long columnar crystals
with straight grain boundsriea and the long, linear,
well orieatad bubblese. Typical grein Jiemeteve are
larger than 3 ca,

Smow lce -~ Thia lce cype, which composea much of
the upper part of the Ellesmere Shelf, is produced by
the densification and recrystallizatien of ssow. The
crystals are equant and euhedral showing a typical
monalc texture. Cryetsl orientations are raandowm and
grain sizes characteristically range from 0.5 to L.3
cu.

S5es lce -~ Ses lce ufually occure in the lowet
portion of the ice shelf. This matetisl has the
charsacteristics of multi-yesr eea ice, although the
aslinities are somevhat lover (< 2 %foo). The
cryatals show the chavacteristic elongation of colum—
nar rone sea ice and the pubstructure within each
crystal is still evident. Some fine grailned tracil
ice has also been reported. I[n two cases [47, 49}
strong preferred c—axis alignments have been noted.

Brackish fce ~ This ice ahows a well develaped
stratification, which is a reflection of cyclic
vaciaticos Ln the amount of entrapped gas and the
average grain eire. Typlcal layer thicknesses are
betwesn 20 and 25 ca, aod the strata may locally be
warped ilnto a series of folds. Very large crystals
are common, Wwith some ag large as 120 cm. Craxis
orientetions commonly are vertical and ralinities
are uwsually wvery low, Although several different
explanations have been advanced to account for such
unusual fce, the most likely explacaticn is that this
material developed as a series of annual growth

layers that formed from the freezing of a layer of
brackish melt water that 1ls known to be present
peneath the Lee shelf at some locations [50). This
explanation can sccount for both the complex inter—
gteatification af this ice with normal sea lce, and
for the measured oxygen lsotope ratios.

3. MECHANICAL PROPERTIES

3.1 General Yehaviour

Systematic knowledge of the mechanical proper-
ties of ice derives malaly from studies ot pon—saline
polycrystalline ice which 1e not stroagly anlso~
tropic. The principal metivaticne for atudy have
been glaclology, where the chief concera 1g with flow
under small deviatorlic streases (< 0.2 MPa), and
englneering, where the emphasis la oo streagth ac
relatively high strais rates (> £0~% s 1), It ia now
posuible to unity the findinge from these arean of
study [51], especially aince it has been demonatrzated
that the favoured teat of glaciology, the constant
load creep test, can gZive weseatially the same infor—
wmatlon a8 the tavoured test of fice engineering, the
constant strain rate scrength test [52,533).

In siople terms, ice bas the following charac-
teriptice.

L. Uander moderate hydrostatic preseute and
woderately low temperature, ice compresses elastical-
Ly with & bulk modulus of about 9 GPa. Any bubbles
lo the ice compresa 80 a8 ta equllibrate in accord-
ance with the gas lawe, and they may eventually dis-
appear to form a clathrate. Under gufficiently high
prevsure, ice Ih cransforms into high density poly-
morphe (including water), as described by the phase
diagram for isothermal compreasion. Under intense
adlabatic compression (e.g. explosive loading),
discrete phase transitions are not detected, but the
Rankine-Hugoniot characteristic givas a pressure—
volume relation that 1s not much difterent from a
"smeared-out” verslon of the Bridgman isctherm.

2. Under deviacoric stress, lce detorws as a
non-linear vigcous eolid, changing its fabric and
gErycture in the process. lUnder constant stress, a
complete creep curve shows deceleration followed by
acceleration to a4 final rate in the usual way,
although there are possible complications. Uader
conatant straln rate, a complete gtress/atrain cwrve
ghows atrees rising to a pesk before talling and
tending agymptoticelly to a limit, agatn with a
posaible coaplication in the form of an initial yield
point. For any givea etage of deformation, the
stress/strain-rate relacion is non-linear. 1t is
usually given 4s 4 simple power relation, although
the exponent changes over the complete range of
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streases and streln rates. Below about ~10°C the
sffect of temperature can be described by an
Arroenius relation with an activation energy af about
70 ®)/mole. However, closer to the melting poinmt,
temperature sensitivity is greater than such aa
ogeation would predict.

3. High sensitivity to strain rate and tempera-
ture causes lce to display a broad raoge of rheo—
logdcal properties. With high rates and low tempera-
ture, elastic behaviour dominatea, and deviatoric
sttainiag culminates in brittle fracture. With low
races and high temperatures, ductility is predoml-
mant, sod large creep deformatione can eccut. Very
oftan both elasticity and nen-linear viscosity make
significant contributions to deformation and rupture
BEOCASR S,

4. In mltiaxial stress states, compredsive
lk ptreas {isotroplc component of stress Lenaor)
bag iittle eifect on the deviateric stress/strain—
rate relation when strees deviatore are very low and
tempetature {s wall below 0°C, By contrast, moderate
PTRROMT4 Suppresses internal aicrocracke at high
strain retes, and it increasss deformabion resistaaoce
sod "atrength.” Extreme pregseure ot typlcal tempera-
tmre=s pushes ice towards the phase tranaformatice to
warar, aod consequently deformation resistance amd
"strength’ decresse with increasing pressure, lwost
irTaspective of the magnitude of deviatoric atress or
straia cate.

Streagth and deformation resistance are laflu-
enced by gtrain rate, temperature, porogity sod grala
size la the following way.

Strain rate. Deformstion resletance and
“strength” Iacrease with incresse ot imposed etrain
rate. Lonversely, strain rate £ locreases with
Eac:me of imposed etress g. In elther case,

t = o, whare & might range from 2 at very low
stress (< 0.0] MPa) to 4 at high strain rates
(> 1031y,

Temperature. When ice Lo truly "solid” (below
-10°C for con-salime ice, or below Lhe eutectice of
dlsmalved impuritiem}, Btrain rate ¢ for a given
Stress o can be described by a relation of che foram
e = exp (~Q/RIT), where T is absolute temperature, R
is the gas coostant, and § i an activatloan epecyy
for the contralling deformation process, msay 70
ki/mole for diffusional creep. The cerresponding
relation for ¢ is obtained from the &g relation (the
powar law}. At temperatures close to 0°C, all poly-
crystalline fce has liquid, or liquid-like tranai-
tionel layers, st the grain boundacies. Thue there
are additiooal thermally activated processes inafilu-
eoclng strength and deformation, and the simple
Arrheenius telaction does not apply.

Porosity. In miaple terms, etrength and defor-
wation resistance decrease with increasing porostty.
for the complete range of waterial properties From
densw, iwpermeable ice to highly compressible,
permeable snow, there fa a continuous decrease in
atrength and 1o deformation resistance. Io saline
Loe, porosity is created by both air bubbles and
brine celle. The effect of variations in the sixe
and shape of pores has not received much experimental
attenticn, although it is a tempting topic for
theoretical speculation.

Cfaio eize. Where elastic deformation aad
prittle fracture are significant coatributors,
strength ¢ decreases wicth increasing graln gize d,
amdl there is support for che Ldea that g « d”1/Z,
Therw ars indications that coarse—grained ice may
fracture and yleld ac strains smeller cthan the yleld
straias for fine-grained ice, In the range where
duck LLity dominates, there Is not yer any convincipg
evidence that strength end deformation are mch
affected by grain aize.

Another factor to be considered is the plze of
the atressud volume, since non-metallic brittle
scolids typlcally get weaker a8 volume increases
{incramsing the prohabilicy of eacountering bigger
flewa), Puablished data for ice oo this topic cover
only a narrow rapge of volumes, but it is to be
expectad that fracture strength will decreage with
incresaing volume at high strain rates {(where cracks
and similar flave control the fallure). The deforma-
tion reslstance le not expected to be ouch affected
by size at very low strain rates (where the control-
Ling flawa are thought to be diglocatiocas).

Perhapa the moat difticult variabies 1o deal
with are aniscrropy and inhcmogeneity, Studies of
anisotropy are not very far advanced, so 1t is
dangerous o0 venture generalizetions. Bowever, there
is oot mach doubt that ice with preterred crystal
orlentation flows wosat eawily when the resolved
gtress is parallel to the baeal plaacs of Lhe
cryatals., MWith high strajin rates and eultiaxial
stress, the “streagth” of columnar ice varies depend-
ing on whether the stress field 1a tending to push
the columrns together or apart.

Ice teatiog and experimental data. Under the
best of clrcumstancas, most mechanical tests are much
more complicated than their textbook idealizations.
When typical tests are applied to ice, the problems
ate magnified by thermal instability of the material
(melting, evaporation, brine drainage, vapour and
surface diffuston) and by high sensirivity to rate
and temperature {changiag the balance of elasticity
and plastiecity).

An international group hes been trying for the
last decade to bring some order to ice testing, but
the standards of experimental work are still highly
variable. For the present we have L6 uge results
from some fest programs that are obviously flawed,
and it 1a oecessary to be aware of common sources of
ertor and aisuaderstanding. The followlng polars
might be kept in mind when considering the data gives
in the remainder of this paper.

1. For tests aear 0°C, lax temperature control
can introduce large errors.

2. For high rate/low temperature tests
(elastic/brittie), great care and vety precise
technigue ave needed to avoid errars.

3. For tests to large scralas, special
procedures are naeded to produce cepresentative
results.

4., Most of the lndirect tests, in which some
material properties must be asssumed, canaot he used
to investigate rate and temperature etfecte. For
example, the assuaption of elasticity in beam flexure
or digc compression is hard to jueétify when rates are
low or temperatures high.

5. Blind application of test procedures from
other technical fieldp can give misleading results
(e.g. use of quasi-static tests to measare Youag's
modulus).

6. large-scale field tests {e.g. oa floating
beatms or cantilevers) can ilavolve material which is
inhomogeaeous, anisotroplc, azd subject Lo appreci-—
able temperature gradients.

There have been no truly cempreheasive test
programs covering all the varlables ia a systematic
way, and so a certain amount of intelligeot guesework
ig meeded in order to excrapolate and interpolate
Erca the existing data. However, the broad picture
is 120w starting Lo emerge, and any given seL of data
caz be checked for conmaistency and plausibility
against a variety of indepeadent data sets.

3.2 Iceberg Ice

There are virtually no published data on mech-
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anical properties of ice that has been collected from
tceberge, Dt there s planty of information abaut
glacler lca, which is what icebergs consist of. Ovar
the iaterior ardam of Greenland and Antarctics,
glacler icea formm by a sediwmentatioa process involv-
ing visco-plastic compaction of dry snow. The re-
wulting materiasl is fine-graiped and alsost ikotrop-
ic, with included air which forms closed bubblea when
the bulk denwity resches about 0.8 Mg/m®. Ooly in
the laysrs vary close to the glacier bed is thers
sigaolficant sheating, with consequent development of
preterred cryetal orientation, but when lece from the
interior is fuaneled out to the ses Chrough ice
stTeams and valley glaciers there 1s more geaeral
whearing, and some laclusion of roeck debris. There-
fore, Lo ilew of daca on lce frow actual icebergs ve
have to be coatent with & sumsaty of the proparties
of glacier ice, of arciricial ice which slculates
lsotropic polar glaciet ice, and of some other Cypes
ot non~salioe ice,

Elaptic woduli. For polgcr%ltllum ice of low
porosity (density p + 0.917 Mg/m’), high frequency
dynanic seasurements of Young's modulus E give walues
cf approximately 9.0 ta 9.5 GPa in the temperature
range -5 to ~10°C. Careful weasurements of the
initial tangent sndulus for quasi-static uniaxial
compresaion Lestp glve quite similar values {54-57}).
A8 temperatuce decreases, E increases nonliaearly
(Fig. 13), but the effect L& smail for "true” Young's
modulus (a6 opposed to “erfective” values of E which
include creep effecte}. Porosicy n, which can be
expresaed alternatively a6 bulk denslty p, hes 4
significaat iafluence on E (Fig. 13), and it ie
interesting to note that E drope sharply below the
density which represents close-packing or equant
graias (p ~ 0.55 Mg/m ).

Poigaon'e ratio v, as measured by dyasamic tests,
has values close to 0.3 for nan-galine ice oI 1low
poresity (Fig. 13), and there iz aof much wvariation
with pcronity over the range where I:he matetrial is
regarded as “ice” rather than "snow” (p > 0.3 Mg/m }
Bulk wodulua K is

K = E/}1-2 v) =E
and the shesr wodulus G 1s
G = E/2(i+v) ~ D.38E .

In ice englueering it 1 freguently neceseary to
apply elastic analyses in situations where the icge
deformation {s not putely elastic. In such cases, it
may be appropriate to use “effective” Doduill derived
from relatively slow quasi-static teats. Because
thege effective moduli (E') represent the conbluoed
effects of elasticity, recoverable “delayed elastic—
ity,” and irrecoverable creep, they are appreciably
Bore sunsitive to temperature, strain rate and vibra—
tional frequency than is Young's medulus E. At low
temperatures and/or high strain rates, W' = E, put at
low strain rates {~L0" s'l) or relatively high
temperatutet {~ —10°C), E' may be as low as 25X to
30% of E, When low strain rates are combined with
temperatures approaching 0°C, E' can have very low
values, and the elaptic spproximation oay cease to be
weeful. In comparimon with the eftects of tempera-
ture and straia rate on E', porogity variations over
the typical range are not very significant, it there
is ® slight decrease of E' with locrease of 1 {de-
creage of p).

"Efrective” values of Young's wmodulus E' should
be paired with “effective” values of Poisscn's ratie,
v's Although ' does nor receive expliclt treatment
in the l{terature, some deductions can be wade [2].
As ductility increases it is reasonsble to expect »'
+ 1/2, tepresenting incompressible flow, with E'/K »
G.For ice which has low porosicty {or waker—filled
pares) the bulk modulus X shoulid aot vary awuch with
porosity, temperature, or strain rate, and for a
ficet approximation it can be assumed equal to the
true Young's modulus for zero porosity, Eg. Thus
v' ¢an be expressed as
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which gives & systematic variation between the Limite
1/3 and 1/2.

Streagth and detormation resisisnce. Strength
for aay npecified state of etress can be defined as
the maximum stress, or deforwatlon teslstance, for a
given atrain rate, For ductile yleldlay of fine-
grained ice, consfant Btrain rate strength tests give
essentially the same information as constant sETees
creep tests, so that “strength” can be obtaized from
either the peak of a conventioaal stress/straln curve
of the inflection polat of a conventional creep curve
[52, 53].

The mogt common test I8 uniaxial compression.
Uniaxial cospressive atrength g. for non-saline ice
at -5% to -i0°C varies by three ovders of wagnitude
(.01 ta 1) MPa) ax strain rate varies from about
107171 o 107 8- 1 ac high atrain rates, ¢ is pot
highly sensitive to temwperature, and at very high
rates the temperature etfect 15 expected to be
comparable to that for Young's modulus {Fig. l4). At
very low straln rateg, the variation of o with
temperature {(Fig. 14) can be deduced from the depead-
ence of mioimum creep rate on temperature (Fig. 15).
Becauas the strepafstraln rate Telallon 15 (e Sapw
for cosscant strain rate and constant stress (Fig.
16}, the stress/strain-rate relations developed by
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derived from earlier studies [62].

glaciologiste [61] for minimum creep rate (Fig. 17)
can e iaterpreted as atrength/etrain-rate relations
for low-rate ductile yield. It might b noted that
glaciologimts commonly repreaent axial strees g) io

terms of octabedral shear strees t, (v . = 2 g/3}

snd axial atrain rate ¢ in terms of octahedral
straio race g (e = €/¥2).

1t ie sosetioes wseful to kaow the "time-to-—
fatlura” tg, defined as the time taken to reach the
peak of a stress/strain curve or the (aflection polat
of a creep curve. Figure if shows how tf for fine-
graioed ice le inversely proportional to both strain
tate and & power of stress.

At high strain rates, g, decreases aa porosity
Lncreases (p decresdes), as ehown 1n Figure 19, Far

low straln rates, the sftect of (:orml.t on the
ga-c relation has to be deduced indirectly (Fig.

207,

Grain size d does 2t appear to affect “‘i
systematically at low strain rates (< 10°% o= . M
high strain rates, oo i# expected to decrease as d
iocreases, perhaps with g, = a1 2. et adequate
data sre not yet avallable.

In cases where Lce undergoes ductile yiald with-
out fracture or ruptwre, it is sometimes uwheful to
know the “residual streagth” st rvelatively large
strains. The relation between Tesidusi strength aod
strain rete is much the same as the relation between
creep rate and applied stress for large strains, and
relevant data for both constent strain rate aod con-
gtant Btresgs are given in Figure 21.

Defining unisxial tenaile streopth o io the
sage way that o‘;‘u-a?iefined, there ia little daf-
ference between gp and ge tor isotropic ice at
low strain rates {< 1077 &~ !). ln both cases the ice
yields by ehearing, and the difference of oorwal
stress does Dot seem to have much erfect. Above some
critical strain rate (107° a~! ar -7°C — see Fig,
22) there is a2 bifurcation ia che stresa/strain~rate
curves for temslon and compression, presunmably be-
cause internal microcracks can form and iaf lueace the
failure at high rates. At nigh rates (> 107° 57 %),
or tends to a limiting value, while o cont inues
to increase. For fime—grained 1ce at -7°C, the high
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Figure 183. Time-to-fallure tg For fine graiaed
noo-saline ice. ty is given a8 a function of
straln rate (Fig. 18a), and as a funcrion of stress
{Fig. 18b}.

tate limit of op is about 2 MPa, with g, arcund
1¢ MPa. This gives a ratic of oq/or well below
the theoretical values of 8 or wmore that are
predicted by Griffith theory and lcs derivarives
(another reason why diametral compression of a disc
or cylinder cannot be used to measute o 1n tee)d.
The ettect of temperature oa gp is the same 35
itn effect on g 4t low strain rates. By contrasl,
the lack of gsensitivity to straia rate at very high
rates leads to the expectation that there will e a
corcesponding insensitivity to temperature iz Lhat
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53].
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deduced ilndirectly from various data eources [61]).
(&) Soow, = -10°C. (B} Snow, = O° to -7°C. (C) Ice,
« 0.9 Mg/a®, -2°C ro -10°C. (D) Saow, 0,49 Mg/m?,
-1°C to ~10°C.

range. Lne Limited experimental dats support this
idea (Figs. l4 aad 23).

At high etraia rates, ¢y decreases with in-
creasing porosity (decreasing density), as indicated
ia Flgure 19. At low stralo rates, the tread ie
expected to follow that for oo (Fig. 20).

The grain size 4 has a ronsiderable infliuence on
or at moderate straln tates (107587 '), The effect
can be described by the Hall-Petch relation

;l,-a+bd-”2

where a and b are constants [b4]. This type of be—
haviour 1 expected to prevail at strain rates higher
than 107% 57!, Bt ac very low strain rates d may not
have much effect. ¥For practical purposes the value
op =2 MPa for fine-grained ice can be regarded a8
an upper limit. More coarse-grained non-galine ma-—
terial that is encountered in glacier ice, lake ice,
and old gea ice will woually have tensile streagth
uuch lower than 2 MPa (rypically | MPa or less).

Failure strains and yield strains. Traditiocnal-
ly there has been cather 1little interest in absolute
value of che strains at which fracture and ductile
yielding cccur in ice, and yield criteria have always
tecn formulated Lin terms of strese. However, while
yield stresses for ice vary by orders of sagoitude,
the strains for fracture and ductiie yield stay with-
in much wmore limited ranges.

When fine—-grained ice is strained in uniaxial
compression at rates less than about i s‘l, ugder
either constant straln-rate or coostaant stresse {Fig.
24), there i5 & well-defined ducrile yield at axial
strains of approximately 1% [52]. This shows up
either as a peak stregs on a stressfsLrain curve, or




e T T ¥ T T T T
O | awhar 8 Mallar LIG72 17T, #2089 Mg/mS 7
2 Metior & Cole FBISC. PrO917 Mgrmd
L Geid 1RPTIIP G, F+GINMG/mY various ice typast
§ 1o -
! Constant
i CEtremTaels
.ol [S— Bomaiani” T T b
3 Siran -Agle Teals
omf— | —
n Y T, 1 l n | L A
' g Ly 0% [[nd [
Win Srram Rate ('t}
i Tamg. -7"C
: ]
-
io |
3 |
0% —— o wr L} =T o oF

Aol dirmln Rals oY

Figure 22, €ffect of strain rate on oy and or

for non-saline ice. Figure 22a indicates g, valoes
trom varioué sources and for varlous ice types.
Figure 22b compares o and gp for fine-grained
aon—ssline Llce [55].

cracking is followed lmmediately by fracture of the
entite specimen.

Comparable data for coarse-grained ice are nol
yet available, but current work on coarse-grained old
sea ice of low salinlty suggests that there may ]
anly ome identifiable yield poiot, with straios at
that peint always well below 1%.

) Moltiaxial stress states, For multlaxial stress
'''''' LR q atates, strength is best specified by a formal tail-

g ure criterion, such as an equation or graph desctib-
ing the failure envelope in principal stress spmce.
A gencral critecion is hard to formulate even for
isotropic 1ce (none of the classleal critecia are
broadly applicable)}, and for anisotroplc ice there
are very great difficulties. Consequently, engineefs
often have to get by with the most primitive of
agsumptions, e.g. fallure occurring when the major
principal stresa reaches or of g, depending an
the nature of The problen.

There have been speculations about che qualita-

| ButagwchtiRoa) tive forms of faillure ctiteria for Lsotvoplc Lege
2 ot e |66|, drawing on the obsetrved facts that: (1) hydre-
N { . T 1 N static pressure has little effect on shearing at very
0 - -0 ‘% 0 low creep ratea, (11) woderate pressure increases
Tampargture (L1 strength and deformation resistance at high strain
rates, (11i) high pressure lowers the deformation
Figure 13. Varlation of op with tesperature for remistance at all rates, {lv) the envelope iateteecls
non-saline ice. Data from [58, 59, 7l]. the priacipal stress axes at or and o, and
intersects the hydroatat at the pressura for the
pheae transitioa from Ice Th to water.

In addition to data for or and g, aud for
phase transicion pressures, there are a few data eeis
Erom triaxial tesfs { gy ® g3) in tie coupressioo—
compredgsion quadrants {67], and in the tension-—
tengion quadrants |68]. There are also some data
from blaxial tests {g3z=0) [69]. MHowever, when the
aumber and range of potential variables are coor
sidered, these results are too fragmentary te provide
a clear picture for this review.

f.]

Oy , e ! Tampsty Strungth (MPe)

g8 A sLrwin-rate minlmum on & ¢reep curve. Even when
the compressive Birems Lé cycled ot varylng frequen—
cies (Fig. 25), the mesn Creep cufve still ashows
minitmm creep rate at about i3 axial stratia j65).
With scraia rates in the raage L07' to 107° »~ 1, the
game 1ce has an imitia)l yleid point which occuxs st
smalier wtralng {0.03 to 0.5%¥). This initial yield
is aseociated with the onaet of intecnal cracking.

At very high strain rates (> 1Ww™" a~ !y the ialtial
yieid becomes the sole yleid, i.e. oneet of ioteraal
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VT by the nucleacion and propsgation of cracks. The
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Figure 25, Examples of mean creep curves Lor Lests
oa floe-grained lece in which compressive siTess
cycles between 0 and 2 MPa at the {requencies
fiodicated [65].

Fracture toughness. The fracture toughness of
1 bae attracted considerable interest Ia Tecent
yearn, but published data have to be approached with
cantion, The geoeral concept is clearly applicable
to ice ynder elastic/brittie conditions , but ir is
Lrre levant when ratee and temperatures are swch that
ior yields by flow and recrystallizativn rather than

flexural tests typically used to measure Kj., the
critical stress intensity facter for "Mode I crack
extension, can be lnterpreted by elastic theory at
high rates and low temperature, bit Che elastic
asguoptions became progressively worse as rates and
temperatures produce grealer ductility.

Where ice 1s elaetic aad brittle, Ky, should
be predictable from Young'a modulus E (= |0 GPa) and
the specific surface energy y (= 0.1 J/m“). For
plane stress,

1/2 iz

K + « 45 kN-m

o [ZET)
Measured walues of Kj. do appear to have a lower
limit close to this valuge, More typical measured
valueg are arouad 100 k.H—-m_”z, jmplying that

Tp the specific energy for plastic working of
Orowan/lrwin ctheory, is ahout 5 y. With this Prima
tacie evidence that simple Griffith theory might be
applicable for the elamtic/brittle condition, one is
tewpted to calculate op from E, y and the
controlling crack length 2¢. For plane stress,

iy
252 x 10%
Ve

where ¢ 18 {1 metres. Lf we make a guess that 2c¢ is
equal to the graia size of the ice, calculated walues
of or a2re aa shown in Figure 2&, which also gives
measured values of op.

When conditions are such that 1ice has some duc-
tility, it might be expected that “toughness”™ wouid
increase with increasing temperature aad decreasing
gtrain Tate. With che exception of one data set, the
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Figure 27. EEfect of losding rate on ¥jo for non-
saline Lee [70, 72].
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Figure 28, Variation of Ky, with temperature and
joading rate [73].

experimuental evidence supports this expectation for
rate eftects (Fig, 27). However, test data show that
Kio increases as temperature decrecases (Fig. 28),
contradicting the simple expectation. Looking at
things another way, Kis. can be expressed aa

142
Kic " 9 [“c !

and this suggeats that Ky, might vary with rate aod
temperature in the same way as gy. The expectation
would then b for Kj. to be lnsensitive Lo rate,
and for Ky to increase slowly with decreasing
cemperature. The latter appears to be borae sut when
testing rated are high {(Fig. 28). However, another
poseibility 18 that the existence of liquid Eilms or
liquid—like layers in the grain boundaries mighc “lead
to & Rehbinder, or Joffe, effect [2|. Since the
liquid/esolid value of y is about 30% of the
vapour /golid value, Kj. could be halved by
intrueion of a liquid fiim into a growing crack.
Such intrusion would probably naot cccur where rates
are vecry high, irrespective of tempurature, but it
could occur with a combination of high temperature
and low teat rate.

A more complete dlscussion ot Lhe fracture
toughoess of ice, and the underlying theory, is given
elsevhars |2].

3.3 Bea Ice

Precloe measurements of the basic mechaalcal
propertica of sea ilce arc not plentiful, partly
because the mstecial Ls difticult to work with (brine
mobllity, complex structure), and pacrtly because of
practical demands for relatively crude fisld data.
Consequently we have ko draw upon experigental
results tor non-saline ice for a background picture
of how sea ice might behave in a geoeral sense. Ia
assessing the sea ice data, it may be helptul to
regard salinity as a major new variable, with
frevhwater ice of zerc salinity represcating a
reference state.

Salinicy has a direct intluence on porosity,
aince aalts rejected by the ice crystals during
freezing form concentrated brine, which is dis-
tributed through the ice mass in poream. At any givea
tempetatute, the voluae of briase-filled pores {“brize
porosity”) iacreases with increase of overall salini-
ty. However, the brine—-filled pores are oot the oaly
pores in mea ice; there are alsc gas bubblea, and the
total porosity 16 the "gas porasity” pluas the "brine
porosity.” In the past, the “gaa porgsity’ was
usually uaknown, and brioe porosity was substituced
for total porpsity. There ie now a simple metbhod tof
overcoming this problem [74]. As temperature
decreases Ilo lce of a given salinity, brine volume
decreases, siace equllibrium concentration has to he
malntained. This means that temperature has a dual
effect on the mechanical properties of saline ice --
ic aftects the ice wmatrix, much as 1t does in noo-
saline ice, but it alse changes the poTrosity.
Becauge increasing temperature and increaging
poroeity both tend to lower the stiffness, the
deformation restgtance and the strengeh of ice,
it might W expected that tewmperaturce effects in sea
ice would be stronger thaa those 1o noo—saline ice.

Mechanical properties of sea ice are often
plotted against porosity and against teomperature,
When examiniog such plote, it should be understocod
that these two variablesa are oot normally independeat
af each other. Temperature ig uswally an implicic
variable in porosity effects (potosity is varied by
changlag the temperature in lce of given salinity).
Similarly, porosity 1s often an implicit wariabie io
tempeTrature effects.
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Figure 31. Summary of values fot effective modulue

E' plotted againat temperature [2, 83, 851.

Elastic moduli, HMegouremente of Young's woduiue
E have been wmade by methods depending oa high fre-
UEncy waves, pulses or vibrationa. Effective modulidl
E' have been measured by quagi-static tests (typical-
ly besa flexure), both in the laboratory and in the
fleld.

Pigure 29 gives a general impression ot E values
for mea ice over a range of parosity. It also pro-
vides & comparigson with non-saline ice, The results
for swsll-scale sanples {data hands |, 3, 5) show
good agreement with non-saline ice (data band 2).
The values sbtained from seisnic tests and flexural
¥aves over wide areas are moatly much lower than E
for aoo-saline ice, but this 1a notb too surprising
whon all of the complications of the ice sheet are
cons fdered.

: Values of E' are indicated in Figure 30, and are
compared with E' values for non-saline ice. There is
cloge agreemant between sea ice and non-saline ice at
low porosity, and the low values tor sea lce at
higher porosities can probably be attributed to the
combined effects of porosity and temperature. Data
band 3 for E' in Figure 30 agrews well with data
banda & and 7 for E in Figure 29.

The effect of temperature on E' is indicated in
Figure 31, The slightly steeper trend in daca band t
ie probably due to the fact that all tests were made
at a sipgle value of salinity. Figure 32 shows how
E® wariles with stress racte and temperature at a fixed

Young's wmodulus as a functicn of porosity
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Figure 30. Sumaary of data for effective modulus E"
plotted against porosity [2, 81, 82, 83, 84],
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Figure 32. Variation of effective modulus E' with

atreas rate and temperature |[B3].

value of salinity. At very low remperature snd high
stress (or strain) rate, E' approaches E.

Effective values of Poisson's tatio v for sea
ice were measurvd in beam flesure experiments by
Hurat aad Lainey |#6]. For very low stress rates, '
tended to the expected limit value of 0.5 (see page
244), For the hi%hest tent rates (0.6 MPafs, and up
to L.b x 107" 871), v had values between .35 and
0,4. The nean walue for high rate decreased with
decteasing tempetature, from abouc 0.40 at -5°C, to
0.37 at -30° and -40°C., This observed temperature
trend snpports a specuwlation made much earlier by
wWeeks and Assur [6] on the basis of Soviet seismic
data. Such & trend 13 opposite to what would be
expected with air-filled pores, but it can be
explained by expressing u ia terms of E and the bulk
modulug K [2]:

v = (3K-E}/6K = {I-E/R)/b

Sinee K fg about the same for ice and watel, a swall
increase ia rhe wvolume of water—tilled pores should
have little effect on the overall value of K. Thus
the wvariation et y with porosity will be coatrollea
largely by variations in E, which derreases as
porosiky incregges. The equation therefore predicts
an incresse of vy with increase of porusity. Because
porocality increases with increasing temperature in
saline ice, v should lpcrease with increasing
Tenperature.

In columnar sea 1c¢e, arxisolropy may have a
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greater influeace on v than do tewperature or
poroeity. Wang (B8] found that sea ice was amuch
gtitfexr in & direction parallel to the long axes of
columna (vertical) than ian the perpendicular
direction (horizental), giving +' 1n the range 0 to
0.2 vertically and 0.8 to 1.2 horizontally.

Bulk modulus K and shear medulus G are not
comreonly weasured ag such in sea 1ce, but glven paics
of values for E and v they are easily calculated (gee
page 244) .

Strength and deformation resigtance. Uniaxlal
stregs tests provide clear and unambiguous data 1f
they are done well. Unlaxfal compression tests have
been applied to sea ice by many invertigators, but
uniaxial teneion has rarely been attempted, The most
common strength teats have involved flexure of beams
or caantilevers, Por laboratory experiments small
beams are cut from an ice gheet, or saline ice 1s
produced artificially. Fer large acale field tests,
beams or cantilevers are sawn In the ice sheet, with
the "fixed” ends atill attached to the gheet (limited
flexure at the beam root ia acill possible). For the
resgong mentioned marlier (pags?43), beam tests can
give misleading results, and bHesm data for non-salipa
lca have been fgnored in thia review. However, o
the absence of adaguate uniaxial data for ses ice, we
have to make ugse of beosm dJata, vhich do have gpecial
value when beat tests are regatded as analogue tests
far plate flexure. To distinguish the "modulus of
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Figure 33. Uniaxial compressive strength of sea ice
as a functicn of atrain rate (data selected from
{88]}.
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Figure 35. Variation of g, with teaperature for
three ice types (data from [31]).

tuprure” of "flexural strength” from uniaxlal tendaile
strength op, we uae the symhol opp- We have
completely disregarded tesults from once-popular
Brazil tests and ring teuts (dismetral cowpreasion of
discs and annuli), since these test have proved
unguitable for ice [89].

The uniaxial compressive strength of sea ice (s
expected E:“vary with scrain Tate, teaperature and
porosity in a mapaer qualitatively slmilar to non-
aaline fce. Figure 33 represents come data by Wang
[90] which conform to a power relacion batwees sCYrila
rate and stress, with an exponeot of about &. Some
othet data, selected from results by Schwarz {9il,
ace ghown agalast atrain rate ia Figure 34. Io
Figure 35, the effect of temperature o0 og ia shown
for sea ice and for some roughly comparable fresh-
watur Lce {lake and river ice).

The effect of porosity on g. and cther
mechanical properties has traditlonally beea dia-
played by plotting the property againmat the sguare
voot of brine volume, For ramsons discuseed
elgewhare [2}, this practice is not followed here;
brine volume ig repreasented eimply as drine
porosity. Variation of gC with brine porosity at
high atrain rates {~» 107 a~1) 1z ghown in Plgure %,
which alga brings out the well established Fact that
a. 1a strongly dependent on the directien of
loading in columnar ice. Further evidence 1s glven
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Figure 34. Variation of ag with atraln rate,
temperature and grain orleatation {data selected from

911).

T T T T
[100] 1
L Yawdrey (19TTL &7 Lemrtican)

2. veuarey (9T IG* {harapniot]
3 Fradariing & Timea (19817 3 xag™

1] f08 oo 008 Lile 3 g
Brima Ponsk iy

Pigure 36, Summary of data for o. as a funoction of
brine porosity {83, 32].



Wy Figure 37, vhich shows the Llce to be veakest when
mjor principal stress L3 at 45° to the direction of
the c-axes {i.,s., at 45° to the horizontal plane).

Figute 38 provides confirmation that g
docroases with incresse of grain sire at fairly high
stzaln rates (O 107° s~ 1),

‘Doiaxisl tensgile tests on sea lce have beeu rare
ecaune of the difficulry in malntaining perfect
specimen sxlality and in avolding perturbations of
the ptress fleld. These difficulties are now being

ewarcome, but new data have not yet appeared. The
oely usable published data seem to be those repre-
‘manted 1o Flgure 39, where or i8 plotted againsc
remparature for two salinities aod two loading
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Figure 37. Variation of g, with straia rate in
columnar ses lce at -10°C. The three data sets show
the effect of crystal cvieatation [93].
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o -0 -20 BT
Tammparaturs 't

diractions. As wmight be expected, op tncreases
with decreasiog Cemperatute and decreaslag salinicy.
It 1s greater for vartical apecimens of columnar ice
(Fig. 39a) than for horizontal apecimens (Fig. 39b) .
The temperature effect implies a porosity effect,
which 18 1llusttated by a re-plot of mean values from
Figure 39 in Figure 40.

Flexural streagth opy has been measured in
many tesl programs iovolving both lsbotatory work and
Fileld work. The variability of regults 13 somewhat
deunting, as can be seea frow the asummary in Figure
41, vhere opy L6 shown agalnat brine poroaity.
Figure 42 sumnsrizes some data on the variation of
ofT with temperatute, but the results should be
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Figure 38. Variation of g with strain rate in
granular sea ice at -10°C. The effect of grain size
i also indicated [93]).
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Figure 39. Variation of uniaxial teasile streawth
with temperature and saliaity for sea ice: (a)
veTtical specimens, (b} horizootal specimena |94].
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Bigure 42. Variation of flexursl streagth with
temperature [B5, 98].

treated wich cavtion because of protable departure
from ideal elasticity at high tempetatures. A
discusaion of rate eftects, temperaturs effects and
other conplicatione is given slpewhers [21, but it
might be worth mentioning hers that In #itu bteaas are
subject to large varistiouns in Brain structure, steep
Leaperatura gradiente, besm-root strama concedt ra=
ticos, scale effects and, at high rates, inertial
effacts i the wnderlying water.

Fracture toughness measuremsnts on ses lce have
been reported from eeveral studies |72, B3, 99, 106,
102). The effect of loading rate oq 1o ia shown
in Figutes 4] and 44, and it can be sawn that, for
high loading cates, Kie tendw to valuea that are
close te the theoretical "Griffith™ value for
non-esline lce (mee page249). 1In Figumm 43,
tenparature seems to have very littls effect oo
Kic, 1a contrast to the trend shown earlier in
Figure 28 for comparsble deflection rates. Oma study
[102] has given some evidence of a dacresse in Kic
with fnccease of brine porosity; another atudy [83)
purports Lo ahow the same treod, but the data points
have no significant correlation, In both Figure 43
and Figure 44, it deems that Ky, facreases with
an increase in grain size,

Some coaventiooal triaxial tests (al * g, ™ 03)
have bheen made on sea ice at mederately high rates.
Soviet tests [103] on artificial snd natuyral sea ipe
show the major principsl stresa oy lacreasiog with
2. 03. and the maximum shear strees, (o) - g,)/2,
increasing oonlinearly with the oocmal stress og the
plane of maximun shear, The failure value of g was
8a order of magnitude higher than o With gy around
4 MPa. Under confiming pressure, the failure stress
decreased with incressiag salioity and {acreaning
Cemperature, just as it does in the uniaxial stress
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Pignre 44. Effect of loading rate oo Ki. for sea
ice {data from 172])-

stste. lsotropic fime-grained ice behaved differ-
emtly from anisotropic ice, and streagth varled with
Laading direction in anisotropic ice, Values of ¢
for the Mohr-Coulomb criterion were moetly in the
raage 3® to 50°, with extreme values of 14" and 55°,

“True” triaxlal tests (o) # py # g3) have lxen
mude on anisotroplc saline ice [104], but so far the
meeglte are Loo complicated to be summarized cou-
chsely.

Oue potential probiem in triaxial testing is
chat fatlure could be influenced by differeccead of
loading rates for the principsl stredmes, or by
varistioos in the ratic o;/u;. Because g Complex
atrese Fleld lo natural ice la likely to Eluctuste
with the ratio of principal stresses staying fairly
coaatmnt, & nev triaxial test device has beea
developed to keep the tatio o/ g, constant throughout
a teat |105].

Very little work has been dooe on the mechaiical
propertien of multi-year sea ica, and it ls still
kard to generalize about difierences between “new”

.#0d "old” ice. Some studies suggest that multiyear
ict 19 weaker than firgt-vear ica [106], but recent
dwtailed studies [43] do not support this idea,
drtually, it is not easy to make comparisons because
of the great variability of atrength 1o miltiyear
1o¢, which contains many differeat typea of ice.
Pigore 45 gives some values of o, at straio rales

of 165 und 10* =1, with a temperature of -5°C. Lf
Figure 45 is cowpared with Figurea 37 and 38, it can
b seen that the strength range for multiyear ice 1s
sinilar to that for granular firac-year ice at

—10'c, At 1073 s~!, the multiyear ice 1s about the
l_- strangch as columnar firet-year ice, but at 10”5
87" the columnar ice is weaker than multiyear lce
except when tested in the "hard fail” direction.

Untaxial tezgion tests on mulciyear Lce arm
Weiog made as part of & curreot program at CRREL, and

the indicatfons so far are that oy is always less
than | MPa,
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Filgure 45. Uniaxial compressive streagth of
multiyear sea lce at -5"C and strain rates of 10
and 107 &~! [43].
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3.4 Ice Imland Ice

The eariier notes oo ice lslande iadicate a
rather complicated struccure, with four different
types of ice distipguishable. Since mechanical tests
have not been msde on ice islaads to sny significant
extent , it is useful to simplify the earlier picture
50 &8 Lo drav some conclusioas about probable
wechanical behaviour.

Of the listed comstituents for ice ialands, two
ate apon-galine 1ce: lake ice, aud soow ice (which is
just glacier lce). The properties of lake ice as
such have not beea reviewed here, but they can be
inferred from the geaeral properties of granular and
columnar non-saline ice. A wore specitic review of
lake lce properties can be tound elsewnere (7). Soow
ice i the material that makes up glaciers, ice cape
and ice shelves. Ualess it hag been mertamorphosed by
strong shearing, it is typlcally isotrople, with
grain aize aod porosity varying, For pelar pglacler
jce, graln size varles from around 1 wm in “snow,”
where the bulk density is less than 0.8 Mg/m’, to
arcund 5 mm in very dense lce (porosity + 0)) from the
deep layers., The properties of porous glacier ice
heve already been summarized, and the properties of
"gpow” and “"snow tce” for lower raages of bulk
density are dealt with elgewhere {63, 107].

The remsalning two conglituents of ice islands
are saline ice cypes (sea ice, brackish icej, Mt
salinicy ip likely to bx wvery low. The sea ice
component is very old 3sea ice, and therefore perhaps
comparable to some of the multiyear ice that has Just
been diacussed. Not much 16 knowa about ice formed
from brackish water, but a first guess might be that
it would he similatr to lake ice.

Actually, the small ice island fragments that
drift into shallow coaatal waters have suifered
ablatiocn 1rom both top and bettom eurfaces, and they
may nat incluode all the ice types that have heen
1isted. TFrom ilopressioos galoed duripg visits to 4



nupber of oswall ice lslande, and frow driliing and
blasting work on ice islande, one of ws 18 inclined
to regard them simply as small iceberys.

3.5 Fragmented Ice

There is a tendeacy to aseume that the problems
created by iloating lce are solved vnce the lce le
broken, In fact, acrumulationg of fragmented ice
can, in some circumstances, resiac ahip movesent and
load stfuctures auch more severely than an wnbroken
ice sheet.

Fragmented ice covers a brodd spectrum, from
fine-grained mueh ice, through biocky brash ice, up
to floe ice, rafted ice, and ridged ice. As fac as
ships and structuree are concerned, the accumulations
of fragwented ice that are of most cooncern are mush,
brash, and first-year pressure ridges.

Mash iox is somathing like waterlogged snow,
with €luid properties while it 1w Eloating freely,
and high cohesion when it 1 compacted or dralned.
Although it can cause real problems for ships and
warioe structures, systemstic study of mush ice 1s
only just starting and, spart from & saali smount of
information in cthe #aow mechanice literaturs, dats
are not yut availsble.

Brash ice has more or less equant particles in
the size Tange 0,02 to 2.0 m, The tendency has been
to treat it analytically as a granular "c-§" material
that contfotms to 8 Mohr-Coulomb failure criterion,
but for horizontal penetration of a unitforwm layer the
atreas—-free upper and lower boundaries sppear to
perait ylelding in conformance to a criterion of the
voo Mimes type [L08]. However, measuresents of ¢
have been made in a number of studies.

Large 1ca blocks pushed together iato pressure
ridges alwo form a4 “granulsar” material which
ioitially has cohesion ¢ and internal friction (ahear
rasistnoce) 4. The scale of thiw material is too big
for couventioasl measuremente of ite bulk propetties,
but some deductions can be made from analysis of
amtural processes.

The propertiea of frageented ice are susmarlzed
and discussed almewhere |2].

4, COMCLUSLON

From this brief survey of the dirterent varie-
tive of ica encountered in arctic waters, it ia
evident that there are large gape in the availahle
data. Thera sre virtually no data derived from
direct studies on icebergs and ice islands. Although
major studies on theae 1ce massen are perhaps
unneceasaty, some explovatory studles would be uaeful
[n arder to confirm that icebarge snd ice islanda
are, in fact, similar to their parent [ce hodies.
Studies on firet-year sesa {¢e have been made alnoat
enttrely on Ltoe which has formed near the coast.

Thia kind of mea fce is believed to have strong
c-axid alignsents tn the horfrontal plane, buc

only 1la & few casus has the orieatstion of the stress
field relative to c—axis orientactton beeo taken iato
conglderation, The woast eignlificant ehortcoming at
the present tiwe 1s lack of informatlon on multiyear
ice, which (s the modar comwon asterial in the central
arctic pack, aad probably the woet thresteniag
material for ottehore structures. Finally, lLitcle is
knowa about the properties of marinse frazil fece. It
may be more <ommon than was previously thought to be
the case, and the finse-grained coherent ice formed
ttom Erezil may be stroager Chao firet year congela-
tion jce.

Ay far as the acquigition and iaCerpretation of
test dats Ls concernad, the tield of sea ice research
is moviag into a new phase. Some af the older test

methods, and the data generated by them, have had to
be dilscarded, 8 process that has forced both of the
present awthors to juak some of their glder work.
Curreat activity is based on test techniques that are
more Tefined and more carefully selected, and there
are moves towards atandardization of test techniques
wotrldwide. Tests can be designed, conducted and
interpreced with better apprecistion for the relevant
congtitutive relations and failure criteria, and with
leea slavish conformance to methodologies borrowed
trom other technicel fields. Some experimental areas
acte stil]l deficlent, and more emphasis needa to be
Biven to multiaxial stress states and to loadings of
loay duratioen,

The things we call basic mechanical properties
are, ot course, only meaningful within the fremework
of underlylag theory, and they have to be applied to
engineering design throuygh the appropriate theory.

At present there {a only loose coordination of ice
englneetring research in the areas of theoretical
méchanice, experimental determination of properties,
and solutlon of practical bouadary value problems.
Consegueatly, there is a danger that efforts ia thess
various areas might be mismatched. For example,
theoreticlana might be calling for highly complex
dats frow polyaxial teats on rate-depeocdent aalso-
tropic material 4t a time when design engineers a&re
struggling to progress beyond simple elastic analyals
and maximum principal stress rallure criteria. Some
neasure of coordination is needed in order to eatiafy
the legitimate demandes of both basic research and
practical eagloeeriog,

Tn spite of all these difftculties, the general
situation L8 encouraging. ILce mechanics has made
considerable progress in recent yeara and may, in
fact, be making some new contributions to applied
mechanics and nateriale science. There 1s a good
collection of basic data, and many practical problems
can be tackled with confidence. Perhaps the grestest
problem at the present time 1z that the accelerated
leasing schedule for the Besufort, Chukchi and Bering
Seas will create a heavy demand for high quality
data, while the mumber of experienced research
people, the physical facilitles for ice research, and
the levels of funding support are all severely
iimited. To overcome this problem, the very least
that is needed 15 an expansion and intensification of
collaboration between academia, induslty azd govero-
nent .
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CLOSING REMARKS:

The opportunity to provide the closing remarks
for this serjes of distinguished lectures and the
seminar on Arctic Technology and Policy is a triple
treat for me. One s because of my long, albeit
late, &ssociation with Arctic research., Another is
te be ldentifted with the Sea Grant program at
BIT. And finally to be here among ald friends.

But having satd that I am faced with capping
off an  intense sesston of opresentations and
discussions spanning the intellectual gamut from
“Legal Regime of the Arctic® to "Concrete Structures
for the Arctic" to ‘"Tectonfes of the Arctic
Dcean,” [n ranrging over this seemingly disparate
spectrum for a focus to concluding remarks, I am
struck by a common thread (other than the obvlous
Arctic connection) and that is the pioneering nature
of all of these fields of endeavor, This, fndeed is
the natyre of oceanagraphy itself,

Most disciplines of human endeavor can be
measyred by milestones of significant rew
understanding. In wvirtually every case, these

milestones stretch back in history for centuries, if

not  millenta; from Aristarchus to Copernicus to
Kepler to Herschel in  Astronomy; from Hero of
Alexandria to Galileo to Mewton to Maxwell to

Einstein in Physics; from Hippocrates to Harvey to
Hooke to Pasteur to Crick and Watson in Medicine;
from Hammurabi to Justinfan te Marshall in Law,

{ceanography has no such Tong history, which is
its thrill and challenge. To make my point, I will
arque that there are seven salient milestones in our
understanding of the oceans;

first, is that the oceans in fact exist--that
is as deep terrestrial hasfns versus relative thim
laminae of water over an otherwise homogeneous
(excepting surficia? geology) Earth, Geologists
refer to these as the first order featvres--
continents and ocean basins. Even this most
primitfve understanding is relatively recent. In
1854, Matthew Fontaine Murray published the first
bathymetric map of any ocean based upon accumyulated
records of deep sea soundings in  the North
AtTantic, Acoustic ranging of the seafloor was
developed between the World Wars and the recording
bathymeter did not come into cowmon usage until
after world War I[. Leadtime spundings were tedious
and imprecise. Few were made beyond depths to
assure safety of navigatton. 1llustrative of this
paucity of data Js the first modern chart of the
Arctic Qcean Basin published by K. 0, Emery fn
1949, This chart was based upon only 152 spundings
deeper than 915m, or an average of one for each
12,060 square miles, His bathymetric map portrayed

PROLGGLE and EPILOGUE
Ned A. Ostenso
National Oceznic amd Atmospheric Administation
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a single oceanic depression varying little din detail
from that constructed by Nansen in 1904 based upon
sounding data from the 1393-96 drift of the FRAM,
In 1962, I published what I believe to be the first
bathymetric map of the Ar¢tic Ocean that indicated
the presence of three trans-basin ridges, In
preparing this <chart, 1 had availgble, either
published or by reconstruction from overlaying
Soviet drift and high latitude airtifted expedition
stations locations over their bathymetric charts, a
scant few thousand soundings in the entire ice-
covered Arctic obther than my own data,

Second, s the awareness that the waters of the
ocean have a certain ordered metion, or dynamics.
The first described in publication was that of the
Gulf Stream by Benjamin Franklin in 1770 The
Cromwell Current which is 3,500 miles long, almost
as swift and carrying nearly half the flew volume of
the Gulf Stream was not discovered until 1952,

Third, s the realization that the ocean basins
are not featureless depressions but, rather, tnat
they are geologically complex like their terrestrial
counterparts, The first clue to “structure” ip an
ocean basin came in IB73 when a riss in the middle
ef the Atlantic was discovered by the British
ressarch ship CHALLENGER. However, it was pot until
1956 that Maurice Ewing and Bruce Heeze predicted an
interconnected glabal-encircling oceanic ridge
systen. It required another decade to describe this
fargest structural feature on the surface of thes
Earth (being over 40,000 miles in length) in
sufficient detail to show its major features of
block faulting, central grahens, systematic offsets,
etc.

The fourth and fifth intellectual milestones in
oceanography were nearly contemporaneous 1in their
inceptiors ir  the mid-1960's. Mre  was  the
realization that not only did the ocean contain
structural gealogic features but  that the
controlling tectonic processes were going on &t
rates miny orders of wegritude fastes :than the
“Uniformitarianism" of geolegic orthodoxy could
readily comprehend. This granpd discovery of
seafloor spreading and gTobal tectonism showed the
Earth to  be constructed of some two-dozer
structurally competent plates that are driven by
forceas, still poorly understood, in differentia
motion relative to each across the surface of the
Earth, Plate tectonics, as this process is now
commonly referred to, is a scientific concest of
power and beauty rivaling those of Hutton, Darwir
and Kepler; vet the simple descriptive phase of this
discovery is barely completed and the processes can



anly be imagined,

The other was the realizatien that oceanic
currents are but a small fraction of the 1internsl
dynamics of the ocean, indeed only about 2
percent, In addition, there are great eddies and
gyres 1in the ocean that are analogous to the high
and low pressure cells of the atmosphere. Put
somewhat poetically, we learned that the pcean 1ike
the atmosphere has both ¢limatic and metesrological
scales of mass, energy and momentum transfer, The
description of these mesoscale eddys in the ocean is
tncomplete and thelir physics pooriy umderstood
today,

Stxth fs the effort to achieve a new sense of
Tegal order and 1internaticnal orderliness through
the powerful concept of the oceans being a globa?
cOmons, The ocean has been the subject of
codiffcatien since & 1493 Papal Bull divided the
Atlantfc betwsen Spaln and Portugal, This tidy
Arrangement was upset in 1588 when England and the
Netherlands defmated the Spanish armada and "rights”
based upon the power to exarcise them were replaced
by the concept of freedom of the seas as articulated
by Hugo Grotius 1n his 1609 tract Mare Liberum, A
subsaquant large body of explicit an customary law
has developed to define and protect individuals
rights on, in, and under the ocean, In 1973, a
serfes of conferences on the Law of the Sea bagan
with the express purpose of codifying not an
Tndividual's but rather the worid's rights to the
ocean under the concept of it being the common
heritage of mankind. This 1s at once one of the
most noble and difficult efforts at international
legisTation since the Antarctic Treaty.  Although
the complexity of the issues ard the diversity and
numbers of the participants augers 111 for success,
the very process of the conventions has set 4 new
tone for human relations. Surely the prospects af
new ifnternational accords must be viewed a5 & major
resgurce derived from the ocean,

Seventh, and finally, the recently discovered
biological, geochemical, geological, and physical
processes at seafloor spreading loct ts one of the
sallent discoveries aof this decade, {f not the
century,

A whole new form of 11fe has been discavered
that 15 completely decoupled from the photosynthetic
process, The only compzrable 1ife hitherto known to
exist on Earth rely on a photosynthettc substrate
for their existence, These purely chemosynthetic
animals are a biolagical marve)l as alien to our

prior understending as  creatures fram  another
warld. What promise might they hold for exot fe new
drugs and pharmaceuticals? Temperature

differentials as great as 400°C occur over a span of
just 8 few meters, Through our ODcean Thermal
Conversion program, we sre spending tens of millions
of dallars to capture the energy of a temperature
differenttation of only a few degrees over a
kilometer! A megawatt of energy 1s produced from a
small fumarole nat much larger than this podium,
Polymet#1lic sulfides are betng deposited at rates
that may exceed human consumption. Are metals a
renswable resource!?

The oceans have been viewed as 2 passive
catchbasin accumutating al) the wastes, natyral and
antheopogenic, that wash off the continents. Other
than depositiona! and some bipaiteration processes,
the ocean's accumulation of such “contaminants® was
aver increasing., We now comprehend that zlong the
locus of seafloor spresding massive quantitfes of
matertal, probably every element 1in the periodic
table, are being finjected inte the ocean's waters,
We must learp to understand the oceans as the great
chemical processing plan that 1t surely must be,

The assimilative capacity of the oceans tg digest
man's waste products in the seafloor, water column
and  even the atmosphere must be completely
reassessed, To date, our uses of the ocean has Deen
targely limited to waging war, a medium of
transpertation, and a source of food and fiber From
a primitive hunting and gathering process, On this
intellectually baokrupt foundation, we have tried
repeatedly and failed successively to develop a
national ccean policy.

Now, with these new discoveries and the
application of other scientiffic advances, such as
genetic engfreering, microbiology and salt water
fermentation the possibility §s real that the ocean
can be a vtrtually uniimited cornucopia of metals,
enerqy, protetn, pharmacepticals, industrial
feedstocks and other respurces.,

The point of this effert to Swomarize your
seminar is to emphas jze the intellectual
adolescence, if not youth, of the ocean physical,
btological amd social sciences and engineering. In
our nascent field, we must not be lulled into the
mental tidiness of an Aristotle but rather, tike
Galiteo, to look with wonder and openmindedness Tor
what we see that 1§ new, The diversity of topics
discussed here will surely be exceeded by the
unanticipated and exciting pathways these basic
research, appTied technoltogies #nd pelicy
constderations will Jead mankind, [ am honored to
be a part of this ¢ollegium and am gratefyl for your
participation.
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regions. Mie wain reeponsibilities at Culf are for
geotechnical evaluation for well completions
through permafroet, offehore drilling itructures,
and subses and onshore pipelinea for
pra-development studies.

Arthur Crant: joined the U.S. Gaalogical Survey
{USCE) in 1949 after greduscing frowe Cornell
University with an A.B. in geology. Moth his M.5.
and Ph.D. were taken at Stanfard Utiversity whare
his doctoral dismertation was written on strike

alip faults in Alaskz. De. Grantz, Geologist with
USGS, has had extensive experience in gaolegic
mapping and in stracigraphic, aeromagnetic and
petroleun resource studjes in Alagke. Since 1969
he has been involved in geologic and patroleum
Tesource investigarions of the continental shelf
and slope in the Chukchi and Beaufort geas.

Donn K, lund is Chairman of the University of
Wisconsin, Milwaukee Geography Department and Wice
President of Comite' Arctique Internstional, the
organization of Arctic specialists which sponsors
confereaces on polar subjects and coordinates
international Arcric expeditiona and research
Projects. Hi# research has primarily focused on
the cultural and economic geography of the Arctic
and aub-gretic tegions, with his field experience
taking him to those areas almost every year since
1956, Professor HBagiund teacheg the only
university-based Arctic winter field course in the
westerns world. An active participant in a number
of professional societies, he has chaired the
Committee on Polar Respurce Development of the 0.5.
Mational Academy of Sciences and recently completed
4 three-year term sa Chairman of the Board of
Governors of the Arctic Institute of Rerth
Mssrica. He received hig B, A, in geography aud
tomance languages from Drake Univeraity, and hia
M.A. and Ph.D. in geography and economice from the
Univernity of Penneylvania.

John Lavrence Hargrove is the Director of Studies
of the Aerican Society of International Law. Be
is slio the current Director of the Department of
Legal Studies of the Johns Hopking Univareity
Sthool of Advanced International Studies. A
sraduate of Baylor University, Dr. Hargrove holda
sn L.L.B. from New York University aud a Ph.D. from
Harvard. He {s now serving as & menber of the U.5.
government Advisory Committee nn Antarctic
Resourcas.

William b, Hibler, IIT has been a Regearch
Physicist with the Cold Regions Reaearch and
Enginescing Laboratory in Hanover, ¥ev Hampehire
vince 1970 with two interruptions when he was a
Visiting Fellow in the Geophysical Fluid Dynamice
Program at Princeton University. At the Cold
Bagions Laboratory his Primary research interests
have been in large~-acale numerical modelling af sea
ice and ice covered oceans and lakes; the
#pplication of models to jce forecagting and .
aesrshore ice characteristices; and rhe re lationship
of wea ice to climatic change. A 1965 graduate of
the University of Misgouri in physics, Dr. Hibler
received hie Ph.G. from Cornell University.

Ola M. Johannessen is an Associste Professor at Lie
Geophysical Institute, Universnity of Bergen,
Morway, the achool from which he was graduated in
1965, Trom 1966 to 1970 he waa on the faculry at
BeGill University in Montreal working with ice
drift problems in the Gulf of $t. Lawremce. After
four yeare at SACLANT asy HBegearch Center iu
LaSperia, italy, he returned to the University of
Bacgen to work on marginal ice zope problems. In
1981-1982 he held the difice of Naval Research
Arctic Chair st the Haval Post Graduate School in
Monterey, Califarnia where he coordinated the
formation of the Intermational Marginal Ice Zone
Frogram (MIZEX). At present Dr. Johannessen iz
serving a8 the Chief Scientist foy MIZEX,

G. Laonard Johnaon has been the Divector of the
Arctic Program in the U.5. Office of Naval Research
sioce 1980. Por five years prior to that



assignment he had been the Physical Science
Adwinistretor for the Arctic Program and had served
io the U.S. Maval Oceanographic Office am Deputy
Pirector of Ocean Floor Analysis Division and
Ocasnogrépher. He has been a Lecturer at the
University of South Carclina in Columbia and
Catholic University in Washington D.C. Dr. Johnaon
recaived & B.A. from Willisme College and a M.5.
from Mev York University in geology. His drPhil
was completed in marine geology at the University
of Copenhagen, Denmark.

tan J. Jordaan en Head of Resesrch and Developuent
for Det norske Veritas (Canada) Ltd., overseea Lhe
organigetion’s research in told climate techaclogy,
offshors structurem and risk analysis. Before
joining this organization in 1982, he was a
Prafessnr of civil engineering at the University of
Calgary, Alberta. He managed numeroue regearch
projects and delivered lectures at the university
on statics, dynamics, mechinics, probability theory
and materizle. As & Research Assistant, Kings
College and congultant at Ove Arup & Partners,
London, Dr. Jordaan specialiced in the design of
concrete structurea. He received his B. 5, and M.S.
in engineering from the University af
Witwatersrand, Johannegburg, South Africa snd his
M.D. from the University of london, Kings College,
Englaad.

Mancy J. Kellner is a Research Assocciste and
Aasiatant to the Director of Studies of the
Mmerican Society of Internmational Law. She was
gradusted from Amherst College and holde en M.A.
from the Johns Hopkine Scheol of Advanced
International Studies,

Judith Tegger Kildow, Associate Professor of Ocean
Policy at HIT, has specizlized in analyzing the
cesponses of complex political syatems ta
technological change; her work, which emphasizes
the smltidisciplinery aepects of marine management,
haa Focused on Law of the Sea, coastal zone and
gcean resource menagement issues, and on the
problems of intermational technology tranefer.
Frofessor Kildow, who received her M.A., M.4A.L.D.
and Ph.D. from The Fletcher Schoel, Tuite
University, Boston, joined the HIT faculty in
1973. From 1976~1978 ghe was a Vieiting Associate
Professor at the University of California at Sanm
Diego in the Department of Political Science and a
Besearcher at the Scripps Lnstitutiom of
cesnography .

W. David Kingery joined the MIT faculty im 1951 and
beceme a full Professor im the Department of
Materials Science and Engineering in 1962. The
graduste educstion program he established at the
Institute has had an influence on ceramic curricula
throughout the world. His ceramic science
contributions are considered to be seminal in the
fields of diffusion, thermal ekresses, Chermal
conductivity, microstructure effects, sictering and
liquid-phase sintering, refractory corrosion and
grain-boundary phenomena in ceramics. Professor
Tingery is the recipient of the Ross Coffin Purdy
fvard of the American Ceramic Society, the John
Jeppson Avard, and the Rebert Sosman Hemorial
Lecture Award. He was elected to the National
Acadewy of Engiveering in 1975,

Lawrence A. lawver after receiving a B.S. from
Stanford University aod & Pnh.D. from the University
of California, San Diego completed his
poat—graduate work as a Research Geophysicist at
Scripps Institution of Oceancgraphy in 1377.

Before coming to MIT in 1980 as a Research
Associate, be was & geophysicist with the USGS in
their Cepthermal Studies Project for twe yesrvs. Ac
present Dr. Lawver's research interests are in heat
flow and tectonics of the South Aclantic and Scotia
Sea, as well as the Canzda Basin. He is & member
of the Amarican Geophywsical Union aud the Royal
Astronomical Society. Dr. Lawver is currently
supervising the Tectonice of Sourhern Deeana
Program for Dr. Joha G. Sclater at MIT.

Samuel V. Kazwell iv the Manager of Frontier

Deve lopment Engineering for Gulf Canada Rescurces
Inc. His responsiblities tomch upon all the
developmental projecta in the frcoatier regions
aorth and east of Canada. A management expert, Dr.
Maxwell has helped plan large- and small-scale
projects in areas sround the world from the Gulf of
Suez to Chinma. As Vice President of Parsons
Brinckerhoff, Inc., he had wajor responsibilities
in managing a cowplete program to design the U.5.
Department of Energy Strategic Petroleum Reserve.
He holds a B.5. in petroleum engineering frow the
Univerasity of Oklahoma, an M.5. in engineering from
the University of Maracaibo, Venezuela, and a Ph.D.
in engineering from the University of Salvador.

David McGonigal received his Bacheler of
Engineering degree in mechanical engineering in
1975. During six years with Gulf Canada's Fromtier
Development Division, he hea been responaible For
field and analyrical research prcjects in the
Besufort 5ea on ice characteristics, =cour,
icefstructure interaction, ice management, and
oaceanography, end for the applicetion of rhis
information te the design and operation of cffshore
systems for oil exploration and production.

Linds K. Meinke is a Research Specialist in MET's
Department of Earth and Planetary Sciences. Ms.
Meinke received a B.A. in mathemarice from the
Univereity of Califarnia, San Diego and focused her
graduate studies on computer science at the
Univeraity of Washington, Seattle.

Malcoln Mellar im an Engineer and Scientist at the
Cold Regiona Regearch and Engineering Laboratory
{CRREL) in Hanover, New Hampshire; he is alnc a
private engineering reeearch consultant. At CRREL
he sarves ag a technical advisor for engineering
reaearch on snow, ice and frozen ground. His
peracnil research covers material properties,
machine design for drilling, excavating, ¢utting,
trenching and tunneling, explosions technology,
avalanche protection, &nd iceberg techauology. Dr.
Mellor's field work has taken him fo Antarctica,
Greenland, Alagka, the Canadian arctic, Siberia,
Kores, and the Yukon. He received hig B.8c. in
civil engineering from Wottingham University,
England and his M.Sc. and D.Sc. in applied science
from Melbourne Universgity in Australia. His Ph.D.
in engineering is from Sheffield University,
England.

Ned A. Ostenso is the Acting Assistant
Administrator for Research and Development with the
National Creanic and Atmospheric Administration
{NDAA) and rhe Director of the Mationsl Sea Gramt
College Program which is under the aegis of HOAA.
An glumnus of the University of Wisconsin, Dr.
Oatenso completad his B.8. and M.5. in geclogy and
his Ph.D. in geology and geophysics., He helped to
found the Geophysical and Polar Research Center at
the University. Dr. Osteaso's extengive research
experience in solid-earth and marine geophysics has
been honored with his name deaignating a major
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Antarctica mountain and an Arctic Ocean seamount.
He has led the 0.5, delegations to the United
Nations aod Buenos Aires and was the Chief V.3,
delegate for the Bilaters! Agreement between the
U.5. and the People's Republic of China in the
field of ¢ooperation in marine and fishery
scientific technology and with the Soviet Union
Bilatersl Agreement on World Ocean Studiem.

Robert S. Pritchard is an Associate of Flow
Industries, Inc. in Kent, Washington. Forwmerly, he
served the firm an Senior Resssarch Scientist and
Director of the Gec/Solid Mechanica Dapartmant.
Prior to that, he had been a Principal Bciantist in
the Arctic lee Dynswics Joint Experimant at the
University of Washimgton and Research Engineer at
the Eric H, Wang Civil Engineering Research
Facility in Albuquerque, Hew Mexico. He
specializen in aolid mechanics, appliad
mathemsrice, plasticity, numarical snalysis and tha
transfer of tochoology from mechanics to applied
problems in geomechanics. For the past (0 years he
has Eocused on modelling sea ica dynamics. Dr.
Pritchard has suthored or co-suthored over 60
publications mnd reports, primsarily in the areas of
ice, soil and rock mechanics. He receaived his B,8.
from Lehigh University and his ¥.5. ané Ph.D. from
the University of New Mexito.

Michael R. Bobertson is the Managar of Regulatory
and Environmencal Affaire vich Petro-Cacada's
Arctic Pilot Project (APP) and has been closely
involved with the National Energy Moard and other
hearings that have been held in cosjunction with
this project. Before joining APP, he wea Dirsctor
of the Canadian Wildlife Service, responaible for
western Canads and the Northwest Tervitorics. He
alsc has considerable experience in the
governmental side of the regulatory process. His
graduate studies were done st the University of
Alberta, Canada in limnology and hHe is s membar of
several professional biological societies.

B, Tucker Scully is the Director of the 0ffice of
Oceans snd Polar Affaire in the U.S. Departmant of
State. He joinad the Departwmant of Scate in 1965
and served abroad both in Lebanon and Greece.

Since raturning from Greece, eight vears ago, he
has bean involved in oceans policy mafters. He has
servad on U.5. delegations to the Law of the Sea
Conference and reprasented the U.5. in & variety of
other negotiations relating to ocean sad polar
metters. Most recently he has acted as U, 8.
spokesman in negotiations relating to Antsrctica
and Antarctic cesources. He attendad the
University of Virginie, gredusting in 1962 with a
B.A. in Eoreign affsirs. MHe is a member of the
Raven Society and Phi Bets ¥apps. He undertook
graduate work at the University of Virginia in
political science and at the Univevsity of Rhode
Island from which he received A Masters of Marine
Affairs Degree in 1975.

flobert E. Smith completed his Ph.D. at the
University of Tenas with a concentration om
structures and soil mechanice. Dr. Smith joined
Atlantic Richfield in 1964 in the Resesarch amd
Deveiopment Department where he worked om
horizontal fracturing, underwater technology, and
of fshare Lechnology. In 1966 he moved to the
General Engineering staff in Dallas as & structural
and soil engineer. Since that cime he has baen
active in offahore design, 6oil wmechanics, apod
Arctic engioeering and enviroomental studies. Dr.
Smith, currently the Director of Civil Engineering
for ARCO Oil and Gas Cowmpany-Dallas, has been

invelved in geveral major Alaskan projects end
studies including the Cook Inlet Development,
Prudhoe Bay and Kuparuk Pields, Trans—Alaska
Pipeline and the Alsaka Natural Gas Transmission
Systewx.

Gegrge P. Vance is the Arctic Technology
Development Group Leader for Mobil Remezrch and

Development Corporation in Farmers Branch, Texas.
He joined Mobil in 1980 following three yearw as &
Raseazch Enginear at the U.5. Aroy Goid Regions
Research and Engineering Laboratory in Hanover, Mew
Hawpshire and twenty yedars with the U.S. Coast
Guard, (ten as a Professor of Marine and Ocean
Engineering at the U.5. Coast Guard Academy). Dr.
Vance is an expert in modeling systems far vensels
in ice and has published numercus papers on the
subject. A graduate of the Comst Guard Academy, he
received & M.5. in naval architecture and marine
enginearing and nuclear engineering from the
University of Michigan. His Ph.D. in ocean
engineering is from the Univereity of Rhade

Island.

Morbaxt Untersteiner, Professor of Atmospheric
Sclences and Geophysice, Director of che Palar
Belence Center, Applied Physice Laboratory at the
University of Washington, Seattle, is a participant
in many national and internacional cold region
efforts. In 1981 he organired and directed s NATO
Advenced Study Institute on Air-Sea-Ice
Interaction. #Prior to that, he developed and
directed a large interdigciplinary project, AIDJEX,
in the Arctic Ocean. Dr. Unterateiner has served
on numercus nsticnal and international committees.
At present he ie on the National Academy of Sciemce
Cormittee on the Polar Regione and Climate Changes
and serves 40 Chairman of the Science Working Group
on Fassive Microwave Data for Ses Ice Research Eor
MASA. Dr. Unterateinet was graduated from the
Realgymnaaium, Salxburg, Austria and completed his
Ph.D. at the University of Innebruck, Augtria.

Peter Wadhane ie Asaeistant Uirvectpr of Research,
Scott Polar Research Inetitute, University of
Cambridge, Eagland. Educated at Churchill College,
Cembridge (B.A, in phyaics, 1969), he was an
sseistant to the Senior Scientist in "Hudeon=-70"
expadition of Bedford Institute (firat
circumaavigation of Americas) from 1969-1970.
During 1970-1974 he undertook graduate research on
wave-ice interaction at SPAL (Ph.D., 1974). Hhe
worhed with the Frozen Sea Research Group, Victoria
B.C., working on the Beaufort Sea Project, a study
of Beaufort Sea ice morphology in 1974 and 1975,
And in 197§ he became leader of Ssaa Ice Group,
SFRI, carrying out research on Arctic mea ice
thickness profiling, wave-ice interactioan, ice edge
dyrnamice and similar sea ice problemsa. From
1980-1981 he was Visiting Professor of Arctic
Marine Science at the Naval Poetgraduate School,
Monterey, California.

Milford F. Weeks joined the U.5. Army Cold Regicus
Regesvch and Eogineering Laboratory in Hanover, Few
Hampshire ir 1962 after two years with the Air
Farce Cambridge Research Center and five years with
the Department of Earth Sciences at Washington
University. He is currently a Research
Glaciologist in the Snow and Ice Branch where his
fitld experience ham extended geograsphically from
the Arctic Ocean to Antarctica. He is gleo an
Adjunct Professor at Dartmouth College, Dr. Weeke
has been au active participant on many scientific
and enginearing committees including the Steering
Committee on WASA Initiatives Concerning Long-Term



Chacges Affecting the Habitability of the Globe,
the Mational Académy of Science Task Force on
Arctic Science Policy and the National Petroleum
Counmcil’s Production Engineering Task Group on
Arctic Qil and Gas Resources. He veceived his B.S.
and M.5. st the University of Illinois, and Ph.D.
from the Univereity of Chicago in geochemistry.

Paul C. Yirouchakis, an Assistant Profesaor of
Ocean Eogineering at MIT, has focused his research
o the non—linesr cveeponse of structures under
load, imcluding buckling, creep, and visco—elaatic
deforamations. At present he is working on & Sea
Grant project on rational selectioo of
steengthening criteria for navigation in ice. In
1982, Profeasor Xirouchekis was a guest researcher
at Det norske Veritas in Oslo, Norwvay. e in an
aspociate menber of the Society of Neval Architects
aod Marine Engineers and a member of the Fanel
NS-9, "Ocean Engineering in Frigid Envirommenes."
He received & Diploms ia wechanical engineering,
W.T.U.A., Athens, Greece, a Diploms D'Ingenisur

Crande Ecole, E.H.S5.T.A,, Paris and a M.5. (1975}
sd Fh.D, (1978) £rom HIT.

H.J, Zwally ie Head of the Ice Section, Oceans and
Ice Branch in NASA's Goddard Laboratory for
Atmoapheric Sciences. He received his Ph.D. in
physics with & minor in msthematics from the
University of Maryland, Dr. Zwally hat been
extenaively involved in the application of reamcte
sensing to snow and ice research. He has been the
Progren Manager for Remote Sensing and Glaciolegy
for the Hational Science Foundation's Division of
Polear Brograwms and s NASA Study Scientist directing
a definition study for an advanced sgtellite
mission for ice, ocean, and climate research.
Currently he manages and conducte research in polar
oceanography and glaciology including variability
of polar ice, icefocean/stwosphere intersctiana,
ara ice dynamice, ice sheet and shelf dynamics,
asmocisted physical procesmes and remote sensing of
ice and ocean parameters.
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