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FOREWORD

This report describes the environment and character of the Arctic
Basin and its near-shore areas as well as those of the arctic sectors of
the North Atlantic and North Pacific and their shores. It is drawn from the
available literature ard represents a synthesis of the writings of many
experts in many related fields. The material presented is at best indica-
tive of the conditions as they are known to exist. Subjects which lend to
small scale-large area treatment are presented at length. Those which re-
quire large scale-small area treatment are presented more briefly and the
interested reader should refer to the materials listed in the bibliographies.
In addition to these materials, the reader is directed to works such as the

Arctic Bibliography, the CRREL Bibliography and U. S. Government Research

and Development Reports as well as journals such as Journal of Geophysical

Research, Polar Record and Arctic.

Throughout the report, all distances stated as iniles are nautical miles,
not statute miles.

The material in this report volume will be published in book form at a
later date by the Arctic Institute of North America. Recipients of this report
will receive copies of the book at that time.

This report is an update of a previous report, Environment of the Arctic

Ocean and the Rimland, Volume III, 18 December 1970, by J. E. Sater for

Systems Research Corporation under Contract N00014-70-C-0323.
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B.1 INTRODUCTION
B.1.1 Definitions

In order to analyze the environment of the Arctic Basin it is first
necessary to delineate its physical form or boundary. However, as a result both
of remoteness ?rom most population centers and of adverse climatic conditioms,
knowicdge of the northern portion of ourwﬁlanet is still limited and has only
partially been collated and verified., This circumstance has led to the dis-
crepancies within the vocabulary which denotes and delimits various aspects of
the region. A single expression often may have widely differing meanings. An
excellent example is the phrase Aretic Basin (often referred to as Polar Basin).
To many persons, especially to sailors and oceanographers, the term refers to
the deep basin which is filled by the Arctic Ocean (also called Polar Ocean or

Polar Sea), whereas to others it indicates the drainage basin in which water

flows northward iuto the Arctic Ocean,

At the same time, the forces which act upon the Arctic Basin and which
modify its internal conditions'mﬁst also be comprehended, because a number of
these, €.8., winds and currents, have their origins external to the Basin. Thus,
the discussion will at times expand to include as well the Arctic, or the lands
immediately surrounding the Arctic Basin. It follows that there must also be
some objective discussion about the meaning of the word arotie and about other
associated terms, because unlike the Avrctic Basin, the Arctic does not appear

to have an immutable boundary.

One certain characteristic of the Arctic is the cold. The term cold, un-

fortunately, may also be interpreted in a number of ways: it may mean extremely



low temperatures (-40°F or lower) at which machines become relatively difficult
to operate; or it may mean physiological cold - the combination of wind and low
temperature which produces rapid heat loss from the body, generally referred to
as wind-chill. It also may refer to the temperature at which plant growth
ceases (near 32°F), or it may mean the temperature which permits the growth of
only the relatively impoverished tundra vegetation as compared with the more
complex plant societies of the boreal forest. The upper limit of this tempera-
ture band forms a boundary line of considerable cultural significance as well
because it marks the limit of agriculture, even the restricted agriculturs of

the taiga. Here, in fact, cold actually means only one thing - the heat deficit

state of the atmosphere,

Climatologists have advanced a variety of climatic definitions to establish
boundaries for the Arctic., These definitions are based for the most part on the
relationship between atmospheric temperatures and the effects temperatures have
on the ecology or, in some cases, the geomorphology. By establishing as arctic
regions those areas in which the average temperature of the warmest month is be-
low S0°F, Koppen suggested that the boundary of the Arctic coincides closely
with the tree line. Furthermore, tundra regions were classified by him as those
in which the average temperature of the coldest month is 32°F or below. In a
second system, U3°F is a more significant plant growth temperature than is 32°F,
On the basis of this criterion, the barren land or arctic regions were defined
as those in which the mean monthly temperature throughout the year is less than
43°f while the tundra was taken to be that area in which the mean temperature

is above 43°F for one to two months,

Nordenskjold's formulation of an arctic limit - also intended to coincide

with the tree line - included those regions in which the average temperature of
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the warmest month plus one-tenth of the mean temperature of the coldest month
is 51.4°F, which suggested that the winter temperatures also have an effect,
although slight, on the position of the tree line., However, it should be noted
when considering these definitions that the tree line itself is in a state of

flux and is not an ideal reference.

In terms of military operations, the U.S. Army defined the Arctic Operations
Area as the area in which temperatures can be expected to reach -40°F, According
to such a delimitation - which includes most of Canada and some parts of the
United States - the significant characteristic of the so-called arctic area is
its low temperature, whether of long or short duration. The Army's definition
of the Arctic is: that portion of the northern hemisphere characterized by having
an average temperature of the coldest month of less than 32°F and an average tem-
perature of the warmest month of less than 50°F, The subarctic is defined as
that portion of the northern hemisphere characterized by having an average tem-
perature of less than 32°F during the coldest month and average temperature above

50°F for one to three of the warmest months,

Geomorphologically it is possible to approximate an arctic limit using the
permafrost zone as a criterion., Permafrost, or perennially frozen subsoil, is a
phenomenon closely associated with the Arctic and is of particular ecological
interest because of the relationship of low soil temperature to plant growth,
Geologists and geomorphologists have described the Arctic as the area of contin-
uous permafrost, an area somewhat broader, particularly in western Canada and

eastern Siberia, than the region delineated by Koppen.

Because it is a peculiarly polar phenomenon, the auroral zone has also been

advanced as a criterion for the geophysical definition of the Arctic. The aurora
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borealis, observed in high northern latitudes, is a luminous circumpoiar phenom-
enon of the upper atmosphere. The center of auroral activity is located near
Etah, Greenland, the point at which the geomagnetic pole intersects the earth's
surface. From maps indicating the frequency and location of auroral observations,
it appears that a specific line (isochasm) might easily be drawn to delineate

the auroral or ionospheric Arctic.

Oceanographers consider the Arctic to be that region in which only pure
arctic water (the temperature of which is at or near 32°F and the salinity ap-
proximately 30°/oo) is found at the surface. Arctic water is formed in the
Arctic Ocean by a combination of: (1) water from the Atlantic and Pacific oceans,
(2) water drained from the surrounding land areas, and (3) water resulting from
the melting of sea ice. Using these criteria, one can draw a line north of which
all surface waters can be considered as arctic waters and which can therefore be
held to encompass the Arctic itself. That region, however, would be considerably
less inclusive than those delimited on the basis of temperature, vegetation,

permafrost, or ionospheric criteria in that it excludes land areas (Fig. I-1).

Thus, the problem of a definitive boundary for the Arctic is a complex one.
In its symbolic aspect, the Arctic coincides with that region which surrounds
the North Pole; in its literal sense, it refers to the area encompassed by the
Arctic Circle. Its outer boundaries can, however, be established only within a
specific context, and even then the delimitation is often arbitrary. In their
specific forms the various delineations overlap and interplay. and rigorous def-
inition is pointless. While its geographic and environmental features are pe-
culiarly distinctive, the Arctic has no boundary that is immutable and it cannot,

therefore, be conclusively defined.
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In view of this, the Arctic must be considered as a region, not an area,
For the purposes of this study it will be defined as the portion of the northern
hemisphere in which sea ice may be encountered together with the coasts which
experience it. The term Aretic Basin, in contrast, will be used to denote that
basin which is filled by the Arctic Ocean and its peripheral seas, whereas the
more inclusive drainage basin within which water flows northward into the Arctic

Ocean will be designated the Arctic Drainage Basin.

B.1.2 Sovereignty

Today nearly all international misunderstandings and doubts regarding
sovereignty over arctic land areas have been resolved. The so-called "sector
principle" proposed in Canada and promulgated by the USSR in 1926, while neither
renounced by them nor ever tested in litifation, is of doubtful validity and of
no practical significance when accepted criteria of sovereignty already obtain,
as they do in most instances. This principle would permit a nation bordering on
the Arctic Ocean to claim sovereignty over lands within that segment of the
ocean lying between the easternmost and the westernmost meridians bounding its
territory to the point where those meridians meet at the North Pole. The prin-
ciple has served de facto rather than de jure, for a short period, to delimit
areas of sovereignty of the respectiive countries over land areas north of the
mainland. However, Canada now claims sovereignty on the basis of exploration,
occupancy, and administration; and her claim is recognized over all islands ex-
cept Greenland north of the mainland of North America between longi.ude 62°W and
141°W, Under the same pattern such islands and island groups as Wrangel, Zemlya
Frantsa losifa, Novaya Zemlya, and Novosibirskiye Ostrova fall in the Soviet
sector and are not disputed. Overall, the Soviet Uﬁion controls approximately

the same amount of the territory bordering the Arctic Ocean as do the United

States, Canada, Norway, and Denmark combined.
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In 1926 the Soviet government published a decree claiming all land,
including ice formations that are more or less immovable, and all islands in the
triangle that lay between the meridians of 32°4'34"E and 168°49'30"W and had as
its apex the North Pole. The eastern islands of the Svalbard Archipelago and
Little Diomede that lie within this triangle were accepted as belonging to Norway
and the United States of America, respectively. In articles in 13.8 and again
in 1950, the Soviet press advanced claims to the open polar seas, including drift-
ing ice; and the entire triangle has long been shown on USSR maps as constituting
Soviet territory. While the USSR has not made her official position wholly clear
as regards the arctic seas north of her mainland, it is significant that she has
not demonstrated a proprietary interest in the area defined in the decree of 1926
despite numerous incursions into the area by other nation's vessels and aircraft.
In a separate claim the USSR defined as territorial waters a 12-mile zone off

her entire coast, including islands,

Greenland became an integral part of the Danish State in 1953, Jan Mayen
was occupied and claimed by Norway in 1929, Svalbard was awarded to Norway in
1925 by an international treaty, which at the same time restricted her sover-
eignty in several respects. Military installations are forbidden, and in the
case of Vestspitsbergen there is a somewhat complicated dual-occupancy arrange-

ment with the USSR for the exploitation of the Longyearbyen coal,

Two other situations should be considered: ice floating on the sea and ice
on the sea that is attached to land. It has now been demonstrated clearly by
both the USSR and the United States that it is possible to establish relatively
large camps for long periods both on the sea ice of the Arctic Ocean and on the
much thicker ice of the ice islands that are broken from land-fast ice and are

adrift in thie ocean. In spite of the ability to operate from these floes and

e



islands, such operations have not led to the assertion of claims to sovereignty
over any area of ice or over any specific geographic location. They appear,
rather, to be considered by their occupants to be analogous to ships drifting
without control. A similar position seems to have gained general acceptance in
regard to shelf ice, the ice that is attached to the land and extends to sea be-

yond the generally accepted limit of territorial waters,

Because of the possibility of petroleum deposits and other mineral re-

sources lying under the continental shelves of the Arctic Ocean and for other

reasons as well, there is considerable interest in learning more about these areas.

In this connection the agreements reached a decade ago at the International Con-
ference on the Law of the Sea at Geneva are of interest., The right of a nation
to develop minerals on the bordering continental shelf to the outer practical
limit of development was not held to be of sufficient practical importance to
justify special regulations., Thus the ownership of these resources is still not
established and the question is likely to be raised in future international

discussions.

B.1.3 Daylight

The "long darkness of winter", more than anything else except perhaps the
fear of cold, has prevented people from going to the Arctic., Actually, it is
only at the Pole that the extreme condition exists; and even there the sun shines
for about 28 weeks each year and remains invisible for the remaining 24, More-
over, the season of '"useful light" is much longer than this would indicate, If
daylight is defined as the amount of light sufficient to enable one to read news-
paper print out-of-doors under a clear sky, there are 32 weeks of continuous
daylight at the Pole and over 8 weeks more during which there is at least some

twilight all the time. This leaves only about 80 days of real night. At the
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North Pole there are actually about 140 more hours of sunlight each year than
at the equator. On the Arctic Circle there are about 230 more. The following
figures (I-2 and 3) may be used to determine the various periods of light ex-

perienced in the Arctic.

B.1.4 Gravity

Observations of the strength of the earth's gravitational field are used
both to determine the precise shape and size of the geoid and to establish the
nature and thickness of the crustal materials. The principal goal of geodesy
has been to determine the parameters of an ellipsoid of revolution that best fits
the figure of the earth as a whole. The resulting determinations are now con-
verging to a point beyond which there will be little change, and attention is
being directed to determination of the earth's actual shape, or i..z relationship
between the ellipsoid and the geoid. Different types of geodetic analysis may
be used. A classical method involves astronomic observations for latitude and
longitude which, in connection with geodetic positions, determine the deflection
of the vertical or the slope of the geoid at the point in question. A second
method involves observations of gravity at more or less uniformly spaced points
over the area of concern. Many gravity measurements have been made in the prin-
cipal countries of the world and across the oceans, particulariy in the middle

latitudes, but there is a paucity of such data from the Arctic.

In Alaska a continuous scheme of triangulation extends from the British
Columbia-Alaska boundary through southeastern and southwestern Alaska, to the
western extremity of the Aleutian Islands, to the shoreline and the islands of
the Bering Sea to the Arctic Ocean, to the international boundary near the
Demarcation Point. The elevations above mean sea level of established bench

marks have been determined by lines of precise levels along the Alaska Highway
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from Whitehorse to Fairbanks, on the Richardson Highway from Fairbanks to Valdez,

and on the Steese Highway to Circle.

The main triangulation net of arctic Canada is tied to the Alaskan network
at the boundary near the Alaska Highway. A loop has been completed north of
60°N from the vicinity of Great Slave Lake to east of Fort Reliance. From the
latter point an arc has been completed to close the loop east of Lake Athabasca.
Another loop has been extended north from Great Slave Lake to a connection with
Victoria Island. A triangulation network using short-range navigation by radar
(SHORAN) covers all of northern Canada. SHORAN points have been established from
the Alaska bsundary to the Atlantic coast and north over the Canadian Arctic
Archipelago to Ellesmere Island and norihwestern Greenland. A tie between the
geodetic surveys in North America and Europe was completed by HIRAN trilateration
across the North Atlantic, This network extends from Baffin Island, across
southern Greenland to Iceland, to the northern British Isles and from there to
the coast of Norway. The European data were thus carried from the three Norwegian
triangulation stations through the trilateration net to Canada: the North America
data were, at the same time, carried from the Canadian SHORAN stations to Norway.

The astronomic positions of the points in the HIRAN net have been determined.

It is known that the European data have been carried through Czechoslovakia
on to the USSR (the Krassowsky triaxial ellipsoid) and it can be assumed that in
this manner the Alaska-Canada-Greenland-Norway triangulation and trilateration net
has been carried to its arctic coast. There is no tie across the Bering Strait,
After the worldwide geodetic satellite triangulation network is completed, these
various surveys in high latitudes can be interconnected. Even without the geo-
metric results, considerable geoidal information has been obtained from dynamic

studies of satellites with Doppler techniques.
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Gravity observations can be obtained rapidly with airborne gravity meters.
The data collected by satellites over areas not readily accessible by other means
are of a generalized nat;re, however, and can determine only the long-period
undulations of the geoid, not the detailed undulations that may be arrived at
through work on the surface of the earth. A sea-gravity meter has been developed
for observations from a surface vessel. In dealing with the problems of the
Arctic, there is a need for a greater density of gravity observations, both on
land and sea; such observations should be accomplished with the support of air-
craft and surface vessels or submarines. For the proper interpretation of these
observations, geodetic positions to about one kilometer and elevations to about

five meters must be known.

The published data on arctic gravimitry, such as that compiled at the
University of Wisconsin, are at best spotty (see Figure I-4), Other western
nations have published results of traverses over parts of the oceans dealt with
here but a complete picture is lacking. Presumably the most extensive records
to date are those collected on the cruises of the U.S. Navy's nuclear submarines
across the Arctic Ocean, but the data are not published. A lately published
report discusses the most recent studies of the Wisconsin group. The observa-
tions of gravimetric forces continues on Fletcher's Ice Island, T-3, but the

station has been relatively stationary for some time,

B.1.5 Magnetic Phenomena

The magnetic fiald measured on the earth's surface originates from three
sources: (1) the self-exciting dynamo action within the earth's liquid core that
produces the main magnetic field (2) the magnetic induction of rocks within the
earth's crust and (3) an external and rapidly changing field generated by solar

effects that disturb the ionosphere and give rise to a number of related

13
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upper-atmosphere phenomena such as magnetic storms and aurorae. All of these

magnetic fluxes have important consequences for operations in the Arctic.

The earth's magnetic field is almost entirely of intermal origin., It can
be fairly closely represented by a small number of harmonics; and the first-order
harmonics, much the most important, have a physically simple description. They
correspond to the potential of a small magnet or dipole located at the center of
the earth and inclined at a small angle to the axis of rotation, and they produce
the main dipole field. This dipole field is a useful simplification of the math-
ematically described geomagnetic field, which is zomputed by a harmonic analysis

of the magnetic intensity measured at many locations on the earth's surface.

The poles of the dipole are called the geomagnetic (or dipole) poles. They
should not be confused with the magnetic (or dip) poles, whose changing geographic
locations on the earth's surface are influenced by the composite of all magnetic
sources. Even though the dipole field differs from the magnetic field actually
observed at the earth's surface, the difference diminishes rapidly with elevation.
Thus those concerned with operations on or near the earth's surface must concern
themsalves with the complex tot2l magnetic field, whereas those studying and
working in the earth's outer environment are well served by the dipole field. 1In
correlation studies and theoretical analyses the magnetic field has not been widely
used, bﬁt its acceptance will grow now that the electronic computer makes the use
of the actual field coordinates practical. In addition, new coordinates, such as
the magnetic shell parameter, have been invented. They describe the motion of
particles trapped in the magnetic field, and their principal use is in studies of

the interaction of particles in the ionosphere.

Being mathematically determined, the dipole poles are diametrically opposed

and their projections to the earth's surface are at approximately 78.5°N 69°W,

15



near Thule, Greenland, and 78,.5°S 111°E, near Vostok, Antarctica. The geocentric
dipoles are inclined at an angle of 11.5° to the earth's rotational axis, an angle
sufficiently small for the earth's rotation to be considered to play a dominant
role in the creation of this magnetic field. Contrastingly, the magnetic (dip)
poles are not diametrically opposed, each being about 800 miles from the point an-
tipodal to the other. The line joining the two dip poles misses passing through
the center of the earth by about 400 miles. The horizontal intensity can also van-
ish at other points within small areas on the earth's surface becguse of the mag-
netic susceptibility of crustal rocks. Such local north and south poles are not

to be confused with the main dip poles ‘“at affect the compass on a global scale.

The earth's magnetic field is a vector quantity, having both magnitude and
direction. The orientation of the total intensity vector (F) is defined by the
angles of inclination or dip (I) and declination (D). Inclination is measured
relative to horizontal, i.e.,, tangent tc the earth's surface, and is downward in
the northern hemisphere and upward in the southern hemisphere. Declination is
measured in degrees of arc east or west of geographic or true north. Mariners
commonly refer to declination as a variation of the compass. This value consti-
tutes an important correction for navigation. The horizontal and vertical com-
ponents of F are denoted by H and Z, respectively. H is always considered posi-
tive, whatever its direction, whereas Z is considered positive downward and thus
has the same sign convention as I. The various components of the total field
vector are geometrically relatable by the equations

H=Fcos I, Z=Fsinl, and tan I = Z/H,

By definition the dip poles are at the sites where, on the surface of the
earth, the total field vector is vertical (H =0, I = £ 50°). At these sites a

freely suspended compass needle points straight down; hence they are commonly

16
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referred to as dip poles. The magnetic (dip) equator is the circumglobal line
along which F is tangent to the earth's surface (Z = 0, I = 0°)., Strictly
speaking, the magnetic field strength is measured in fractions of an oersted but
is commonly referred to in terms of the gauss, which is the unit of magmnetic in-
duction. Another frequently used and often more convenient unit is the gamma,
which is 100,000 times smaller than an oersted. The maximum value of the earth's
total field is just over 0.7 ocersted and occurs in a region that includes the
southern dip pole. The field at the northern dip pole is considerably smaller,

being less than 0,59 oersted.

The northern dip pole is now iocated at approximately 75°N 98°W in rorthern
Canada. From it a strong ridze of high horizontal magnetic intensity reaches
across the Arctic Basin into Siberia, seriously distorting the magnetic meridians
in this region (see Figure 1-5), The maximum value of the total field intensity
(over 0.6 ocersted) occurs not at the principal dip pole, but at a secondary
focus in Siberia. Locally over the earth's surface (e.g., above some outcropping

iron ore bodies in central and northern Sweden and in places in Norway) the mag-

netic intensity is as great as 1 to 4 oersted, but these are exceptional conditions.

Elsewhere the varying rocks of the earth's crust can cause local distortions of
the main magnetic field. These distortions, or anomalies, can amount to as much
as 10% of the normal field strength. Also the oceans, because they are floored
with basalt, have an associated magnetic field that is particularly disturbed and

may produce rather large anomalies.

There is a slow change in the magnetic field with time, now called the
secular variation, which is observed in all the components. If successive annual
mean values of a magnetic component are obtained for a particular station, it is

found that the changeé are in the same sense over a long period of time, although

17
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the rate of change is not usually constant., Over a period of years this change
may be considerable. Thus H at Cape Town has decreased by 21% in the hundred
years following the first observation in 1843, The secular drift of the northern

dip pole since 1831 is shown in Figure 1-6,

The northern and southern dip poles have wandered at different rates and in
different directions, The northern dip pole is now moving in a northeasterly
direction at about 6 mi/yr whereas the southern dip pole is moving in a north-
westerly direction at approximately 7 mi/yr. During the past century, secular
variation has decreased the movement of the geomagnetic dipole at a ~ate of 0.05%
a year and caused a westward precessional rotation of the dipole of 0,05°/yr,

plus a northward shifting of the dipole by 1 mi/yr.

Lines of equal secular changes (isopors), in any component, form sets of
ovals centering on points of local maximum change (isoporic foci). Considerable
changes take place in the general distribution of isopors in periods as small as
10 or 20 years., The secular variation is a regional rather than a planetary phe-

nomenon and i3 anomalously large and complicated over and around Antarctica.

Superimposed on the growth and decline and random movement of the isoporic
foci pattern is an overall average motion of the whole pattern from east to west
at an average rate of about 0,2 degree of longitude per year. The angular velocity
of this westward drift appears to be independent of latitude but is closely re-
lated to the irregularities in the observed rate of rotation of the earth, after
allowance has been made for the regular slowing-down due to tidal friction,

Secular variations have been related to convective motion within the earth's core.

Within the past few years the aeromagnetic surveys of the Arctic Basin made

by the Naval Oceanographic Office, the University of Wisconsin, and Dominion
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Observatory of Canada have shown the degree of disturbance of the magnetic field
to be regionally variable in reflection of the complex geologic structure of the
Arctic Basin (Fig. I-5). Over large areas tlie field is virtually undisturbed,
whereas in other areas anomalies exceeding 1,000 garmma are common and gradients

as steep as 2 gamma a2 meter are encountered.

Other salient observations are: (1) the magnetic field is much more disturbed
~ver the Amerasia Basin than over the Eurasia Basin; (2) intense magnetic dis-
turbance characterizes the Alpha Cordillera and nggests that it is composed of
crystalline rock of high magnetic susceptibility; (3) contrastingly, the Lomonosov
Ridge produces but little magnetic disturbance; and (4) the northward projection
of the Mid-Atlantic Ridge into the Arctic Basin is indicated by a band of rela-
tively intense magnetic disturbance, but its anomalies are not nearly so great
as, and neither do they have the orderly arrangement of, those associated with

the Mid-Atlantic Ridge proper.
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B.2 ATMOSPHERICS
B.2.1 Aeronomy

The atmosphere above the stiratopause is of operational importance in the
Arctic, particularly as regards of communications, radiation backgrounds, and
transient magnetic variations. The time and space variations of electron den-
sities in the ionosphere reach their widest limits over the polar (ionospheric)
cap. The aurora is occasionally as bright as the full moon. Aurorae occur in
both polar regions, the polar aurora of the northern hemisphere being termed

aurora borealis and that of the southern hemisphere, aurora australis.

The magnetic fields in the space immediately surrounding the earth are con-
tained within the magnetosphere. Figure II-1 illustrates our present knowledge,
which is based on a large number of satellite observations. The solar wind, a
stream of fully ionized hydrogen blowing continuously with varying intensity,
compresses the sunward side of the magnetosphere to a minimum thickness of approx-
imately 32,500 miles. In the direction away from the sun, however, the earth's
magnetic field is drawn out far behind the earth in a magnetic tail that extends
to at least 1,000 earth radii. The magnetic field lines terminating on the day
and night sides over the polar caps go into the magnetic ctail where they may or
may not connect. However, some of the high-latitude magnetic field may be con-
nected, at times, directly with the interplanetary magnetic field. Satellite
observations have established the existence of a neutral sheet inside the magnetic
tail and also a shock front toward the sunward side of the magnetosphere that can

be understood by using the methods of hypersonic gas dynamics.

The "normal polar ionosphere" is unique because of twc independent factors

found nowhere else on the globe. The first is the presence of the dip poles
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Figure II-1 EARTH'S MAGNETIC FIELD
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within the polar regions and may be considered accidental. The second factor,
arising from sun-earth geometry and the tilt of the earth's rotational axis,
produces the seasons and long periods when the sun is continuously absent above
the polar circles, Even at ionospheric altitudes, a given layer, depending upon
its altitude and latitude, may be sunlit or dark for periods of months. Thus,
the polar ionic layers enjoy the constant presence or absence of solar ionizing
radiations for periods of months; and they encounter a situation appreciably dif-

ferent from that presented to the lower-latitude ionosphere.

Figure II-2 shows the behavio.. of incoming solar radiation, which creates
the layers of the ionosphere. Infrared radiation of relatively long wave length
(1 in the Figure) is perceived as heat., Intermediate to this and the ultra-
violet (2) is the visible radiation, light. The lethal ultraviolet would pro-
foundly influence life on earth were it not absorbed at altitudes above 12 mi,
Other ultraviolet radiations (3 and 4) of shorter wave length create the D and F
layers (or regions) of the ionosphere by ionizing some of its constituent gasses.
Of still shorter wave length are X-rays (5, 6, and 7), the longest of which (5)
ionize gasses to form the E layer, Medium-length X-rays (6) appear during solar
flares and cause depressions of the D and E layers that severely restrict radio

telecommunications. Ultrashort X-rays (7) do not reach the earth's surface.

Under quiet conditions, the E and Fl layers of the polar ionosphere are well-
behaved and conform to the general predictions of the Chapman theory. The diurnal
variation of electron density at the maximum of the layers is fairly symmetrical
around 1oca; noon; the layers appear continuously during summer when the sun
remains constantly above the horizon and are absent during the polar night when

no solar ionizing radiation is present. Average values >f noon median critical
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frequencies, determined over one sunspot cycle range at a number of North
American arctic sites from 1.6 to 3.6 mHz for the E layer and 3 to 5.5 mHz for

the F; layer.

The Fy layer is highly irregular in many respects. It does not follow the
simple Chapman theory requiring a dependence of ¢lectron density on the solar
zenith angle. At many places the maximum of ionization does not occur, for ex-
ample, near local noon., During summer, when the sun constantly illuminates the
layer, the critical frequency is almost constant‘near 5 to 6 mHz during sunspot
maxima and 4 mHz during sunspot minima; and it displays a very small variation
throughout the 24-hour period. In winter, the diurnal critical frequency in-
creases in range markedly, attaining its greatest amplitudes of 8 to 10 mHz at
the geographic pole during the maximum of solar activity. The amplitudes decrease

with decreasing solar activity to about half the above-stated values.

In the absence of sunspots, the average values of the noon Fy layer median
frequency during winter portray the non-solar contribution to the layer's electron
density. The same type of data gathered during the summer reveals the solar in-
fluence. The maintenance of the polar ionosphere in winter indicated the dominant
role played by non-solar electron-ion production processes., These processes in-
clude diffusion that is due to density gradients and gravity; horizontal and ver-
tical drifts caused by electric fields; movements of ionization induced by neutral
air winds; and the redistribution of ionization caused by changes in ion or
electron temperature. All these processes in the F region are not yet well-

understood,

Because it is immediately evident to the unaided eye, the visual aurora has

been observed and described for millennia. It probably results from the
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bombardment of the upper atmosphere by so.ar protons and, more importantly, by
energetic electrons and protons accelerated by processes still unknown that
probably occur in the tail of the magnetosphere. The bombarding particles excite
or ionize the atmospheric gasses. Aurora activity occurs most frequently in
zones about 23° from the geomagnetic poles. The average annual overhead occur-
rence of aurorae in the northern hemisphere is shown in Figure II-3, The zZone

of maximal auroral activity covers a latitude band called the auroral oval. This
zone coiresponds to the outer boundary of the region of electrons trapped in the
magnetic field. During magnetic activity this zone moves southward by several

degrees.

By far the most common altitude of the lower border of the aurora is 50 mi,
but lower heights have been reported. The maximum altitude has been found to be
over 550 mi. Visual auroral forms include homogeneous arcs and bands, arcs and
bands with ray structure, pulsating arcs, diffuse and pulsating surfaces, glows,
draperies, rays, coronae, and flaming coronae. Homogeneous arcs and some other

forms frequently lie along, or at a small angle to, the dipole latitude.

The luminous aurcra, in the usual connotation, includes the emissions re-
sulting from interactions between precipitating electrons and protons and the
atmospheric constituents. These excitations include not only the visual aurora
(that detected by the naked eye) but also those other emissions detectable by
spectroscopes in the near-ultraviolet and infrared regions. Some of the col-
lisional interactions produce not only excitation but ionization as well. 1In
many cases the resulting electron densities are sufficiently large and persistent
to allow their examination by high-frequency (HF), very high-frequency (VHF),

and ultrahigh-frequency (UHF) probings.
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A radio aurora is an ionization that gives rise to certain characteristic
types of radio reflection. If both the luminous and ionized (radio) aurorae are
caused by the same stream of bombarding particles, they should exhibit a corre-
spondence in time and space. This correspondence, however, is not always found;
and probably this is true for at least two reasons. [First, since the cross sec-
tion for excitation or ionization is energy-dependent, an incoming stream may on
some occasions produce excitation at one location and ionization at another, or
it could produce ionization without excitation, etc. Secondly, a radio wave
that is probing aﬁroral ionization is sensitive to the geometry of the ray path
involved - that from sender to aurora to receiver. Roughly speaking, a reflection
from an ionized aurora will be detectable in the radar receiver if the incident
ray is closely perpendicular to the ionized auroral sheath. If this aspect sen-
sitivity in detecting the ionized aurora is neglected, the conclusion could be

reached that no relationship exists between the luminous and ionized aurorae,

On reflection from the ionized aurora, radio waves usually acquire a random
fading rate (100 to 400 Hz at frequencies of 50 to 150 mHz) that shifts their
spectrum to either side of the carrier frequency. This aurorally induced modu-
lation may restrict the information bandpass of the ionized aurora to about 1
kHz or even less, depending upon the fading presert. Bandwidths of this size
prohibit radiotelephone communications by seriously garbling the signal; nonethe-
less, CW, radioteletype, and similar narrow bandwidth systems may be received

with little loss of intelligibility.

The ionized aurora is generally considered to lie along the earth's magnetic
lines of force, which in polar regions may be inclined about 20 to 30° to the
vertical, If Snell's law is observed, the reflection of radio waves with respect

to the earth is then different on the poleward and equatorward sides of the aurora.
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On a number of occasions, reports have been issued on the reception of radio
noise from the ionized aurora., Thus, increased noise levels have been noted (at
distances of 300 miles from aurorae) at frequencies of 46 and 72 mHz and also at
3,000 mHz, Noise bursts at 3,000 mHz have been found to correlate with geo-

magnetic disturbances.

Fluctuations in magnetic recordings may usually be associated with strong
outbursts of solar activity; and they may b: time-related to ionospheric stormi-
ness, polar-cap absorption, auroral occurrences, and cosmic-ray events., While
these correlations also may be noted at lower latitudes, the variations occur
with greatest frequency in the polar regions where the interdependence is more

marked.,

Small-scale variations of the magnetic field occur nearly all the time.
The regularly rspeated diurnal variation of magnetic activity shows a dependence
on magnetic time with maxima occurring around magnetic noon and midnight within
the auroral zone during winter and only around noon during summer. South of the
auroral zone the magnetic noon maxima disappear. The seasonal variation has a
major maximum during the vernal equinox, a minor maximum in the autumnal equinox,

and a minimum during the solstices.

Large changes of the magnetic field are called magnetic storms. They are
caused by solar plasma ejected from the sun during solar flares impacting on the
magnetosphere. Such an impact causes the magnetosphere first to become com-
pressed, then to expand and vibrate. A part of the plasma energy enters deep
into the magnetosphere and creates a storm-time belt, the ring current, Its
effect on the magnetosphere has been expressed as an inflation., Another part of

the plasma energy is converted into the energy of energetic electrons, which by
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interacting with the polar (neutral) atmosphere causes the oval band-shaped light

of the aurora around the dipole and an intense magnetic current, the polar

electrojet.

Most storms begin witn a very abrupt rise in H intensity, usually of about
10 to 20 gamma, which lasts only a fraction of a minute and is observed simul-
taneously throughout the world. This feature is called the 'sudden commencement.'
Following a sudden commencement the field remains at an enhanced level for two to
six hours, exhibiting a slightly pulsating character. This is the "enhancement
phase." The field then begins to weaken while undergoing a series of large erratic
pulsations. These pulses are spectacularly large and erratic both in amplitude
and period. This "main phase" lasts from a few hours to a whole day, after which
the pulsations diminish in amplitude and the field slowly rises back to its normal
level in an exponential manner. This "recovery phase' generally takes one to two

days, although complete normality may not be reached for a week or more.

Since the incident particles that cause severe disturbances in the lower
ionosphere are charged, they are affected by the existence of the magnetic field,
resulting in a particular precipitation pattern over the polar cap. Measurements
from scientific satellites close to the earth as well as several earth's radii
away, together with ground-based observations of ionospheric and geomagnetic
parameters, continue to provide information about the interaction between the
solar-flare emission, variations in the solar wind, and the expansion and con-
traction of the magnetosphere resulting in ionospheric and magnetic variations

over the polar regions.

The normal daytime radio-wave absorption in the middle and high latitudes

is approximately prorortional to some power (0.75) of the cosine of the solar
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zenith angle. In high latitudes several types of abnormal absorption are
encountered; their existence and prolonged prevalence has long been known to
communicators employing high frequencies. It became known more recently that
this absorption can also.cause communication ouiages on high-power, VHF forward-
scatter circuits. Roughly, it is usually considered that radio-wave absorption
will occur during magnetically active periods for those radio circuits whose
great circle paths are tangent to or intersect the auroral zone. Abnormal polar
radio-wave absorption may be categorized in three groups: sudden ionospheric
disturbances (SID), polar-cap absorption (PCA), and auroral absorption (4A).

The first two types correlate with solar-flare events.,

Sudden ionospheric disturbances are associated with visible solar flares.
They are confined to daylight hours and occur not only in polar regions, but
simultaneously throughout the entire sunlit hemisphere. They are caused by solar
ultraviolet radiation that is absorbed in the D region'(us mi) and creates large
ionization. Since the magnitude of the absorption depends on the zenith distance
of the sun, it is normally not very important in the polar regions. It starts
within minutes of the beginning of a solar flare and lasts only several minutes

to about one hour.

Polar-cap absorption is the most severe absorption event. It starts one to
several hours after the solar flare well inside the polar region around the mag-
netic pole. Its geographic extent increases with time until it covers the polar
regions inside the auroral zones, arctic and antarctic. The absorption is much
stronger over the sunlit portion than over the dark portion. Therefore, the
magnitude and geographic extent of a PCA event change over the polar cap with the
change of illumination during the course of a day. Solar protons with energies

greater than 10 MeV can enter the polar cap to be absorbed in the D region
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without any worldwide magnetic disturbances, which start much later. The
absorption of HF wave energy can be so strong that HF communication becomes im-
possible; this is called polar blackout. Such a blackuut lasts for several hours,
or several days in extreme cases, especially when two strong solar flares and
therefore two PCA's occur within a day or two, which happens during periods of
sunspot maxima, The mechanism by which solar protons enter the polar cap near

the magnetic pole at the beginning of a PCA event is known, but the physical proc-
esses that lead to the geographic spreading of absorption during the following

phasz2 is not yet understood.

Those absorption events are called auroral absorption (AA) when they occur
at latitudes above 50° in either hemisphere and are measurable by radio tech-
niques, They are short-lived, i.e. lasting mostly only a few minutec and rarely
up to a few hours; and are not related to PCA's énd SID's. They are mostly as-
sociated with magnetospheric substorms (magnetic "bays'") and aurorae. They dis-
play a very pronounced maximum in occurrence around dipole latitude 65°, with the
magnitude of the absorption usually largest in winter (in both hemispheres) and
their diurnal variation peaks a few hours before local magnetic noon. The average
absorption in winter is twice that in summer, but from the zone of maximum oc-
currence their amplitude decreases toward the pole., Thc¢ absorption has a well-
defined peak a few degrees south of the visual auroral oval., Some events cover
relatively small areas and others very wide areas., Some events occur more or

less simultaneously in both hemispheres, but others do not.

Auroral absorption is only one of the many manifestations of precipitating
particles (electrons and at times protons) coming from the magnetosphere into
the ionosphere, For example, other effects are: visible aurorae, magnetic sub-

storms, micropulsations, VLF hiss and chorus, sporadic E, and spread F. Recent
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satellite measurements have shown that precipitating electrons with energies of
about 1 to 1,000 keV and protons above 100 keV are related to auroral absorption
events. A discrete event is intense, is limited spatially, shows rapid and deep
fluctuations, and in general can be thought of as a "splash." The diffuse event,
on the other hand, can be associated with a particle influx that is steady and
widespread and that can be aptly described as a "drizzle." Most of the evidence
suggests that the discrete event arises from soft electron fluxes and the diffuse
from relatively hard fluxes. The discrete event occurs roughly along the auroral
oval, whereas the diffuse event occurs in a separate ring several degrees farther

south,

B.2.2 Radio Propagation

Radio systems in the Arctic employ transfers of energy by most of the normal
propagating modes. Those modes involving contact with the earth's surface or the
ionosphere will, in many cases, behave quite differently in the Arctic than in the
temperate zone. Those portions of the arctic land surface that are covered with
snow and ice can introduce great losses of surface waves. Since *he arctic iono-
sphere has ionization profiles that differ greatly from those in temperate regions,
there are times when high-frequency ionospheric losses in th; Arctic are much
greater than at low latitudes. At these same disturbed times, low-frequency iono-
spheric losses are often less than at low latitudes, A listing of the types of
propagating modes that may be important for arctic paths together with the sig-

nificant earth parameters is given in Table 2-I.

Once a given communication path has been established and its distance
determined, there are usually several types of propagation mode that can be
employed and a range of frequencies for each mode. The choice of frequency and

propagating mode will be influenced by the specific path-terrain and the data
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Table 2-1

Propagating mode

Ground wave
Sky wave
Earth-ionosphere duct
Ionospheric scatter
Tropospheric scatter
Auroral scatter
Meteor scatter
Space wave
between elevated points
airborne relay
satellite relay
reflection (passive relay)

refractior (mountain type)

Earth's Surface

near antenna along path

PROPAGATING MODES USED IN THE ARCTIC AND
GEOPHYSICAL PARAMETERS THAT MAY INFLUENCE
THE PROPAGATING WAVE

Ionosphere

oposphere

% Only at some frequencies

X

X
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rates and reliability required., For example, in the VLF range, as in the LF
range with a ground-wave mode, propagation is much more effective over arctic
sea ice than over an ice cap or a permafrost region. In addition, line-of-sight
systems have ranges that vary greatly depending upon terminal and on-path eleva-
tions. Some of the types of propagation mode and associated frequency ranges
that are~usefu1 for arctic propagation paths of given lengths are summarized in

e 2-1I.

ce most communication systems or sorts of equipment are designed to oper-
ate in specific frequency ranges (Table 2-III), anticipated propagation conditions

are described in the following sections for specific frequency ranges.

VLF communication systems are primarily for broadcasting over a large area
with path lengths up to about 6,000 miles. Because of the noise levels at these
frequencies, the transmitting installations employ large antennae with transmitter
powers ranging from 100 kW to 2 MW. These systems carry only 10 to 100 words a
minute, Because of the cost of such installations, VLF is not used for point-to-
point communications in the Arcticj but since the fields exist ‘hroughout the
Arctic, VHF communication does provide a useful broadcast service as well as a

means of navigation,

Arctic ionospheric conditions modify VLF propagation characteristics
slightly. For most applications other than precise navigation, this effect is
rather negligible. The primary modifier is the conductivity of the lower portion
of the earth-ionosphere wave guide. Around 15 kHz, the normal attenuation rate
over temperate-zone sea water ranges from 1 to 2-1/2 db/600 mi, When the path
is over normal laﬂd, an attenuation of about 1 to 2 db/600 mi must be added to

the sea water rate, and when the path is over a region of deep permafrost or an
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Table 2-1I1

Path Lengths
~ (miles

lto5

5 to 30

50 to 500

500 to 5,000

Propagation Modes

ground wave (surface)

direct (line of site)

ground wave (surface)

point to point and refraction

ground wave (surface)
sky wave
tropo-scatter

iono-scatter

line of site (with relay)

ducted wave

sky wave
auroral scatter
meteor scatter

line of site (satellite relay)
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TYPES OF PROPAGATION AND FREQUENCY RANGES
USEFUL IN THE ARCTIC FOR VARIOUS PATH LENGTHS

Frequency Ranges

MF, HF

VHF, UHF

MF, HF

VHF, UHF

LE
LF, HF
UHF

VHF

VHE, UHF SHF

VLF, LF
LF, HF
HF, VHF
VHF

UHF, SHF
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Table 2-III

Longline:
(Open wire line or

multiple pair cable)

Very Low Frequency:
(3 to 30 kHz)

Low Frequency:
(30 to 300 kHz)

Medium Frequency:
(300 to 3,000 kHz)

High Frequency:
(3 to 30 mHz)

Very High Frequency:
(30 to 300 mHz)

Ultra High Frequency:
(300 to 2,000 mHz)

Super High Frequency:
(3 to 30 gHz)

FREQUENCIES AND THEIR USES

Very short inter-building and inter-site
(less than 10 miles)

Standard frequency measurements
WWVL 20 kHz, Boulder

Radio beacons; radionavigation
WWVB 60 kHz, Boulder

Radionavigation; station-to-station
mobile

Long-distance skip; station-to-station
mobile; distress, emergency

Ionospheric scatter; station-to-station
mobile; radionavigation

Tropospheric scatter; station-to-station
mobile; microwave

Milimeter wave
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ice cap, an attenuatica of about 6 to 20 db/600 mi must be added. The attenucticn
increase it usually much greater during the day than at night. This is particu-
larly true at the higher frequencies (near 30 kHz) where during the night most of
the energy is contained high in the earth-ionosphere guide j and as a result, a
loss-prone surface at the lower boundary does not appreciably affect the attenua-
tion rate.

LF systems are used for both broadcast and point-to-point communications,
and also for navigation in the Arctic. The very low conductivity of some of the
land considerably.modifies the design procedures for antenna installations as
well as the overall system design. Although in many cases the low-conductivity
regions present additional problems, very efficient transmitting antenna systems
are feasible in spite of the low conductivity at the surface. In addition,
there are some advantages to be gained by using horizontal wire antennae of the
Beverage type for transmitting and receiving. The horizontal and vertical posi-
tioning available with these antennae makes the installation relatively economical
in many cases. Low-frequency systems also have a low data rate of 100 to 500
words a minute. The transmitting antenna installations can be large (330 to
1,300 ft high). Fortunately, the receiving antennae can be small (less than 3 ft
high), although in some cases Beverage receiving antennae over a mile long are

employed.

At LF, the propagation mode involved is primarily the ground wave or a
combination of ground and sky waves, Typical ground-wave curves show that the
fields prdduced for ice-cap pathé are very highly attenuated compared with fields
over sea water, In addition, when sky-wave propagation is involved, the con-
ductivity for a few wave lengths in the foreground éf the antenna can become very

important. This factor must be very carefully considered in the design of any
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LF system in the Arctic. At present there are installations where a relocation
of several miles would increase the effective radiated power for the sky-wave
paths involved by factors of 10 to 20 db. Typical transmitter powers range from
10 to 50 kW with useful path lengths ranging from 150 to 1,500 mi. Ionospheric
disturbances that frequently interrupt normal HF communications in the Arctic
have very little effect upon LF and, in fact, in the lower portion of this band

the field strength may actually be enhanced during such disturbed periods.

The MF poriion of the frequency spectrum is cf limited usefulness in the
Arctic because of the rapid attenuation of the ground-wave mode as well as the
high attenuations on reflections from the ionosphere. The upper portion of the
MF band is useful during undisturbed nighttime conditions and can also be em-
ployed for communications along paths that are primarily over sea water. The
MF band has the advantage over VLF and LF bands in that the transmitting antennae
are much smaller and the atmospheric noise levels are lower. The ranges avail-
able, however, are also considerably smaller; but for some short paths, usually
60 mi or less, MF systems may be the most economical solution.. There are some
short-range mobile systems operating in this band, Other uses include navigation

systems such as A-N beacons and LORAN,

At high frequencies, it is possible to obtain good communications over long
distance (up to several thousand miles under gcod conditions) with much lower
transmitter powers than at the lower frequencies. The antennae¢ required are rel-
atively small (about 6 to 65 ft long), and very simple configurations are useful.
For sea-water paths, the ground-wave propagation mode provides useful communication
for up to several hundred miles. Over poor arctic soil or ice caps, the useful
range is much less - in some cases less than 6 mi, The sky-wave mode, useful in

the region from 60 to 1,000 mi, makes use of ionospheric reflections from the
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E and F layers. In this frequency band, an appreciable amount of sky-wave energy
is absorbed as the rays traverse the D layer. Since this absorbing layer has to
be traversed twice for each sky-wave hop ard the absorption for each traverse be-
comes quite high in polar regions, HF communication links are highly susceptible
to blackouts due to auroral and other corpuscular-associated ionospheric disturb-
ances., Since this type of attenuation decreases with increasing frequency, it is
usually desirable to use as high a frequency as will effectively be reflected from

the E or I layer under disturbed conditions.

The sky-wave mode also suffers two additional disadvantages. First, multi-
path scattering, particularly that occurring during aurorae, can result in severe
fading with rates roughly proportional to frequency. The rather large time delays
can be so severe as to make voice signals unintelligible. Second, depending upon
ionospheric conditions and the length of the path, the radio wave may penetrate
the E and I layers completely instead of being reflected., This tends to limit
operations to that part of the HF band below about 15 mHz. The upper limit of
15 mHz can be exceeded a large percentage of the time over transmission paths to
the south., Occasionally, particularly during the summer months, sporadic-E
propagation permits the use of higher-than-normal frequencies. This is often the
case during ionospheric disturbances, The maximum usable frequency will depend,
of course, on the time of day, the season, the terminal locations, and the phase
of the sunspot cycle. Contrary to conditions at VLF, where the atmospheric noise
levels dre rather low, the antenna noise levels in the Arctic can be high, pri-
marily because of cosmic radio noise that has penetrated the ionosphere, although
in some cases atmospherics and manmade transmissions from distant stations may be

the limiting factor.
The rather simple installations required, the low radiated powers and
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appreciable bandwidth (typically several Hz), and the wide range of path lengths
that can be employed make HF systems a fairly useful means of communication in
the Arctic. The disadvantages include frequent communication failures that are
due to excessive absorption, multi-path, or maximum usable frequency failure.
The possible means of reducing these failures include: (1) decreasing the re-
ceiver bandwidth at the expense of the data rate, possibly causing frequency
stability problems; (2) using vertical polarization, which would be significant,
however, only for frequencies at or near the gyro-frequency, i.e. between 1l and
3 mHz; (3) using cdare in the selection of frequencies; (4) careful siting of an-
tennae to permit high-conductivity paths where possible for short ranges, or
launching over a short section of high-conductivity soil; (5) using receivers

with very low noise figures; and (6) SSB modulation for voice and data systems,

The application of real-time propagation information operationally to com-
munications circuits by oblique-incidence ionospheric sounding of the trans-
mission path removes the unknown variable from high-frequency propagation. In
general, where a choice of operating frequencies is available, it is preferable
to use the highest frequency during blackout or near-blackout conditions., This
is due to the (approximately) inverse frequency-squared dependence of the iono-
spheric absorption, which causes the lower portion of the HF band to be more
highly absorbed than the higher portion. Maximum-usable frequencies tend to be
increased in the Arctic during diéturbances, and for this reason it may be bene-
ficial to try a higher frequency at times when a lower frequency has failed

during disturbed conditions,

For radio cuuiuunications a technique of forecasting disturbed ionospheric

conditions by electronic computer has been developed and tested and should
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hecome operational within the next few years., However, the relationship of
sun-spot activity to magnetic storms and the usual orderly development of the
storms makes it possible to forecast the quality of radio propagation with rea-
sonable accuracy. Short-term radio-propagation forecasts are broadcast on each
of the standard radio carrier frequencies of WWV (at 19,5 and 49.5 minutes past
each hour) and WWVH (at 9.4 and 39.4 minutes past each hour). Those forecucts
(at 1700 and 2300 GMT for WWV; 0600 and 1800 GMT for WWVH) predict communication
conditions expected for the succeeding six or more hours. The WWV announcement
is for the North Atlantic region and the WWVH announcement is for the North
Pacific. In the near future it may be possible to establish a mathematical model

of the arctic ionosphere which will permit still better forecasts.

A type of propagating mode called ionospheric scatter makes use of scat-
tering by irregularities in the ionized D region, The effective forward-
scattering coefficient at VHF is guite low and such systems require large direc-
tional antennae and powerful transmitters, For this reason, ionospheric forward-
scattering is not an effective communication system for small mobile groups or
ships. Its advantages include long path lengths - roughly up to about 1,000
miles - and a number of data links, Decause both absorption and scatter are
critically dependent upon frequency, the optimum frequency range in the Arctic
is fairly narrow and lies somewhere between 50 ard 70 mHz. Because of the rather
high cost and inflexibility of such systems, their use is quite limited. VHF
propagation may also involve the scattering of radio waves from meteor trails.

In this technique, transmitters operate continuously on closely spaced frequencies
at each end of the circuit until a trail of meteor ionization occurs with a posi-
tion and orientation that permit a predetermined eneréy level to be exceeded at

the receiving terminal. The receipt of sitich a signal is used as an indication
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that good propagation is available, and the message is immediately transmitted
at high speed until the adjoining receiver shows that the propagation mode has
faded below some preset level. This intermittent communication system has the
advantage of lower radiated power requirements than the standard ionospheric
forward-scatter system. Also, because of the character of the propagation, it
is relatively private. Path lengths of up to 1,200 mi may be used. It has been
found that, like the VHF ionospheric forward-scatter mode, meteor-burst communi-
cation links are much less affected by high-latitude ionospheric disturbances

than are HF communication links.

Both types of VHF ionospheric scatter can be disturbed by the major polar
cap events. Such events have occurred several times each year during sunspot
maxima and are likely to cause severe attenuation or even complete failure of
the link during daylight hours for periods of up to two to four days. The obvi-
ous defect of meteor-burst communication systems is the intermittent nature of
the propagation path. The delay time is dependent upon the sensitivity of the
system which is a function of the operating frequency, the radiated power, the
bandwidth, and the sensitivity of the receiving system. Under soiie circumstances,
when instantaneous communication is not required, meteor-burst communication is

acceptable.

Another form of VHF communications .aploys the direct or space wave with
some intermediated high-elevation relay - an airborne relay, passive reflectors,
or diffraction over a mountain or mountain range. The last mode is, of course,
subject to multi-path and to some tropospheric fading, and its bandwidth capacity
is limited to a few hertz. It is relatively little-used except under unique
circumstances, such as when a high mountain is surrounded by a large plain. The

airborne relay is useful for distances of up to 300 mi. A suitably located
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aircraft can be used for short-term relay work to provide communications along
a very broad band with rather low ambient noise levels. When high-gain antennae

are used on the ground, the transmitter power requirements are fairly low.

One additional method of arctic VHF propagation is scatter from auroral
ionization., This form of scatter decreases rapidly in intensity with increasing
frequency; even so, the high frequency of 3,000 mHz has been observed. As a
communication technique it has numerous disadvantages, primarily those of a
rapid fade rate and a very intermittent and unpredictable occurrence of the
propagation mode. Under certain conditions, in the lower portion of the VHF
band (30 to 60 mHz), quite strong auroral-scatter signals can be expected during
ionospheric disturbances and then such a propagation mode can be of particular
value as a HF circuit back-up., Any such link must take into account the pro-
nounced directional sensitivity and limited height of the auroral ionization.
Such ionizatior tends to act rather like a metallic mirror inclined parallel to
the magnetic field lines and is most common at heights of about 60 miles., In
general, east-west propagation in the Arctic would be via auroral forms to the
north of the midpoint. North-south auroral-scatter propagaticn would involve
scatter from auroral ionizaticn several hundred miles to the north of the north-
ern station. In other words, for north-south auroral-scatter modes, both anten-
nae should be directed northward at low angles of elevation toward a common
scattering column in which the line of sight is approximately perpendicular to

the earth's magnetic field lines.

UHF frequencies are useful for short-range line-of-sight systems where the
antennae are small and the powers low enough that wobile or hand-carried equip-
ment can be employed. For conditiors where the line of sight does not obtain

between the transmitter and receiver terminals, it is possible to use some type
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of relay mode, such as passive reflsctors, mountain diffraction, airborne relays,
and satellite relays, Most of these modes, with the possible exception of moun-
tain diffraction, have very wide bandwidth capabilities. At the greater ranges
directional antennae are usually employed, but for moderate gains, their size

fortunately is not great.

An additional useful type of propagation mode in this frequency range is
tropospheric scatter, which has found wide application in the Arctic. When prop-
erly engineered, such systems are very reliable, are not subject to failure be-
cause of ionospheric disturbances, and may have an unusually wide bandwidth
capacity (up to a few megahertz) depending upon the system parameters. The*major
disadvantage is the high cost of the large antennae and powerful transmitters

needed to overcome the rather high losses of the tropo-scattering mode.

Although it is possible to use the SHF region for short-range direct and
line-of-sight communications, it is usually more economical to use VHF or UHF
systems for such agplications. The primary present-day application for SHF is in
satellite réiays alkhough some of the satellite systems are also active in the

UHF region. In the future, however, use of SHF may expand vastly, as it offers

the broadest bandwidth yet to accommodate the proliferating need.
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B.3 SEA ICE

B.3.1 Physical Properties

Sea ice is the dominant eiement in surface operations in the Arctic Basin.
Its presence or absence determines the areas where conventional shipping may
operate, and the nature of its upper surface limits the types of airborne vehicles
which may land on it. The properties of sea ice are derived initially from the
presence of dissolved salts in seawaters, The composition of these salts is
sufficiently uniform throughout the world's oceans that it can be described by a
single parameter known as the salinity (S), Salinity is the weight of the salts
contained in 1 kilogram of seawater expressed as grams per kilogram (°/oco) and

varies from 36°/oo or more in tropical waters to 31°/co or less in arctic waters.

Pure water reaches its maximum density at 39,2°F and expands on further
cooling, The effect of this inversion in density on the formation of an ice
cover over fresh water is well known, For seawater, both the freezing tempera-
ture and the inversion temperature decrease linearly with increasing salinity,
until at a salinity of 24,7°/co each of these temperatures is equal to 29,.7°F.
This critical salinity may conveniently be taken as the division between brackish
water and true seawater, Seawater in the Arctic usually has a salinity at the
surface of between 28 and 32°/oc, and it freezes at about 29°F, This is well
below the critical salinity and temperature so that the density of arctic sea-
water increases continudlly with decreasing temperature, down to the onset of
freezing, As a result, a seawater column of uniform salinity, cooled from the
top, will develop a vertical circulation so that the entire column must cool
to the freezing point before fi~ezing begins, The column of uniform salinity may

extend to the bottom of the sea or may terminate at a thermocline or halocline

48

:
?‘

(==



|
i

3 WEd O = Oowmd T NN BN W o

e e

-
el

where a denser layer underlies the surface water. As an example, in the fall
following the summer melt period, the surface water is of low salinity and will
begin to freeze without *urnover to any appreciable depth., As the freezing con-
tinues, the surface waters are emriched in salt, and turnover penetrates to
greater depths, reaching 160 feet by the end of winter over most of the Arctic
Basin, Immediately after open water begins to freeze, there is usually a rapid
buildup of the first foot or so of ice. This occurs because ice reflects the
incoming radiation better than water but, at the same time, continues to emit
radiant energy with about the same efficiency as water so that the net heat loss
is initially rapid. Both the temperature of the ice surface and that of the over-
lying air drop rapidly. As the ice cover thickens, its own low thermal conductiv-
ity, together with any snow cover that may accrue, slows the rate of heat loss

from the sea ¢.d limits the thickness reached.

The crystal structure of ice is intolerant of impurities such as the in-
organic salts which make up most of the dissolved material in seawater. If sea-
water is frozen very slowly, the result is a layer of pure ice from which the
impurities have been rejected into the zeawater below it., Natural freezing is
never this slow, however, and sea ice always contains a certain amount of en-
trapped salts. The actual amount is dependent upon the freezing rate, but new
sea ice generally has a salinity of 4 to 6°/0o. Thus freezing of seawater in
nature is a refining process with ahout 80 to 90% of the salts being excluded

from the ice cover.

The presence of the salt in sea ice is of such importance that the physical
properties of sea ice are almost entirely determined by the salt content. The
peculiar structure which results dominates the physical parameters to the ex-

tent that one can relate any of them to brine volume with little regard to the
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properties of pure ice, except in the limiting case where the brine volume is
equal to zero. Brine volume is defined as that portion of the volume of sea ice

occupied by fluid, either liquid brine or air bubbles.

It is known that the atoms in ice are arranged with hexagonal symmetry.
This atomic-scale symmetry appears microscopically in the hexagonal pattern of
most snowflakes. The unit cell is in the form of a prism whose cross section is
a regular hexagon which has one main axis of symmetry along the length of the
prism. This is known as the e¢-axis and any plane perpendicular to this axis is
called a basal plane, Frazil ice is a single crystal with its e-axis accurately
perpendicular to its areal extent. From this we deduce that ice growth is much

more rapid along a basal plane than along the ¢-axis,

When seawater is cooled to its freezing point and more heat is then removed,
the initial ice forms in very thin disks or platelets known as frazil ice. On
the average, these platelets are about 1 in wide and about 0.02 in thick. Their
shapes vary considerably, ranging from hexagonal dendrites through irregular
shapes to almost square. Frazil ice generation is not confined to the surface
but may occur anywhere within the top few inches of water., The frazil crystals
are pure ice so they float to the surface and form a slush which gives the water
a slightly oily appearance. With continued cooling, the crystals consolidate into
a solid but extraordinarily flexible surface ice cover about one inch thick. The
bow wave of a ship may cause transverse waves in this cover which will not frac-

ture the ice until an amplitude of several inche: s exceeded.

When frazil ice first forms, if there is no wind or current, each crystal
will float to the surface and lie with its g-axis vertical because of buoyancy.
Such conditions are rare in nature, and normally the frazil crystals are jammed

together by wind and waves so that the first crust is consolidated from masses
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of frazil crystals with a great variety of orientations. As growth continues,
the frazil particles act as seed crystals and some of them grow. The growth
potential of an ice crystal depends critically on the angle between its c-axis
and the vertical. The larger this angle, the more rapid the growth of the
crystal. This geonietrical selection results in the bulk of a sea ice cover con-

sisting of crystals with nearly horizontal a-axes.

A single crystal of sea ice is defined as one which shows a uniform bright-
ness in polarized light. A crystal has a pronounced internal structure and con-
sists of a large number of thin parallel platelets of pure ice separated by rows
of cells of liquid brine. Typical platelet thickness and brine cell diameter ave
of the order of 0.02 and 0.002 in, respectively. Each platelet may be an inch
or more in length. The platelets grow downward into the water and thicken near
the ice cover, When the brine film separating the platelets becomes thin enough,
surface tension causes it to break into individual vertical columns interrupted
by ice bridges linking the platelets. The sea ice thus solidifies into a compact
mass threaded through by very large numbers of brine cells, Almost all the brine

entrapped in sea ice is situated in these brine cells within crystals.

The average salinity of the oceans is about 35°/co which is taken as the
"standard" salinity of seawater. The three principal dissolved salts in the
order of their concentration are NaCl (23,48°/0c0), MgCl2 (4.98°/00) and Nazsou
(3.92°/00). The phase diagram of seawater below its normal freezing point is
quite accurately known down to a temperature of -13 to -22°F, At any given
temperature there is a unique salinity at which ice and brine can remain in equil-
ibrium with each other. This is the freezing point for this brine. Thus, ice
at 28,6°F can remain in equilibrium with standard seawater, the amount of ice

neither increasing nor decreasing with time. When seawater trapped in ice is
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cooled, in the range from its freezing point down to 17.3°F, all of the salt is
in solution in the brine. At 17.3°F sodium sulfate starts to precipitate as a
hydrated solid, NagSU4.10 H0. On further cooling, the amount of precipitated
sodium sulfate increases, but no other salt is precipitated until a temperature

of -9.2°F is reached. This temperature marks the onset of precipitation of

solid NaCl.2H,0 and the apparent initiation of ice strength reinforcement by

this solid salt, Below -9.4°F the characteristics of sea ice change notably - the
ice is whitish because of the sodium chloride crystals, more brittle but harder to

drill or chisel, and significantly stronger.

Ice is a visco-elastic material that flows readily under sustained stress,
so that its strength varies with the rate of stress application. The following
discussion of the various ultimate strengths is valid only for a rapid application
of stress. Experimentally it is found that ice strengths appear to be independent
of stress rate for loads applied at rates greater than approximately 3 1b/in?/sec.
The table shows the average results obtained at 23°F for such loads on freshwater
ice samples with a minimum dimension of 2 inches (test samples smaller than this
tend to give higher values). The word average must be emphasized. Individual test
results may easily differ from these averages by a factor of twc or even three.
Although interest here is with sea ice, the table can serve as a basis for dis-
cussing the corresponding strength in sea ice, which cannot be tabulated in this
way because of the dependence on brine volume. The most extensively studied
property is the ultimate tensile strength, and the commonest measurement is the
ring-tensile test in which a hollow cylinder of ice is broken by a load applied
along the full length of the cylinder in a direction perpendicular to its axis,
As a result of this load the cylinder fails in tension. The maximum tensile
stress in this test is applied to a very small volume of ice, and the results

observed are appreciably higher than those obtained by the conventional "simple"

52

= | e [ -




Gitd FE® K S S B OSSO OBV eRe oW DR SN SN DB DI UEE U aees G

5
|

TR NN "y

tensile tests. However, because of the convenience of the test it lends itself
to mass production, and a very large number of tests have been made by a consid-
erable number of observers, In general the values are in good agreement with the

comparable value for sea ice,

Ultimate Strengths of Freshwater Ice

(1b/in?)
Unconfined ]
Compression Shear Tension Flexure
Simpl R Small In gitu beams
LRES N8  beam and cantilevers
210 90 . 102 174 102 L2

Two other principal experimental methods have been used. In the first, small

ice beams (typically 20x3x3 inches) are sawn from the ice and, with their ends
freely supported, are broken in flexure. The figure of 102 1b/in? for the flex-
ural strength of pure ice comes from these tests, A number of large-scale, in-
place cantilever beam tests have also been made. For such a test three vertical
cuts Ere made through the ice cover, thereby leaving a rectangular beam of ice,
still attached at its base to the cover but otherwise floating freely. The beam
is then broken by pushing down or pulling up on the free end. Such a test, at
first sight, seems ideal for determining the actual flexural strength and hence
bearing capacity of an ice cover because there is a minirwm disturbance of the
temperature and salinity profiles of the ice and the effect of buoyancy is auto=
matically included in the depression tests, There are difficulties, however.

In theory, bending a cantilever beam produces stress concentrations in the fixed
end. Fortunately, ccmparisons of in eitu cantilevers.with in eitu'sihpié beams

suggest that the actual stress concentration is about 10% or less. Also the
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shape of the ice beam, particularly in thick ice, is far from the theoretical
ideal (of width much greater than thickness), so that uncertainties enter into
the calculations. The results of such tests always show much lower strength

values than ring-tensile or small-beam tests, typically about 12 to 30 1b/in2,

Unconfined compression and shear tests on sea ice are much less numerous
than tensile or flexural tests, In general, the strength decreases with in-
creasing salinity or temperature of the ice, although data are sparse. In the
light of present knowledge the best estimate is that any ultimate strengtﬂ of
sea ice should be calculated from the equation

g=0, (1 -1.9v)

using the api.,opriate value from the Table for ¢o. When calculating the bearing
capacity of an ice cover, the o, determined from in 8itu beam and cantilever tests
should be used., A safety factor should also be added by the person making the

calculation,

The response of ice to a periodic force with a frequency greater than one
cycle per second is elastic, provided, of course, that crushing does not occur.
Sound transmissions; responses to moving vehicles, and impacts resulting from
aircraft landings all fall within this category. Deflections caused by parked
vehicles or aircraft do not., Almost the only reproducible values for Young's
modulus E are found from seismic and acoustic measurements. On the basis of
small-sample tests the bes‘. approximacion is

E = (1.02 - 3.56v) x 1.32 x 10° 1b/in?
where v is the fractional brine volume., Less is known about Poisson's ratio,
but it appears to be essentially constant for sea ice over a wide range of values

of v, with a value 4.~0.30.
Ice subjected to a steady or slowly varying load flows plastically. This
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plastic flow has been studied.extensively in connection with glaciers, but few
data are available for sea ice., The most practical problem - that of parking
or storing heavy loads on an ice cover - can as yet be handled only empirically.
As an example, if the ice surface temperature is l4“F a thickness of 3 ft of sea
ice is considered safe for parking of a DC-3 aircratt of about 25,000 1b weight.
At this thickness the ice cover does flow slightly, i.e. it sags, but over such
a large surface area that the increased buoyant force of the sea water supports

the load. Caution must be exercised nevertheless.

Seismic methods can be used to measure the average thickness of an ice
cover if E is known., A detonation at or above the ice surface generates several
types of wave including an air-coupled flexural wave whose frequency is inversely
proportional to the ice thickness. This wave can be used to measure the ice
thickness from the air. A second method of making this measurement from the air,
by electromagnetic waves, is under study by several groups. Considerable suc-
cess has been achieved in measuring the thicknesses of glaciers and ire caps,
but so far it has not Leen possible to obtain a satisfactory reflection from the

interface of the sea ice and seawater.

Since sea ice in its natural state always contains cells of liquid brine,
any change in the temperature of the ice will result in a phase change in a por-
tion of the ice, either from water to ice or ice to water, depe..ding on the sign
of the temperature variation. For this reason the concepts of latent and
specific heats are closely interrelated, and in reality a #efinite latent heat of
fusion cannot be established since the phase change from solid to liquid is a
continuous process. The quantity of heat required to raise the temperature of a
given amount of sea ice is always greater than that needed to raise the tempera-

ture by the same améunt of an équal mass of pure ice. While the difference is
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small for ice of low salinity at temperatures below 14°F, the specific heat of
sea ice rises rapidly as the melting point is approached, especially as the
salinity increases. Because the thermal properties of sea ice are controlled
primarily by its salinity and because the salt content depends principally on the
rate of freezing, the phase change from sea ice to seawater is not thermodynam-
ically reversible. Consequently, if a sample of sea ice is melted and then cooled
to its originzl temperature, there is very little chance that it will retain its

original saline and thermal properties.

Pure ice has an essentially constant specific heat of 0,50 in the range
32 to 1u4°F, but the specific heat of sea ice rises very rapidly with increasing
temperature, becoming infinite at the melting point. Consequently it is neces-
sary to integrate the specific heat from any desired temperature up to the melting
point to obtain the quantity of heat needed to melt sea ice. Another useful
quantity is the latent heat of freezing, LS. This is the quantity of heat which

must be removed from unit mass of seawater of salinity S to produce sea ice of

salinity o. The empirical equation, which can also be justified theoretically,

18

=(1L-%
L, = Q =) L
where Li is the latent heat of pure ice (about 80.cal/gm). The other important
thermal property of sea ice is its thermal conductivity, k. Because of the brine,
k is always smaller for sea ice than for freshwater ice but it approaches the value

for the latter at a temperature of +5 to -4°F. Either form of ice is a poor heat

conductor, as can be seen in the relative thinness of ice covers on water.

Nowhere does the dominant role of the brine in-'sea ice show more strikingly

than in the peculiar electrical behavior of this material. The first systematic
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observations of dielectric properties and electrical conductivity have appeared

in the last few years, For sea ice of salinity 10°/oco at a temperature of -7.6°F,
the dielectric ccefficient is extremely large (of the order 106) at 20 Hz, It
decreases approximately as the reciprocal of the frequency in the audio range

and more slowly above 100 kHz, reaching a value of about 10 or less at S50 mHz.

The effective electrical conductivity over the same range increases slowly with

frequency, from about 8 micro-ohms/in. at 20 Hz to about 80 at 50 mHz.

Sea ice transmits acoustic energy readily, particularly at low audio fre-
quencies, Furthermore, the skeleton-layer structure below an ice sheet helps
match the acoustic impedances of sea ice and seawater so that little reflection
occurs at the sea ice-water interface, This has been used to permit bathymetric
observations through an ine cover. If a flat transducer of a conventional echo
sounder is bonded to the surface of sea ice with a thin film of a non-freezing
liquid, acoustic power can be transmitted through the ice with little attenuation
and with the only significant reflection occurring at the bottom of the water.

In one test, the frequency used was 37 kHz. Actual data on the acoustic absorption
in sea ice are sparse, Other studies suggest that the attenuation rises from a
negligible value at 20 kHz to about 5 or 6 db/m at 100 kHz. An abrupt increase

in attenuation occurs between 100 and 200 kHz. This is to be expected since the
longitudinal wave velocity in sea ice is about 2 mi/sec, corresponding to a wave
length of 2 cm at 175 kHz. This is just about the mean minimum dimension of sea
ice crystals, and the attenuation would be expected to be much larger for wave
lengths equal to or less than the size of the obsiructions, Above 200 kHz a

typical attenuation coefficient is of the order of 50 to 60 db/m,

The complete annual cycle of a cover of sea ice, restricted here to a dis-

cussion of a shorefast ice cover which remains in place throughout its history,
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is of value. The maximum thickness of ice in a given locality is quite constant
from season to season. The firsi attempt to relate ice thickness to the temper-
ature regimen of a particular area was made in 1891. The analysis showed that

1/2
2.

h Lsp E

where h is the thickness of the ice cover with density p; L the latent heat of
s

freezing of salt water of salinity S; and Et the freezing exposure in the accu-

mulated degree-days of ice surface temperature below the freezing point of seawater.

This analysis has sev_eral weaknesses in that it igmores the specific heat of the
ice, which cools after it is formed and thereby releases a considerable amount

of heat, and it is based on the generally unknown surface temperature of the ice.
In practice it is generally necessary to use the air temperature, which may be
considerably lower than the ice temperature because of the insulating effect of
snow cover and other parameters. Nevertheluss, the equation works well., If Et

is calculated using air temperatures, h is usually found to vary quite closely
with'JE:, and mcst forecasts of ice thickness are based on climatological records
and a modification of the equation. The simples?ﬁodification is to substitute an
empirical coefficient for the theoretical coefficient Et’ The appropriate co-
efficient depends on the area of the world in question and reflects the prevailing
local conditions such as snow cover. A number of suggested coefficients have been

computed,

A more valid but more difficult approach to the problem of ice growth and
decay is to study the micrometeorology of the sea ice-air boundary and to attempt
to measure the quantities of heat transferred across this boundary. Many such
studies have been made; and one interesting conclusion is that in the Arctic at

least, radiation is the almost completely dominant factor in determining the ice
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surface temperature. The ice cover will continue to grow until some time in
spring when the increasing value of incoming solar radiation changes the heat
budget of the ice cover to positive - that is, it starts to gain heat from above
rather than lose it. This usually happens before the air temperature rises above
the melting point of the snow cover. Pure white snow will reflect as much as

90% of the radiation incident on it, and the quantity of heat absorbed by the
snow and ice cover is at first quite small but does have the effect of modifying
the crystal structure of the snow cover and of starting to raise the temperature
of the ice. After a few weeks the air temperature reaches the melting point and
the snow surface suffers an abrupt drop in albedo, to about 40%, The result is
particularly dramatic in the high Arctic where at this season the sun is above
the horizon 24 hours a day and the sky is normally cloudless in the spring. As

a consequence of the large amount Qf incident radiation and the high percentage
of absorption, the snow cover melts rapidly (usually in one day or less) producing
a "flash" flood. To be caught on the ice at this time is unpleasant, although

the ice cover itself is still intact and strong.

The next stagé is the deterioration of the ice cover. The heat absorbed
gradually raises the temperature of the ice cover to the melting point, and flaws
and cracks develop through which much of the surface water drains away, leaving
dry hummocks of white ice separated by ponds and streams of water. When the ice
has this appearance, operations on it must be carried out with caution. The
bearing strength is uncertain and a strong wind may cause it to break into floes

of various sizes.

In sufficiently low latitudes, the floes finally melt and the cycle is
completed. Farther north the summer is too brief for complete melting to take
place, and by late August or September the ice floes start to grow again. A

floe formed in one year which has survived the following summer differs
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chemically and physically from ice that is less than one year old. Over the

course of a year, most of the salt drains out of sea ice so that the typical

salinity of perennial or polar ice (more than one year old) is about 0.5 to 1°/oo.

Thus melted polar ice is quite potable. The crystal structure of polar ice
(particularly when several years old) is less regular than that of annual ice.
Polar ice crystals are smaller and somewhat more rounded, and their c-axes are
no longer uniformly horizontal. The most important result is that polar ice is
extraordinarily resilliant. Standard icebreakers would experience extreme
difficulty in attémpting to "break" polar floes, even in summer. It can be done,
but there is an excellent chance of breaking the plating on the icebreaker as

well.

In summer, polar floes may be distinguished from annuel ice by their color,
The meltwater pools or a polar floe have a characteristic pale blue color which
persists after the pools freeze. Annual ice is generally grey in summer. Also,
annual ice is comparativel; smooth, except perhaps for occasional remnants of
pressure ridges, while polar ice typically has a hummocky appearance with gently
rounded hummocks, each approximately 3 ft in height, spaced at intervals of
about 100 to 150 ft. The origin of this relief is the difference between the
high albedo of white ice and the low albedo of meltwater pools, Differential
melting increases the height contrast each year, Polar floes vary considerably
in thickness but have an equilibrium value of about 10 ft in the Arctic Ocean.
Each summer about 3 ft of the surface melts and drains off, and each winter about

3 ft freezes onto the bottom,

B.3.2 Occurrence and Classification

Sea ice rarely forms in the open ocenn below 60°N but is important in more

enclosed bays, rivers, and seas farther south, such as Hudson Bay, the Gulf of
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St. Lawrence, and the Sea of Okhotsk. It may also drift south from higher
latitudes., Between about 60°N and 75°N, the occurrence of sea ice is a seasonal
matter; and there is usually a period during the year when the water is ice-free,
Above 75°N there is a more or less permanent ice cover. It must be recognized
that generalizations such as these are subject to modifications because of local
conditions and seasonal variations. As an example, the Parry Channel (Northwest
Passage) cuts through the Canadian Arctic Archipelago at 74 to 75°N, Its eastern
end is usually ice-free for 3 to 5 weeks each summer. Its western end is almost
invariably ten-teths covered with ice the year around, partly because of drifting
Arctic Ocean ice entering through M'Clure Strait and partly due to local ice.
Other examples of waters which are nearly ice-free at some season of the year are
Davis Strait and Baffin Ba;, the Norwegian Sea, and the near-shore portion of the
Barents, Beaufort, Kara, and Laptev seas. The Arctic Ocean is never totally ice-
covered. One estimate, based on infrared temperature measurements, is that

even during winter as much as 10% of the area of the ocean is either open water

or a thin ice cover over refreezing leads.

Most northern countries have developed elaborate terminology and codes:for
reporting sea ice. The World Meteorological Organization has attempted, without
complete success, to standardize the terminology. Most of the terms defined below
are in fairly general use., Sea ice is classified by age into young ice (less than
6 in thick), annual (or l-year ice}), and perennial or pola} ice. The size of
unbroken pieces determine its classification into ice fields (more thanm 1 mi across),
ice floes (33 ft to 1 mi across), ice cakes (6 to 33 ft across), and brash (pieces
less than 6 ft in diameter). Other terms relate to the nature of the surface which
may be smooth, ridged (when ice pressure has forced ice to buckle upward), or
rafted (when one floe has overridden another). Few of the terms above relate spe-

cifically to thickness. Some orders of magnitude for typical regions may be useful.
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“he average maximum thicknesses of unbroken, unrafted floes are as follows:
approximately 6 ft in Parry Channel; approximately 8 ft in the northern Canadian
archipelago; approximately 10 ft in the Arctic Ocean; and approximately 6 ft in

Eurasian arctic seas.

Pressure ridges and rafted ice may be much thicker than these typical figures.
There are few accurate data on the height and frequency of pressure ridges, but
in the Arctic Ocean heights of 26 to 33 ft are occasionally seen and heights of
13 to 16 ft above the average ice surface are common. To date it has not been pos-
sible to'determine a roughness coefficient, although the work undertaken by
Project AIDJEX should produce many valuable insights. The number of pressure
ridges per mile may vary from zero to 60 or more. Because of its density, uniform
sea ice floats with 87% of its volume below sea level. When a pressure ridge is
formed it tends to sag or slump because of the plasticity of ice. Hydrostatic
equilibrium would be reached when 87% of its volume was below water levzl, Thus,
at equilibrium a ridge reaching 13 ft above the water surrace should extend 85 ft
below the surface. Pack ice is usually too active for equilibrium to be reached
but submarine observations show that the bottom relief is similar to that of the

top surface except that it is magnified in scale by a factor of 3 to 5.

The date on which freeze-up commences depends on both the oceanographic and
meteorologic regimens encountered in an area, but-’only rarely is the knowledge of
ocean dynamics in a particular region extensive enough to forecast the values of
the relevant parameters accurately, Consequently, in important areas, it is the
practice to dispatch a ship in the fall to take a number of oceanographic stations
to determine the depth of the thermocline (if any) and the temperature and salinity
profiles above it. From these data may be calculated the quantity of heat per unit
area which must be removed for ice to form. The climatological records of the
area together with theories on the rate of heat transfer from the ocean to the
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atmosphere are then used to forecast the date of freeze-up. This is the ice

potential method introduced by Zubov in 1938,

While it is possible to forecast with fair accuracy the thickness at any
time after freeze-up and the maximum thickness which will be attained, it is
much more difficult to predict the rate at which ice will decay, break up into
floes, and melt, In most areas affected by sea ice, the earliest date at which
a ship can navigate safely varies greatly from year to year as well as from
place to place. The approximate opening and closing dates of some arctic ports

for conventional ships with some icebreaker support are:
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Ambarchik Late July to late September
Amder.na Late June to late October
Anadyr Late June to mid-October
Churchill Mid-July to late October
Dikson Early July to mid-October
Dudinka Mid-July to mid-October
Frobisher Early August to early October
Igarka Mid-July to mid-October
Kozhevnikova Mid-July to early October
Pevek Mid-July to late September
Provideniya Late June to mid-October
Pt. Barrow Early August to mid-October
Resolute Late July to early October
Tiksi Mid-July to early October
Thule Mid-July to early October
Tuktoyaktuk Mid-July to early October

Icebergs are fragments of ice which originated on land.
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Their average size

is the largest of that category - in the Arctic, they are about as big as a city



block. Smaller fragments are bergy-bits (about the size of a small cottage) and
growlers (about the size of a piano). The greatest number of icebergs in the
northern hemisphere is found in Baffin Bay and the Labrador Sea. Predominantly
of irregular shape, they are calved principally from the glacizrs of Greenland and
consequently never reach the central portions of the Arctic Ocean; nevertheless
they are of considerable importance because of their movement into the North
Atlantic shipping lanes. The principal sources of icebergs within the Arctic
Ocean itself are Svalbard, Zemlya Frantsa Josifa, Novaya Zemlyz and Severnaya
Zemlya, but these bergs are relatively small in number and size. Their limited
frequency and smallness is attributed to the size of the parent ice caps charac-
terizing the Eurasian arctic archipelagos, which are considerably smaller than

the Greenland ice sheet, and also to the relative shallowness of the shelves

surrounding those archipelagos.

The largest individual pieces of freshwater ice circulating in the central
Arctic Ocean itself are tabular bergs known as ice islands, The source of ice
islands is believed to be an ice shelf, or series of ice shelves, off the northern
coast of Ellesmere Island. As recently as 1961-62 the largest of these, the
Ward Hunt Ice Shelf, lost an area of 300 mi? by the breaking away of five large
ice islands and a great many fragments. Ice islands first became known when

the USAF identified and followed the drift of three of them in 1946 and the years
following.
Perhaps the most significant characteristics of both kinds of floating ice

are their vast extent and the extreme short- and long-term variability of their

distribution. Mainly on the basis of material contained in the U,S. Naval
‘in thousands of miles

Oceanograph#éc Office's atlases, a recent estimate/of the areal extent and volume

of ice of land and sea origin is:
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Icebergs Sea Ice
keal extent, ignoring
Volume Volume varying concentrations
Maximum  Minimum Maximum  Minimum Max imum Minimum
N. Femisphere - - 8 . b 7,000 4,000
S. Hemisphere - - 10 2 12,000 6,500
Total 4 3 18 6 19,000 10,000

The maximum and minimum extent of sea ice in the northern hemisphere is shown on
the map in Figure III-1l. The drift and deformation of ice are primarily determined
by the vertical and horizontal transfer of momentum, This is an area of study that
has been neglected, perhaps because of the complexity of the problems to be solved
as well as the inadequacie§ of environmental data coverage. The forces involved

in the drift of ice are those represented by (1) the stress imparted by the wind
to the ice-air interface, (2) the water stress at the water-ice interface, (3) the
Coriolis effect, (4) the pressure-gradient force that is due to the tilting of the
sea surface on which the ice floats (or "permanent current" effect), and (5) the
internal ice resistance., The most comprehensive models for sea ice drift which
have been published still do not permit a definite solution. Less sophisticated
and considerably simplified studies are generally used in formulating practical
forecasts of drift and movement. Although displaying fair reliability, these fore-
casts do leave much to be desired according to the few evaluations published to
date. In the subjective forecasts, drift and deformation are expressed as empir-
ically derived functions of the geostrophic wind, the isobaric gradient, the
permanent currents, the quantity of ridging in the pack ice, and the concentration

of the ice. The last two parameters are determined from recent aerial observations.

From data obtained by the U,S. Navy's Project BIRD'S EYE it has been found

that the arctic pack ice has no consistent thickness;and this is confirmed by the
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upward-beamed acoustic data obtained during the 1957 through 1962 under-ice
cruises of submarines. The constant fracturing, diverging, and compacting mo-
tions result in a spectrum of thicknesses ranging from a few inches to more

than 15 ft. The data further indicate that the ridges and hummocks - whose drafts
may average 40 ft in the summer and 55 ft in the ionger winter period - contribute
significantly to the total ice volume. Indeed on rare occasions, sea ice ridges

may attain a total thickness of 200 ft.

Zones of Open water

Coastal configurations, especially geographic constrictions occurring in
the path of a current or wind-driven stream of moving ice, profoundiy affect sea
ice distribution. The famous North Water, which in mid-winter occupies an area
of up to 14,000 mi? is found in northern Baffin Bay and Smith Sound. It has
long been known by whalers as a prime example of an area of reduced ice concen-
tration that can occur near arctic coasts or coastal regions faced with pack ice.
Common smaller-scale coastal phenomena of this type are flaw leads, or zones of
navigable size between the fast ice (ice attached to the shore) and the moving
pack ice. Both the flaw leads and the large-scale zones such as the North
Water may be open or covered with thin ice. They may also contain fragments of
thicker drift ice commonly called clutter. These phenomena are not completely
understood but are believed to be caused mainly by coastal configurations, wind,
and current-induced drift. Tidal openings, however, are also an important con-
tributing cause in regions whose tidal ranges are high or where tidal currents
attain a considerable magnitude. Perhaps the waters of Frobisher Bay and Foxe
Basin exemplify most outstandingly the considerable effects of tidal parameters

on ice conditions and behavior.

B.3.3 Reporting and Foreca sting

The practical or operational basis for the need to understand sea ice
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behavior is the desire for an ability to forecast ice conditions. Three types of
prediction are involved: generzl climatic predictions of prpbablg conditions at
a given time of year and plsce, long-term forecasts of conditions at a cpecific
time and place, and short-term operatioﬂfforecastu. General climatic predictions
are provided by the various available ice atlases, but the quality of the atlases

still suffers from the insufficiency of accumulated data.

Denmark produced the first annual survey of arctic ice conditions in 1901 and
subsequently issued one each year without interruption ,except for the years of
World War II, until 1956. Since then she has confired her interest to the regions
surrounding Greenland, where U,S. groups are now also making visual aerial obser-

vations.

The U.S, Naval Oceanographic Office and the Canadian Meteorological Service
have been issuing both long--and short-term ice forecasts for some years, and they
have had considerable success in-pgther generalized forecasts. The U. S. Navy is
continuing aerial surveillance of the Bering, Chukchi, and Labrador seas and of
Baffin Bay. Canada has an active ice surveillance program in p pgress over the
waters of the Candian archipelago and from the coast of Newfoundland to the Great
Lakes, In th. Sea of Okhotsk, the Japanese Hydrographic Office is conducting an
aerial observation program. In addition, the British Meteorological Office sum-
marizes and publishes hemispheric maps of ice conditions on both a monthly and a

shorter-range basis.,

While USSR scientists have produced considerable literature dealing with
the general patterns of drift within the arctic regions as well as with the theory
of ice drift, divergence, and behavior, they have not made available any regular
reports of ice conditions or any systematic data concerning the areal distribu-
tion of openings in the ice, pressure-ridges, degree of melt, or other ice-water

features. The USSR conducts an aerial program in the marginal seas of the
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Eurasian Arctic and in the central Arctic vhere it probably overlaps with Project
BIRD'S EYE. The USSR's high-latitude airborne expeditions are of considerable

magnitude as a mechanism for the synoptic collection of sea ice data.

B.3.4 Reconnaissance Techniques

Ice reporting and forecasting techniques have been continually developed in
the USSR since the 1930's. In the collection of near-synoptic distribution data
by aircraft, and in the theory of what may be deduced from it, the USSR is pre-
sumed ahead of all other countries, The effect on forecasting theory of the data
received from the drifting stations and from the radio beacons left on drifting
ice since 1953 (291 up to 1967) has surely been great. But the effectiveness of
the forecasts cannot be checked in the West, since neither forecasts nor detailed
reports of actual conditions are published regularly. Far from new to the Western
specialist, however, are the newest aids in the ice reporting system: the use of
helicopters from icebreakers and radio facsimile transmission of ice charts. The
USSR system has always relied principally on frequent reports from highly skilled
observers, Forecasting techniques include the use of computers, but the results

are as yet apparently far from infallible,

At present most ice observations are made visually Ly trained observers
who record their observations with conventional signs on a map and make periodic
entries on prepared forms for spot observations. This is a most unsatisfactory
method, subject to a great deal of human error and dependent on goo< visibility.
The use of aerial photography has been suggested, but the number of photographs
required makes it an impractical aid for daily operational reconnaissance and it
is also restricted by visibility conditions. For longer-term synoptic purposes,
photography should not be discarded for reconnaissance without much more thorough
investigation than it has so far received; in particular as a medium for the new

techniques of remote-sensing imagery.
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The new advanced Vidicon, automatic picture taking (APT), and high-
resolution infrared camera systems contained within the new ESSA and Nim-
bus polar-orbiting weather satellites promise ultimately to provide the
necessary hemispheric - indeed global - sea ice data required not only for
operational support by surface ships and submarines but also for a final
evaluation of the sea ice mass balance. However, the resolution of the
satellite imagery is not now sufficiently accurate to obviate the need for
an arctic aerial reconnaissance program. Infrared-scanning imagery se-
quences now permit a more objective description of water and ridging features
in periods of darkness as well as light. Side-looking radar imagery can pene-
trate cloud layers 20,000 feet thick and promises tc provide data during periods
of complete undercast when stresses on the ice are at a maximum. Also, a
passive-microwave system is under development, the primary objective of
which is to acquire imagery which will distinguish sea ice and icebergs from
ship hulls.

The relatively wide use of remote sensors in studying sea ice is just
beginning at this writing. Orvig's tabulation of areas of open water within
pack ice (Table 3-I) which relied on remotely sensed data, is in general
agreement with the earlier theoretical studies (roughly 1% open water) and the
observaticns of the British Trans Arctic Expedition. Thus the 10% reported by
the Birds-eye Program may not be representative. More accurate figures a-
wait a rigorous study of satellite-collected data.and the more extensive use

of microwave sensors in satellites.
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Both the Naval Oceanographic Office and the Cold Regions Research
and Engineering Laboratory (CRREL) are analyzing the frequency, distribu-
tion, and orientation of pressure ridges from information collected with
laser profilometers. The extreme accuracy of measurement of this instru-
ment offers considerable promise of providing quantitative, rather than
qualitative, data conceming these rarameters. The reports available are

preliminary in nature, however the studies are continuing.

Studies carried out on the surface of the ice by personnel from CRREL,

the Johns Hopkins University and their contractor indicate that side-looking

radar will prove to be a viable tool at this incliniation as well as in the

higher, airborne mode. Cross-sectional measurements have been made but

the low grazing angle mutes pressure ridges and complicates the masking of

a snow cover, especially at 94 GHz. The preferred ranges appear to be X-
band and 35 GHz. The initial reports of these studies should be available

in the summer of 1971.

Under-ice observations of ice distribution have been made for many
years by the U. S. Navy but the data is difficult to obtain. Fortunately,
the March 1971 cruise of the British nuclear submarine Dreadnaught irom
Svalboard to the Pole has resulted in a wealth of data for that sector. To
quote Swithinbank, "A preliminary analysis of some of the data indicates
that the roughest ice bottom topography was found between latitudes 86°

and 88°N; this agrees with findings from earlier United States submarine
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voyages. A simple ice keel count between latitucies 8¢° and 90°N yields an
overall average of 1.6% ice keels per km of linear track with drafts of 10 to
15 m, 0.32 keels per km with drafts of 15 to 20 m, 0.06 keels per km with
drafts of 20 to 25 m, and 0.007 keels per km with drafts of 25 to 30 m. The
deepest ice keel reached a depth of 30 m. About 5% of the total under-ice

part of the track consisted of open water or young ice."

B.3.5 Behavijor

Wind stress appears to be the most important factor in ice drift. The
ice moves in a direction about 25° to 30° to the right of the wind direction,
because of the Coriolis force. A rule of thumb is that the speed of ice drift
is about 2% that of the average wind speed. For the Arctic Ocean, Zubov's

rule is frequencly used. This purely empirical quotation is:

where V is the drift vector of the ice in km per month, dp is the magnitude of

the pressure gradient in millibars per kilometer (calculated from the average
monthly map), and a i is the isobaric coefficient. The direction of V is assumed
to be parallel to the direction of the isobars on the weather map - that is, at
right angles to the direction of the pressure gradient. Zubov's original value

for a N 13,000, was later modified by taking 1'.|1 = 9,100 for the period February
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to April and 12,90C for the months from August to October. Zubov's rule appears
to be applicable only to the Arctic Ocean itself, and cannot be used for the North

Atlantic Ocean or Bering or Okhotsk seas,

The pattern of ice movement in the Arctic Ocean is shown in Figure III-2,
The two main features are an east-to-west drift on the Soviet side of the North
Pole and a clockwise circulation called the Beaufort Gyral in the area between
Canada, Alaska, and the Pole. In the Soviet seas there are also local ice circu-
lations which are too complex to show in detail in this figure. The existence of
the central current was first established by the voyage of the Fram in 1893 to
96. This ship was deliberately frozen into the ice near the Novosipirskiye Ostrova
and allowed to drift with the ice. Three years later she became free of the ice
near Svalbard. This central current is the main discharge route for ice from
the Arctic. After passing between Greenland and Svalbard, the ice follows the
coast closely and is borne by the East Greenland current. Each year the ice of
this current reaches and passes Kap Farvel, but usually it melts before penetrating
far into the Labrador Sea or Davis Strait. However, this does not mean that
Labrador and Newfoundland are ice-ifree, Sea ice formed in Baffin Bay, Davis
Strait, and along the Labrador coast is carried southeastward by the Labrador
Current, blocking the Strait of Belle Isle (and often the east coast of Newfound-

land) until early summer. This is also a region of high incidence of icebergs.

The Beaufort Gyral is a quasi-permanent circulation driven largely by the
arctic high pressure system. Ice on the outer edge of the gyral takes about 10
years to complete a circuit, whereas near the center the period of revolution
may be as little as 3 years. Ice on the periphery of the gyral may get caught
in the central arctic stream and be discharged from the Arctic Ocean, but ice
nearer the center circulates indefinitely. This area therefore contains the

oldest sea ice in the Arctic.
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GENERAL ICE DRIFT PATTERNS AS INDICATED BY MANNED
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In addition to the ice discharged in the East Greenland current, a certain
amount of sea ice moves out of the Arctic Basin to the southeast through the
channels of the Canadian archipelago. There is little data avallable to estimate
the fraction of ice discharged by this route., Closely connected with the rate
of discharge of ice from the Arctic Ocean is the éuestion of the average age of
the ice there. Again the data are too sparse for anything bui a very rough

estimate of about 10 years.

The ice in estuaries and near them may present more of a hazard to shipping
than the usual sea ic®., There are a number of major rivers discharging into the
Arctic Ocean, including the Mackenzie in Canada and the Lena, Yenisey, and Ob in
Siberia. Since settlements tend to occur on and near these rivers, it is a great
inconvenience that the estuaries with their freshwater ice usually remain frozen
after the nearby sea is open. The Russians have had some success with dusting
the ice to hasten the breakup. In this technique any dark, local material is
spread, usually by aircraft, on the ice to decrease its albedo and make as much

use cf solar radiation as possible.

Sea ice in the central arctic grows to a thickness of 6 ft during the first
year. Subsequently, it grows more slowly, reaching an equilibrium thickness of
10 to 13 ft after a period of 5 to 8 years. The ice cover is marked by leads and
pressure ridges which form as the wind and currents deform it. On the Eurasian
side, the ice moves directly toward the opening between Svalbard and Greenland.
The dpift of ice station Arlis II (Fig. III-3) illustrates this pattern. The
swiftest part of the drift occurred off eastern Greenland where steady speeds in
excess of one knot were logged. Ice on the Canadian side moves circularly in
a clockwise gyre. The drift of Fletcher's Ice Isiand, T-3, provides an example

of this. The ice island made two orbits of the gyre in 17 years. In the vicinity
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of the North Pole there is an ice divergence which separates the two patterns of
drift. The exact location of the divergence varies from year to year. Even though
the tracks of Arlis II and T-3 were similar on the Canadian side, one exited into

the East Greenland Cumrent and the other remains locked in the gyre.

Superimposed on these broad patterns are many irregularities of drift. The
small-scale motions are due to wind and are particularly noticeable in the T-3
track. There is a still-smaller scale of ice motion with a period of about 12
hours which can only be detected with the more precise and frequent fixes obtained
with satellites. The ice describes clockwise circles with a diameter of approx-
imately one-half mile. These are inertial motions representing the transient

response of the ice to changing wind conditions.

In many areas around the Arctic Basin there is, for greater or lesser parts
of the year, a belt of ice which is fastened to the shore. This ice is commonly
smooth and unbroken, but there may be deep snow drifts or large meltwater pools
depending on the season. As the season progresses the shorefast ice breaks apart
and either melts or joins the drifting pack. The amount of shorefast ice varies
greatly. In most parts of the Arctic Basin some knowledge exists of where and
when it has occurred over several years, where it is consistent and dependable,
and where it is extremely variable from year tc year. The most extensive areas
of smooth ice, not strictly shorefast but itncluded hereiin this general classifi-
cation, are found in the Greenland fiords, especially in Peary Land, and on bays

and sounds of the Canadian archipelago, Svalbard, and Zemlya Frantsa Iosifa.

B.3.6 Distribution
The geographical distribution of sea ice in the northeastward extension of

the Atlantic Ocean is high asymmetrical at all seasons. The striking feature is
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the absence of ice in the southern and east sectors of this part of the ocean,
the Norwegian Sea, resulting from the ameliorating effect of warm water and air.
The most extreme example is northwest of Svaldbard where open water is normally
found in winter as far north as 80°, This is over 800 mi closer to the North

Pole than any other open circumpolar sea at this season.

The seas around Iceland occasionally were reached by pack ice before the
climatic improvement of most of the present century. In an unusual year in the
nineteenth century, ice appeared off the north coast in December 1887 and by the
following June had spread clockwise round the island until only the west coast
was ice-free. In the last thousand years the island has been surrounded by ice
probably several times each century, although the variations from one century to
another have been counsiderable. Since 1920 sea ice has appeared off the north
coast of Iceland on only a few occasions, except for the last three years during

which conditions have deteriorated considerably.

Jan layen and Bjornoya are normally reached by pack ice and remain surrounded

for 2 to 4 months. Although as the ice margin is not far away during this period,

conditions are variable.

The sea ice off East Greenland originates primarily in the Arctic Basin,
Together with smaller amounts of ice that freeze locally and icebergs from gla-
ciers, pack ice is carried south between Svalbard and Greenland by the East
Greenland Current as a broad belt of ice that is about 270 mi wide north of
Scoresby Sund (70°N) in late winter. North of this latitude there is sea ice
at all times of the year, although the belt narrows and contains open water in
late August. Beginning in September the southern and southeastern margin of the

pack ice expands southward until by December or January a tongue of pack ice
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has reached as far as Kap Farvel and has effectively blocked the east coast.

While the pack ice develops offshore, the fiords begin to freeze in October, and
this ice remains until the following June or July. When the fiords clear of fast
ice they are commonly filled with pack ice blown in by onshore winds. The maxi-
mum extent of East Greenland ice is reached in March and April, and in very heavy
ice years there is continuous pack ice from southern Greenland to Svalbard and
eastward to Novava Zemlya. The margin of the ice off Greenland begins to withdraw
in May by melting on the outer side and by the developing inshore leads between

the coast and the open pack.

In the most favorable years, the limit of pac ice in August may be as far
north as 75°, while in a bad year ice may still reach Kap Farvel at this time,
Great fluctuations have been recognized in the extent of the East Greenland ice,
and this is clearly related to the rate of transport by the current and amount of
ice that exits from the Arctic Ocean. Although in yveneral it appears to have been
less in the 20th century than in the previous three centuries, forecasting the

quantity and distribution of the East Greenland ice is still not possible,

Only three zlacier systems in East Greenland are significant producers of
icebergs. The most active glaciers calve into Scoresby Sund and may contribute
40% of the total iceberg production. Iceberg calving begins in July and continues
through the latter part of the summer. Few icebergs actually reach the polar
pack and move south with it as the majority become stranded in the fiords or
trapped in the many offshore islands. The smaller the concentration of pack ice,

the more icebergs move south because they are less apt to be blocked by the pack.

In Peary Land, fast ice remains in the fiords from September until the
end of July and is rarely broken up by winds once it has formed. In unusually

cold summers it may fail to melt. This ice may survive several decades and
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becomes fresh and re-crystallised; only with difficulty can it be differentiated
from glacier ice. It is found in several fiords, including J. P. Koch's Fiord
and Independence Fiord. On some coasts in North Greenland the fast ice is practi-
cally permanent, but the ice breaks up in most fiords and for a short period there
is open water alonz the coast. Throughout the year heavy pack ice is present off

the coast.

The west coast of Svalbard is free of ice or experiences only limited severe
ice conditions, while the east and north coasts experience very heavy pack ice.
Fast ice generally develops on the west coast of Vestspitsbergen in December, but
in some years a continuous ice cover fails to form in winter. This inshore ice
melts in April or May; it may be replaced by pack ice later in the summer in the
south, but the area north of Isfjorden is normally ice-free. On the east coast,
local fast ice, icebergs from glaciers, and pack ice that has been carried from
the east block the coast for the first half of the year. Storfjorden and Hinlopen-
stredet between Vestspitsbergen and Nordaustlandet may remain blocked throughout
the summer. When the ice begins to loosen up with summer melting, it is carried
by currents round the southern tip of Vestspitsbergen (Sorkapp) and north along
the west coast, in some years reaching Prince Karls Forland by the beginning of
July. The northwest part and the western part of the north coast are generally

the mcst accessible.

The opposing coasts of Baffin Bay and Davis Strait show startling contrasts
in sea ice conditions. Due to the warm current the southwest coast of Greenland
is commonly ice-free even in winter, except for the inner fiords, as far north as
Disko Bugt. In summer the whole coast may be free of pack ice although in
Melville Bugt icebergs occur. However, in bad years ice is carried round Kap

Farvel from East Greenland in summer and blocks the southwest coast.
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Ice conditions on the Canadian side are much less favorable. In winter
heavy fast and pack ice blocks all coasfs and moving pack stretches across
Baffin Bay. Open water may occur, particularly in late winter in the extreme
north of Baffin Bay and off Baffin Island between the moving pack and the fixed
inshore ice. Condtions improve onl& slowly in early summer and heavy pack may
continue to be carried south well into August. In favorable years the ice will
disappear about this time except for icebergs. In bad ice years some pack
remains inshore and heavy pack ice may survive in the middle and north of Baffin

Bay.

The northern channels that lead to the Lincoln Sea have great ice varia-
tions from day to day and from one year to another. In general, Kane Basin,
Hall Basin, and Robeson Channel provide greatest difficulty to ships. Robeson
Channel in particular may be so jammed with ice throughout the summer that it

remains impassable even to icebreakers,

Jones Sound which is the normal route for ships making for Eureka can be
entered either through Glacier or Lady Ann straits. The ice begins to loosen
in July and in good years will be clear from mid-August until the second half

of September.

Parry Channel normally shows a range of ice conditions from heavy ice at
the western end throughout the summer to navigable conditions in Lancaster Sound
at the east end beginning in mid-June and lasting until the end of September.
Summer conditions in Lancaster Sound are heiped by the presence of open water

early in the year and sometimes throughout the winter in Barrow Strait.

The ice in the coastal waters of Labrador has three sources: local freezing,

Baffin Bay ice carried into the area by the Labrador Current, and icebergs which
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originated in northwest Greenland. The pack ice extends southward with the onset
of winter and is off south Labrador by early December. A month later it is off
Notre Dame Bay (Newfoundland), and by March when the sea ice is at its maximum
the whole Labrador-Newfoundland coast as far as the Avalon Peninsula is infested.
Breakup begins in the southern part in April and slowly extends northward in the
next two months to Strait of Belle Isle and more rapidly by mid-July to Hudson

Strait,

Freeze-up in the Gulf of St. Lawrence begins on the north shore in December
and extends southward with the addition of ice that enters through the Strait of
Belle Isle. By late January the Gulf is 80% ice-covered except for the southwest
corner of Newfoundland which remains clear a few more weeks. There is sufficient
open water throughout the winter for shipping to be possible through the Gulf,
although it may be locally restricted by large ice fields, particularly in Cabot
Strait. The ice cover decreases rapidly in early April and within a few weeks

ceases to be a hazard except in the northeast corner of the Gulf,

Ice conditions in Hudson Strait are highly variable. In addition to that
which devedops in 8itu, ice is carried into Hudson Strait from Foxe Channel,
Hudson Bay, and Davis Strait at different times of the year. At the beginning
of the season, pack ice is often present at the west end of Hudson Strait where
it has been brought in from Foxe Channel. Inshore ice on the Baffin coast begins
to form in mid-October but there is not much gmwwth until early November in the
west and until the middle of the month at the east end. Much of this early fast

ice breaks away to form the winter pack ice in the Strait. There is a heavy

cover of moving pack ice between early December and the end of May. There is often

appreciable open water, particularly on the north side, but navigation is im=-

possible. The breakup is prolonged as the ice that moves out into the Atlantic
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is replaced from the west, In an average year the straits are open in the third

or fourth week of July.

Sea ice usually begins to appear in Hudson Bay about the middle of October
and reaches a thickness of about 5 ft by December. Most harbors on the west coast
are normally blocked by late October, but Churchill may remain open into November.
An ice-covered zone gradually builds up along the shores with moving ice fields
in the middle of the Bay. The Bay is not covered until late December or January;
and even then in the northern part of Hudson Bay temporary ice-free areas may
develop after continuous northwesterly and northerly winds., Melting begins in
May and open water increases rapidly in early June, Winds play an important part
in slowing down or speeding up the removal of the ice; on the whole the prevailing
winds tend to clear the northern part earlier. Ice fields are still present in

many years during late July, but by August the ice has usually disappeared.

Ice conditions in Foxe Channel and Foxe Basin are generally severe, The
ice is extremely rough and often dirty in appearance because of the incorporation
of bottom muds as it forms in shallow water. Fast ice begins to develop in the
east side of the Basin early in October. Pack ice in the center and west extanas
the ice cover until, by late December, Foxe Basin and Channel are completely
covered. The pack on the west and south sides is on the move throughout the
winter, and open water may be found at many points. The first significant clear-
ing of sea ice occurs in late June in Frozen Strait and Foxe Channel, This is,
however, temporary; and when the main pack becomes mobile in late July, areas
that were formerly open are again closed. Ice conditions remain difficult even
on the west side during the first half of August, and only by late August is part

of the Basin (depending on winds) likely to be open.
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The channels of the Queen Elizabeth Islands present ice conditions for surface
navigation second in difficulty only to those of the Arctic Ocean. Throughout most
of the straits there is a continuous ice cover at practically all times of the
year, and only in the more favorable summers are there openings in the form of
small leads. Ice conditions are best in the east. Parry Channel, which forms
the southern margin of the area, has relatively clear summer conditions in Lancas-

ter Sound, but these deteriorate furthz» west.

At the west end of Barrow Strait the ice is at a minimum in mid- and late
August, although generally a good deal of ice remains throughout the summer,
particularly if strong westerly winds blow it eastward from Viscount Melville
Sound. Farther west in Parry Channel, there are considerable quantities of ice
at all times of the year; and M'Clure Strait has never been known to be ice-free,
although in occasional and unusual years small inshore leads develop. Generally,
conditions along the north side of Parry Channel are better than the south be-
cause of the tendency for northwesterly winds to blow the ice southward. In
winter, and especially in spring, areas of open water may be found in the eastern

part of Parry Channel, particularly at the west end of Barrow Strait.

The best approach to the inner channels is through either Wellington
Channel or Jones Sound. The former has experienced several areas of open water
in spring, and the expansion of these produces fairly early melting. Thus, by
late June there may be considerable open water in the north of Wellington Channel
and in the vicinity of Belcher Channel; however, the ice may not clear from the
southern part until late in the summer. Norwegian Bay, between Axel Heiberg,
southwestern Ellesmere, and CGrinnel Peninsula, is normally ice-covered from
late September to late July. Navigation may be possible during mid-August, and

conditions imprcve northward toward Eureka Sound, where the strong currents
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contribute to an early breakup. Elsewhere the channels remain ice-covered
throughout the year., The movement of ice islands through the channels from the
north and northwest shows that the ice tends to move as a unit, although probably
only in good years. From all practical points of v;ew the remaining waters may

be considered unnavigable by surface ships at all times.

The character and distribution of the sea ice in the southwestern portion
of the archipelago is profoundly influenced by the low tidal range which permits
fast ice to develop in all but a few localities during the winter. The absence
of strong tidal currents except in a few of the narrower straits (e.g. Dease
Strait) enables the ice to forn quickly in the fall; and it is only where there
are strong tidal currents that channels remain open as late as December. The
comparative summer warmth of the southern channels and the presence of many large
rivers flowing off warm land contribute to early and continuocus melting of the
sea ice. In contrast, the channels that open to the north become jammed with
ice under the influence of the northwesterly winds, and some waters - notably
M'Clintock Channel - may never be clear of ice. In the northerly channels it is
often true that ice conditions are better in the early summer than later in the

year, by which time much of the ice has broken up farther north and blown into

then.

Along the mainland coast the first open water appears near the mouths of the
large rivers., The southern part of Bathurst Inlet normally has extensive open
water by the end of June, and in an average year much more open water is evident
by the second or third week of July when, except in very bad years, navigation is
possible all along the coast. Heavy pack ice may exist qntil well into August in
Coronation Gulf and until even later at the east end of Queen Maud Gulf. The

freeze-up in these areas begins in late September or early October and spreads
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comparatively quickly on the brackish water close to the large rivers. Hence,
by the end of October the coasts are frozen again, and by early November there

is once more con®inuous ice except in narrow channels.

In contrast to the ice conditicns in mainland waters, the south sides of
Viscount Melville Sound and M'Clintock Channel contain the most heavily ice-
infested waters south of the Queen Elizabeth Isiands. The winter ice in this
area, except in the bays is rough and contains a proportion of perennial pack
ice. There is some evidence that ice in the midde of M'Clintock Channel is on the
move even in midwinter., Leads may develop in early August in these areas, particu-~
larly adjacent to the river mouths; and with favorable offshore winds, a shore
lead may persist although it can never be relied upon. The larger bays (e.g.
south Hadley Bay) begin to open at the head by the end of July and become ice-
free toward the end of most summers, but there is always a danger that ice will
be pushed back in. The conditions at the south end of M'Clintock Channel are
made more difficult by the inability of the ice to escape from it. In the early
1960's an ice island from the Arctic Ocean moved south through M'Clintock Channel

and became wedged in the Victoria Strait area.

Prince of Wales Strait has extremely variable ice conditions. In most
summers passage is possible at some time, although long periods of waiting may
be expected. It is likely that small craft can negotiate the straits in late
August after the ice has melted in the northern part of the Strait and before
it is filled from Viscount Melville Sound. Similar conditions are found in the
east where Peel Sound has an extremely variable record. In Franklin Strait
conditions are not as good; and it seems unlikely that this sector is ever com-
pletely clear of ice, although in late August a shallow-draft vessel may occa-

sionally achieve a successful passage.
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The sea ice conditions in the Beaufort Sea during the summer vary greatly
and only general statements are possible. The clockwise current tends to force
the permanent polar pack into the southeastern Beaufort Sea. However, this drift
is counteracted effectively by the dominant southeaéterly winds, Therefore, at
freeze-up in late fall, the margin of the pack has retreated about 100 mi from
the mainland near the Mackenzie Delta. Normally it is close off northern Banks

Island and Point Barrow,

During the first week of June the only open water along the coast is found
in Shallow Bay on the west side of the Mackenzie Delta. By the following week
Kugmallit Bay opens on the east side, and Tuktoyaktuk is usually accessible from
the Mackenzie by the end of the month. Along the Yukon coast the open water ex-
tends slowly westward, affording the possibility, in an average year, of reaching
Herschel Island during the second week of July and Point Barrow by the third
vweek. Large leads in Amundsen Gulf absorb solar radiation and ccntribute to an
early breakup in this area. The Thesiger Bay coast is usually free of ice by
July first. Summer ice conditions off Banks Island depend on the location of the
polar pack. At the end of July ships can normally proceed north of Cape Kellett.
Beyond Storkerson Bay, however, the sea is never free of ice, and in bad years only

shore leads are open.

Between Herschel Island and Point Barrow the edge of the polar pack closely
approaches the Alaskan coast, generally leaving a channel several miles wide in
late summer that may be closed at any time if the pack surges south. The polar

pack in this area has a clockwise movement and may contain large ice islands.

Drifting pack ice covers most of the Arctic Ocean. In the pack there are
four areas where the ice is quite distinct from that in the other areas. In the

southern Beaufort gyre where it impinges on Point Barrow and across the head of
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the Bering Strait, the ice, having come slowly down along the Canadian archipelago
and across the Beaufort Sea, is relatively old, It is mostly thick ice blocks

or floes which have been jostled and compressed by being squeezed by the north-
ward trend of the Alaskan coast, and the thin ice has been pushed and pressed onto
the thicker ice. It is fairly warm north of Alaska compared to many other parts
of the Arctic, so melting of the thin ice takes place there. Nevertheless, the
pack ice, from having been under compression, is rough-surfaced, and what is

there is mainly fairly old ice. This ice remains almost unchanged as it goes past
the northeastern coast of Siberia and drifts toward the North Pole. Through that
area, there are many old ice floes. Quite often these floes are measured in
fractions of a mile, but in most areas there are some that are measured in miles,
The floes are separated by pressure ridges; by and large, the larger the floes,
the larger are the pressure ridges between them. For most of the year this region
is nearly completely ice-covered with only small areas of open water. This re-

gion gives us the classic picture of Arctic Ocean sea ice.

In the middle of the Beaufort gyre there are from several hundredsto
thousands of square miles where the ice does not move as much and is not sub-
jected to gre:t shearing stresses. Usually turning more or less on its axis,
the ice does move, of course, when subjected to the considerable stresses due
to storms, but there is not a constant translatory motion. Here the ice floes
are thicker and generally smaller than in the outer parts of the gyre; the pres-
sure ridges are not so well defined and are mostly short and branching, running
in various directions; and the general topography is rougher with not very much

open water.,

Still within this western gyre, there is another zone in the southeastern

Beaufort Sea itself where the ice pack expands after having been compressed
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against the Canadian islands and is allowed to diverge and spread out as it moves
on toward the delta of the Mackenzie River. This is also a warm area--the amount
of sea ice melting is perhaps as great as anywhere in the whole of the Arctic - so
every autumn along the shore there are large regiong of open water that later
freeze into young ice. As the ice passes Banks Island and turns the right-angle
corner to go westward past Alaska, the flow pattern which has beea generally in
extension changes to a compressive pattern of movement. Because most of the pack
consists of pieces of multi-year ice separated from one another with the spaces

in between filled with one- .or two-year-old ice, the result is a frozen mixture
perhaps 6 ft thick of varying ice types. It is very difficult for a ship to get
through this ice, although it is not as thick as ice elsewhere, and it has a fairly
uniform surface roughness in comparison with the wide range of roughness in the
middle of the ocean where there is a greater contrast between smooth floes and

well-organized ridges.

On the Eurasian side of the Arctic Ocean, the U-shaped current pattern comes
out of the Atlantic and goes back into it again. By the very nature of this pat-
tern the ice does not stay long in the Arctic Ocean. The average ice thickness
therefore is less than in the Beaufort gyre. On the basis of the observations
that have been published, nostly by the USSR, the ice in a smooth floe is seldom
more than 7 ft thick. It is difficult to determine the age of this ice, but ex-
tremely thick old floes are not a conspicuous part of the pack ice in this area.
In the areas from about 85° latitude to the North Pole there are, depending on the
local history, fairly smooth regions with well-organized ridges separating them.
Sometimes it is possible to see a regional pattern in the organization of ridges
through the area. Satellite photographs often give a good indication of the

texture of this part of the pack and these seem to be fairly constant.
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The marginal seas of the northern Pacific have no direct, unrestricted link
with the Arctic Basin, and ice from the polar pack never reaches them. In the
Bering Sea the local pack ice reaches its maximum extent in April when its margin
lies roughly from the tip of the Alaskan Peninsula slightly south of the Pribilof
Islands to the east coast of Kamchatka. Open pack ice present along the Kam-

chatka coast poses no problems to navigation at this time. The ice in Bristol

Bay begins to break up in May. By early June, Bristol Bay is completely ice-free,

and the ice has retreated to St. Lawrence Island. By mid-June Norton Sound is

ice-free and by July the Bering Sea is completely free, the Siberian side clearing

before the Alaskan. The first pack ice reforms in Bering Strait during the first

two weeks in October,

Ice conditioas in the Sea of Okhotsk closely resemble those in Hudson Bay.
Ice usually forms in the northern bays in late October or early November, It
covers the bay completely by December, and by this time there is floating ice
throughout the northern half of the sea. Ice continues to form under the in-
fluence of the intensely cold continental air mass until April, and the strong
winds carry it toward the Kuril Islands until the whole sea is covered, There
is drift ice in the Kuril Straits from January until Marcli, the amount depend-
ing on the strength and duration of the winter monsoon. Sometimes the ice moves
well into the Pacific before melting completely. In the north the breakup comes
in May, starting with the river meltwater which forces the landfast ice out to
sea., The Shantar Islands are sometimes blocked until July, but in general the

sea is ice-free in June.

Ice conditions are also variable in the Chuckchi Sea as in the Beaufort

Sea., When the volume of water coming through Bering Strait in summer is large,
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it forces the margin of the polar pack ice north tcward the edge of the continental
shelf, at 72 to 73°N; but continucus strong northerly and easterly winds will

drive the ice back to the coast near Point Barrow and into Proliv Longa. Ice
begins to form in September in northern coastal parts of the sea while in sheltered
inlets such as Kotzebue Souid, freezu-up occurs by ﬁid- or late October. On open
coasts fast ice may not form for another month, Offslore, roughly beyond the

80-ft submarine contour, heavy pack ice is on thermove all winter. Breakup in
coastal areas occurs during June, and the southern half of the sea is navigable
from mid-July to mid- or late September. Farther north shipping is restricted

until mid-August.

The ice conditions of the Laptev and the East Siberian seas are more severe
than in any other of the peripheral seas off northern Asia. Sea ice forms un-
usually quickly as the water temperatures of the shallow seas drop rapidly in the
autumn, A zone of hummocky ice as much as 30 ft high is common at the boundary
of the fast ice and pack ice and is most strongly developed in the western Laptev
Sea and in Proliv Longa. In the spring the ice melts first at the mouths of
rivers and along the nearby coasts. The rivers freeze between October and December,
and their flow throughout the winter either ceases or is quite low. Breakup is
at the end of May or the beginning of June. On large rivers, with ice up to 8 ft
thick, this involves violent movement, ice dams, and flooding. The ice on the
smaller rivers melts in place. The navigation period for the lower reaches of

the rivers lasts from 3 to 4 months,

In summer, Proliv Dmitriya Lapteva tends to have favorable ice conditions
but Proliv Sannikova and Proliv Longa are rarely compietely free of ice, and
Proliv Vil'kitékogo has the worst ice conditions., This is caused by drift of ice
with the current from the Kara Sea and by pack ice and icebergs that drift south-
east from Severnaya Zemlya.
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Breakup begins in June off the deltas of the Lena and Yana rivers. The
eastern side of the Laptev Sea is the first to be free of ice because of the
influx of river water and the action of winds blowing the ice offshore. Changes
in the western part are slower because of the deeper water and the cold current
that flows south along the east coast of Severnaya Zemlya. Once the ice has
broken up in the west, the ice margin retreats at 10 to 25 mi a day. The southern
part of the Laptev Sea is navigable in July, but there may not be access to it
from the seas on either side. Heavy pack ice from the Arctic Basin does not ex-
tend far into the ﬁaptev Sea (unlike the East Siberian Sea) and only small quanti-
ties find their way south. The navigation season is effectively August and

September,

Freeze-up begins at Tiksi, in Guba Buorkhaya, in ear.y October and spreads
both east and west from there, By December the sea is completely frozen over.
Ice conditions vary from the west to the east. In the west there is much hummocky
and rafted ice caused by wind stress. There are often large fields of heavy sea
ice off Severnaya Zemlya and Poluostrov Taimyr where heavy floes and icebergs
may run aground as they are driven southward, In the eastern part, the ice is
generally smoother and from 60 to 90 in thick. The fast ice is 10 to 15 mi wide
off the northeastern parts of the Taimyr, 50 to 60 mi wide along the southern

shores of the sea, and 250 mi wide from the mainland to north of the Novosibirskiye

Ostrova.

In the East Siberian Sea the first open water appears in late June off the
Kolyma delta. Open water expands rapidly west of the Kolyma and the ice edge
moves to the north. 1In the eastern sector of the sea, the ice does not begin to
clear for 1 to 2 weeks longer, The navigation season is 8 to 10 weeks long in the
west and 6 to 8 weeks in the east., During this period, ice conditions in the

western sector are usually favorable for navigation. Proliv Dmitriya Lapteva is

clear of ice and in the late summer it i%. sometimes possible to pass north of
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Novosibirskiye Ostrova. The Ostrova De Longa are usually surrounded by drifting
ice and bergy bits that hLave calved from small glaciers on the islands., In the
eastern section, conditions are generally neither as good nor as predictable,

The heavy pack of the Arctic Basin approaches the coast more frequently here than
anywhere else along the whole north Siberian shore., However, during the late

summer, there is usually an open lead close to the shore up to 20 mi wide.

Freeze-up begins in the west and by late November there may be an unbroken
surface extending 180 to 300 mi offshore in the west and narrowing to 10 to 20

mi off Mys Shmidta. Ice is constantly on the move in Proliv Longa.

Around Ostrov Vrangelya ' avigation is possible only during the last half
of August and September, Proliv Dmitriya Lapteva is normally open for naviga-
tion from late July or early August through September, The seas surrounding
the Novosibirskiye Ostrova are rarely free to pack ice, although the concentra-

tion is at its minimum in September,

There is floating ice all year in the Kara Sea, the amount and distribution
depending largely on the strength and direction of the prevailing winds, Most
of the ice originates in the Kara Sea itself, because currents and shallow water
in the north act as barriers to the heavier pack ice of the Arctic Basin., Breakup
advances from the south, where it is essentially open by July. Optimum naviga-
tion conditions are in August and September, but in good years they last from
July to October., The worst conditions for navigation are usually encountered
near Poluostrov Taimyr where ice collects in the narrow straits separating the
islands of Arkhipelag Nordenshel'da and blocks the area immediately west of
Proliv Vil'kitskogo. Conditions are quite variable elseWhere in the Kara Sea,
but ice is apt to be heavy either in the northwest - in the southwest, Small

icebergs may be found off northern Novaya Zemlya and Severnaya Zemlya.
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Mainland rivers begin to freeze in October at the river mouths, and at the

same time fast ice develops around their mouths, Fast ice forms quickly and,
anchored by the many islands, remains all winter. Along eastern Noveya Zemlya
fast ice is 3 to 5 mi widc, and north of the mainland it may exceed 15 mi in
width, The pack in the central Kara Sea is 6 to 1G ft thick but considerably
thicker where it is ridged or hummocked by pressure. Grounded hummocks, called
'Stamukhi', are common off Novaya Zemlya and Severnaya Zemlya. They reach
heights of 30 ft and tend to retain the surrounding ice cover in position.,

Ice conditions around Severnaya Zemlya are variable. The navigation season is
usually from mid-August ro mid-September, East of the archipelago there is ice
all vear, including some icebergs, East winds drive much of this ice between

the islends making those straits impassable.

The Barents Sea is exceptionally ice-free when compared with the other
peripheral seas of northern U,S.S.R. This is a consequence of the warm Atlantic
wate> which enters the sea. The inflow is sufficient to keep the southwestern
sector free of sea ice all year, and it causes ice conditions in the rest of
the sea to be much less severe than is normal for the latitude, Ice conditions
may be predicted by measuring the flow of the North Atlantic Drift north of
Scotland. Warmer water there is followed 2 years later by better ice conditions
in the Barents Sea. Negligible quantities of ice enter the Barents Sea from the
Kara Sea and the Arctic Ocean, and all sea ice may be considered local., Maximum
ice cover is #n April, when the sea is 75% covered. The mean southerly limit
of unnavigable ice at this time runs from the southwest coast of Svalbard to
Bjornoya and east to 73° 30'N, 40°E and the mainland at Mys Svatoy Nos., Signifi-
cantly the Murman coast is always open. In the spring the ice margin recedes
east and north, and by mid-June it can be navigated north of Bjornoya and east

to 50°E, At Ostrov Kolguyev in the southeast of the Barents Sea, ice lasts until
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the end of July. Ice conditions are best in September when the mean ice limit
runs from southern Svalbard to Zemlya Frantsa Iosifa and continues east-southeast

to 40 mi north of Novaya Zemlya. Occasionally in late August the Barents Sea

is entirely free of ice,

Freeze-up begins in October in the shallow waters around Zemlya Frantsa
Iosifa, Novaya Zemlya, Svalbard, and the estuary of Pechora. During November
the west coast of Novaya Zemlya freezes, and by December most of the sea north
of 75°N is frozen. The ice margin moves gradually south and west as the winter
progresses, Winds and currents have a strong effect on the ice conditions because
there is much open water in the west. Between February and April, if southeast
winds are unusually strong, the ice will be driven to the northeast, leaving
much open water in the southwestern quadrant of the sea., Zemlya Frantsa Iosifa
is rarely clear of ice. The southern portion of the archipelago may be ice-free
for a few weeks but the narrower straits are icebound all year. Western Novaya
Zemlya is clear of ice from the end of July until October. In January there is
much loose pack ice to the west of the island., From February to April Novaya Zemlya
and Zemlya Frantsa Iosifa are completely surrounded by landfast ice, with breakup
beginning in May. Small icebergs may be found in the vicénity of both island

groups since both have glaciers which reach the sea.

Ice conditions in the White Sea vary radically from year to year as a
result of the strength and direction of prevailing winds. In October fast ice
begins to spread from gulfs and bights. By January the sea is frozen over, but
ice is very thin in the central part and the entrance to the sea is still ice-
free. Maximum ice occurs in February and March and by then ice is thickest in
the entrance which is still blocked in May. Grounded hummocks form a chain

north of Ostrov Morzhovets. Breakup begins in late April and by June thc sea
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is ice-free again. The ice is usuilly forced out into the Barents Sea to melt,
and consequently Mys Kanin Nos is often surrounded by floating ice until the

end of June,

B.3.7 Drifting Stations

Because of their relative durability and availability, ice floes and ice
islands have been used for many years as platforms from which to study the arc-
tic oceanic enviromment. Since the early 1950's over 20 such stations have been
occupied, primarily by the Soviet Union, on a long-term basis (see Fig. III-4),
Semi-permanent living and working quarters were erected and a varying number of
vehicles provided. As many as 8 to 10 disciplinary studies may be conducted at
a station and, in the Soviet case, helicopters and small fixed-wing aircraft may
add immensely to the areal extent of the programs. The only limitation on the

number of personnel is badgetary although the usual complement is from 20 to

40, If conditions permit, the station may be supplied by icebreaker, but usually

a landing strip is required for long-range aircraft. In this the Soviets excel
as witnessed by their high-latitude expeditions which are mounted each spring

and involve ten: of aircraft and hundreds of people,

Drawbacks to the use of such stations include their susceptibility to
fracturing and the inability to control their course. There is, of course, no
assurance that a suitable site will be avilable in a given area at a specific
time, so planning must be flexible, Nevertheless, drifting ice stations pro-

vide a valuable base for selected operations in the Avctic Basin.
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B.4 THE OCEAN

B.4.1 The Arctic Basin
B.4.1.1 Structure

The Arctic Ocean surrounds the North Pole and is bordered by Scandinavia,
Siberia, Alaska, Canada, and Greenland. Its area, approximately 4 million sq
mi, is about 5 times that of the Mediterranean Sea, but its volume is only 3
times as great. Unlike its southern antipode, the polar region above 80°N is a
basin, some of which is overi4,000 ft below sea level, while most of the
immense expanse between 55 and 80°N is an area of northward-flowing drainage -
the arctic drainage basin. In an oceanoéraphic sense it is a single, large,
nearly enclosed basin connected primarily with the Atlantic Ocean through 2
other major arctic seas, the Norwegian Sea and the Greenland Sea. The water
characteristica can be traced in large part' to North Atlantic water charac-
teristics which have been modified through surface-acting processes associ-
ated with the unique climatic conditions of the Arctic. The characteristics
of the peripheral continental arctic seas are highly variable ani are discussed
in greater detail below., The connection of the Arctic Ocean with the Pacific

Qcean through Bering Strait is of relatively minor importance oceanographically.

The most recent depiction of the bathymetry is given in Figure IV-1. The
continental shelf on the North American side of the Arctic Ocean is narrow (20
to 50 mi), whereas the half bounded by Europe and Siberia is very broad (up to
600 mi) and shallow with peninaulas and islands separating it into five mar-
ginal seas - the Barents, Kara, Laptev, East Siberian, and Chukchi. Even though

these marginal seas occupy 36% of the area of the Arctic Ocean, they contain
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only 2% of its volume of water. With the exception of the Mackenzie River in
northern Canada and the Yukon River, which enters via Bering Sea and Bering
Strait, all the major continental rivers reaching the Arctic Ocean flow into
these 5 seas, Thus, these shallow saas, which have a high ratio of exposed
surface to total volume and a substantial input of fresh water in summer, greatly

influence surface water conditions in the Arctic Ocean.

The major features of the floor of the Arctic Ocean and its seas are
shown in figures IV-2 and IV-3, The continental shelf is indented by numerous
submarine canyons. Notable canyons include the very large Svyatays Anna and
Veronin troughs in the northern Kara Sea and the Hope Valley and Barrow Canyon
in the Chukchi and Beaufort seas. The northern edge of the continental shelf,
particularly in the Laptev and East Siberian seas, is poorly surveyed; and
undoubtedly there are canyons yet to be defined., These canyons have an ocean-
ographic importance as preferential pathways for the egress of water from the
relatively warm Atlantic layer onto areas of the continental shelf, where it
comes within the influence of strong mixing processes., Hence they can modify

locally, but significantly, the surface waters and ice cover.

The Arctic Basin is a true ocean basin. Beneath its deepest parts, the
thickness of the earth's crust is about 5 mi, a figure that is fairly typical of
the other oceans. The relief of the Arctic Ocean, too, is much like that of
the other oceans in that it has two predominant levels: the continental shelves
with watcr depths of a fex hundreds of feet and the deep basins with depths of
thousands of feet., A sharp break in slope where the continental shelf meets
the continental slope marks the boundary between the shelves and basins and de-
fines the edge of the central Arctic Basin., In most oceans, the shelf break is

at about 650 ft depth, but in the Arctic it is deeper in some places (1,300 to
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Figure IV-2
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1,600 ft).

The continental margin on the Eurasjan side contains some of the broadest

continental shelves in the world, The East Siberian Shelf is 250 to 450 mi

wide, and the Barents and Kara shelves are 350 to 600 mi wide. In contrast, the

shelves off Greenland and northwestern Canada are only 15 to 35 mi wide. North
of Alaska the continental slope between the Novosibirskiye Qstrova and the
Chukchi Sea is apparently formed of several level surfaces. The cont 1
shelf along East Greenland, south to 77°N, is broad (150 mi) and contains
system of banks no deeper than 650 f£t. South of 77°N the shelf narrovs fil
between 75°N and the Kap Farvel it is less than 50 mi wide. The shelf i
marked, particularly in the southern part, by several deep indentations. At
about 79°N the Greenland Sea is separated from the Arctic Basin by‘a rise with
a sill depth of about 9,200 ft. South of the rise the Greecnland Sea contains
2 deep basins. At 71°N the Jan Mayen Ridge extends toward Greenland at a max-
imum depth of about 5,000 ft, In Denmark Strait, however, the sill depth is

about 1 » 8aa ftc

Around Baffin Bay the shelf is relatively narrow and never exceeds a
width of 50 mi., The shelf is widest off central Baffin Island, Labrador, and
West Greenland south of 78°N, Central Baffin Bay is a basin with depths
exceeding 6,500 ft. The sill across Davis Strait appears to be a.ci.t 2,000 ft
deep., Baffip Bay is connected with the Arctic Qcean through. a network of
channels - Smith, Jones, and Lancaster sounds, The Jones Scund connection is
qQuite restricted but the channels leading to Lancaster and Smith sounds are

relatively deep with sill depths extending to 430 and 720 ft respectively.

A gently sloping continental rise usually lies at the foot of the
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continental slope. North of Alaska, this rise is 25 to 50 mi wide. Much
greater widths of 150 to 250 mi occur in the continental rise off the Canadian
Arctic Archipelago, Crossing the Canadian continental rise is a system of
deepsea channels with relief of 15 ft. A marginal plateau is a level feature
which borders the continental shelf at a greater depth and several are known in
the Arctic Ocean. The Chukchi Rise is crowned at its outer end by the Chukchi

Plateau which has a flat summit with a diameter of about 50 mi at the 1,000-ft

th, The surface is marked by relisf of 15 to 100 ft. Two submarine can-
y"s

dent the southwest side of the Plateau, Southeast of the Chukchi Plzteau
is‘Aq §;ea of rough topography which has been describad as a continental border-
land. Within this area is another plateau, the Northwind Cap. Other marginal
plateaus include the Beaufort Terrace, which. on its outermost edge is similarly
elevgted above the saddle which connects to the continental shelf, and the

Morris Jesup and the Yermak rises in the Greenland-Svalbard area.

The central Arctic Basin is crossed by three submarine mountain ranges.

The ridges and rises are nearly parallel to one another and span the basin from
the Eurasian side to the Canadian side., The Lomonosov Ridge, stretching 900

mi between the Novosibirskiye Ostrove and the Greenland-Ellesmere shelf, was
discovered by Soviet scientists in 1948, It is a single continuous feature 50
to 100 mi wide. Echograms show a steep~sided ridge with a rather smooth pro-
file, Its minimum depth reported is 3,100 f£t, and saddles along the crest have
depths of 5,000 to 5,250 ft. A flat surface near the crest of the ridge has
been noted on two different crossings. An offshoot of the Lomonosov Ridge is

known as the Marvin Spur.

The Alpha Cordillera is about the same length as the Lomonosov Ridge but

much broader, its width ranging from 125 to 400 mi. The crest of the
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Cordillera is 5,000 to 6,500 ft deep, and the topography is much rougher than

that of the Lomonosov Ridge. The magnetic fields over these two features also
differ. The field over the Alpha Cordillera is disturbed with numerous anomalies,
many of them exceeding 1,000 gammas, while over the Lomonosov Ridge there is

little disturbance at all, Neither of these ranges is now seismically active.

The Nansen Cordillera is an extension of the Mid-Atlantic Ridge into the
Arctic Ocean., Where the topography has been sampled, it is rough, as it is on
the Mid-Atlantic Ridge. The most distinctive characteristic of the Nansen
Cordillera is the narrow earthquake belt along its crest. The belt of earth-
quake epicenters crosses Iceland and then abruptly changes direction just north
of the island, where a large east-west fracture zone intersects the mid-oceanic
ridge near Jan Mayen. Between northeastern Greenland and northern Siberia the
earthquake belt is narrow. and straight for a distance of over 1,000 mi, while
within Siberia the earthquake zone spreads out and disappears. In the Atlantic
a similar earthquake belt coincides with a central rift valley at the crest of
the mid-oceanic ridge. Although this relationship might be expected to hold in

the Arctic, insufficient evidence has been collected for positive verification.

The abyssal plains are the ultimate repositories for sediments which have
been transported across the continental shelves and down the continental slopes
via the submarine canyons. In the deep basins the sediments collect to form
some of the globe's most extensive level surfaces, with gradients of 1:1,000 or
less, Four of the abyssal pl:ins in the Arctic Ocean are arranged in steplike
pairs. Each pair is connected by an abyssal gap through which sediments are
transported from the upper to the lower plain. The Canada and Chukchi abyssal
plains are connected by the Charlie Gap. The complete route of sediment flow is

from Herald Canyon to the Chukchi Abyssal Plain and then through Charlie Gap to
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tne Canada Abyssal Plain. The Wrangel and Fletcher abyssal plains are connected

through Arlis Gap,

Seismic reflection profiles show that a prominent sub-bottom basement
ridge exists in the vicinity of the Arlis Gap, Thi; ridge seems to have acted as
a bedrock dam for the sediments of Wrangel Abyssal Plain, ponding them behind
it until there was sufficient accumulation to spill over into Fletcher Abyssal
Plain; Sediments move from the Siberian Shelf to Wrangel Abyssal Plain and then
through Arlis Gap to Fletcher Abyssal Plain, A system of interplain channels
funnels the flow across the plain and into the gap. The right (east) bank of
these channels is higher than the left bank - a condition that is apparently

due to the influence of the earth's rotation,

The most extensive of the plains in the Arctic Ocean is the Canada Abyssal
Plain which covers an area of 80,000 sq mi, It is remarkably flat with depths
ranging from about 12,400 ft in the north to 12,600 ft in the south, On its
northern and western edges it is bounded by the scarps of the Alpha Cordillera
and Chukchi Rise, The eastern and southern boundaries grade smoothly into the
continental slope, The Pole Abyssal Plair is deeper than tlhe four plains men-
tioned previously. In the neighborhood of the North Pole it is flat and smooth

with a depth of 13,400 ft, but away from the Pole the depth of the plain in-
creases. to 15,000 ft.

8.4.1;2 Water Masses

Data from the Arctic Ocean taken over many years and during all seasons of
the year show a rrmarkable regularity in the distribution of temperature and
salinify at depth throughout the year as well as a repeating seasonal regularity
in the surface waters., This nearly steady state in the observed distribution of

temperature and salinity is apparently a result of continuing processes within
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the Arctic Basin., Fcr many purposes the importance of taking data synoptically
is thus reduced, and much may be learned about the geographic distribution of

properties by comparing data from different seasons and years,

The most important processes conditioning and modifying <he. Arctic Ocean

water are:

(1) addition of fresh water from the land, primarily from the large
Siberian rivers;

(2) addition of fresh water locally through melting of ice;

(3) heat gain through absorption of solar radiation in areas that are
not ice-covered;

(4) concentration of salt, and hence increase of density, of surface
water as a result of freezing; and

(5) heat loss to the atmosphere at any open water surface, including

leads in the pack ice,

The first three process lead to decreased density of the water affected, and they
operate only from June to September. Consequently, the surface waters exhibit
somewhat lower salt content in summer than in winter, and in ice-free areas (e.g.
parts of Baffin Bay) surface temperatures may rise to a few degrees above freez-
ing. In ice-covered areas the “emperatures in summer remain near the freezing

point because the heat is dissapated by melting the ice rather than warming the

water,

The latter two processes. lead to increases in density of the surface water.
In some areas under certain conditions. these modified watefs sink to subsurface
levels, 325 to 650 ft in depth, but in general in arctic waters these concentra-
tion mechanisms are not adequate to create water of sufficient density that it

can replace waters lying deeper than 650 ft. Thus all deep arctic waters. are
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advected into and out of te arctic seas from adjacent areas. As the connection
with the Pacific Ocean through the Bering Strait is narrow (about 40 miles wide
and about 165 ft deep), the deeper waters of tue Arctic Ocean and probably Baffin

Bay, essentially originate in the North Atlantic,

The similarity in vertical structure at diverse locations throughout the
Arctic Ocean (Fig., IV-4) reflects the common North Atlantic origin of water
deeper than 650 ft and the similarity of local processes modifying the surface
water, principally the arctic climate factors, On the basis of temperature,
three water masses may be defined:

(1) The surface layer (arctic water), from the surface down to
about 650 ft, has varying characteristics. In ice-covered areas the water
temperature is close 10 the freezing point for the salt content. In the usually
ice-free areas (eastern Greenland Sea; along West Greenland north through Davis
Strait) temperatures may be a few degrees above freezing as are those in areas
that 4re ice-free in summer (Chukchi Sea; nearshore areas of other peripheral
seas; most of Baffin Bay). Temperatures below the surface are typically always
cold, except in the Canada Basin of the Arctic Ocean, where there may appear a
small temperature maximum (~1,0°C) in the 250~ to 325-ft layer. This is attribu-~
table to influx of Bering Sea water, which is transported around the Beaufort
Sea gyre, The salinity of the surface layer may be uniform down to about 160 ft
and then increase closer ot the surface. The surface salinity values also exhi-
bit spatial variation (see below).

(2) The layer below. the Arctic water, from about 650. to 3,000 ft, is
known as the Atlantic layer. It has temperatures above 0°C, with a maximum at
1,000 to 1,600 £t (up to 3°C), Salinities continué to increase over the surface

valuas until by 1,300 ft and in many instances shallower depths, they attain in
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the Greenland Sea and Arotic Ocean nearly uniform values in the range of 3u4.9 to
35.1° /00,

(3) Beneath the Atlantic layer is bottom water with temperatures below
0°C and the same uniform salinities attzined in the Atlantic layer (34,93 to
34,99°/00)., Deep temperatures vary slightly from basin to basin; in the Canada
Basin they are about -0,30 to -0.40°C, in the Eurasian Basin -,70 to -0,.80°C,

in the Greenland Sea -1,2°C, and in Baffin Bay -0.45°C,

The density of cold water is incluenced much more by salinity than by temp-
erature -Ithus the vertical distribution of density closely parallels that of
salinity., On the basis of density, arctic waters show a two-layer system, with
a thin, less dense surface layer separated from the main body of water of quite
uniform density by a strong pycnocline. The pycnocline restricts vextical mo-
tion and the vertical transfer of heat and salt, and hence the surface layer

acts as a 1id over the large masses. of warmer water below,

There is little spatial variation of water surface temperature throughout
the Arctic. Only those areas that are normally ice-free all year exhibit temp-
eratures significantly above freezing., These areas are influenced by currents
carrying warmer water into the Arctic and remain ice-free for that reason.
Seasonal temperature fluctuations. eccur in areas that are typically ice-free
seasonally (July to September) including the coastal sectors of the peripheral
seas of the Arctic Ocean and around eastern and northern Baffin Bay. Areas in
which major currents carry arctic water the North Atlantic remain perennially

ice-covered and have temperatures close to the freezing point at all times.

In ... "v closed basins in higher latitudes (e.g. Arctic Ocean, Baffin Bay)

there is a surface outflow of relatively fresh water witi some saline water
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entrained with it and an inflow of more saline water at depth. In such basins
there is an increase in surface salinities from the head of the hasin, close to
the source of fresh water, toward the mouth. This can be attributed to progres-

sive mixing between the surface layer and the underlying more saline water.

The general conditions for basins in hiyh latitudes are present in the Arctic
Ocean and Baffin Bay. The surface salinity in summer is lowest along the peri-
phery of the Arctic Ocean from the Mackenzie River Delta to the Kara Sea, because
major rivers discharge throughout that area, Salinities are never much below
about 27°/oo, except very close to a river mouth, because the fresh water is effi-
ciently mixed with more saline water on the shallow continental shelf by the ac-
tion of winds, tides, and currents, Salinities in general increase progressively
in the direction of flow of the surface water and attain maximum values in those
areas where currents are directly introducing North At:antic surface water into
the Arctic Basin, The North Atlantic surface water is heavier and sinks within
the central basins to subsurface levels, Though no large rivers discharge into
Baffin Bay, the same general picture of the surface salinity holds, The flux of
Arctic Ocean water through the sounds has lower salinity and hence is less dense
and contributes primarily to the surface layer. Intensive melting of ice in sum-
mer contributes significant amounts of fresh water locally, and hence relatively
low salinities (31°/00) may be observed in central Baffin Bay and along Baffin

Island associated with the central pack and the outflowing Canadian Current.

Surface salinities in winter can be higher by 0.5 to 1°/0o in the Arctic
Ocean and by 1 to 29/oo in the peripheral seas, as at ti:is season melt and runoff
are not contributing fresh water but mixing with more saline waters is continuous.

However, the general pattern of distribution remains similar, In winter, (Octo-
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Figure IV-5

> ESTIMATED CIRCULATION
(NOT SCALED)

COMPOSITE SURFACE CIRCULATION (FROM DYNAMIC
TOPOGRAPHY, STATION DRIFTS, AND ESTIMATED FROM
TEMPERATURE AND SALINITY DISTRIBUTION. STATION
DRIFT VECTORS ARE SCALED TO SPEED SCALE, EXCEPT
THREE WHICH ARE LABELLED.)
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ber to April), a process of considerable importance in modifying the surface
waters takes place. When ice grows from seawater, the salt is largely excluded
from the ice and results in a local increase in salinity and hence density of
the remaining water, However, the ice cover ic not continuous and leads are
continually opening and closing. Heat loss to the atmosphere from the open
water of leads occurs perhaps 100 times faster than through ice; thus freezing
is more rapid and considerable salt will be concentrated in the waters of leads,

where also temperatures slightly below the freezing point may be observed.

Probably some sort of cellular convection is induced, with downward-moving
colums under the leads carrying excess salt and supercooled water. This effect
may reach as deep as 325 ft, the excess. salt contributing to the maintenance
of the strong salinity (density) gradient present in the lower part of the sur-
face layer, while upward motion elsewhere slowly transports the heat of the

Atlantic Jlayer toward the surface.

B.4.1.3 Currents

The surface circulation has been largely derived from the observed drift
of various manned ice islands, floe stations, and ships (Fig. IV-5). Current
measurements show that on the average the drifting stations and the surface
water tend to move in similar directions at similar speeds, though there may be
considerable variations between them over short periods. The mean pattern is
depicted in Figure IV-5 in which the velocity vectors of the various drifting
stations are plotted together with the mean dynamic topography calculated from

over 300 oceanographic stations,

The circulation of the arctic water is in part created by density differen-

ces and in part is wind-induced; which is confirmed by theoretical studies. The
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net effect cf tides is unknown, although there may be some asymmetry in their
action which would modify the circulations. The surface waters from the whole
Eurasian side of the Arctic Ocean tend to move toward the North Pole. This flow
is on the average slow, perhaps 0,05 to 0.1 knot; but after passing the region
of the pole, the flow becomes more concentrated and then exits from the basin as
the East Greenland Current. In the Beaufort Sea the surface waters have a clcck-
wise movement, apparently a result of the general wind pattern, such that

they tend to flow to the southwest along the shelf off the Canadian Arctic Ar-

chipelago and to the north in the area north of Bering Strait,

Around the Greenland Sea there is a large cyclonic circulation, with
average speeds in the range of 0,2 to 0.4 knot, Inflow of North Atlantic waler,
both at the surface and at deep levels, occurs along the east side of the sea
as the West Spitsbergen Current. The East Greenland Current is the major flow
south on the west side; surface water from the Arctic Ocean contributes to the
upper layers, while the deeper waters are largely from the West Spitsbergen
Current, completing the cyclonic gyre. The current follows closely the conti-
nental slope, and ovgr the wide continental shelf of the northern area (77 to
80°N) the currents tend to be weak and variable., The East Greenland Current
seems to accelerate toward the south, attaining speeds of (0.3 to 0,8 knot near

Denmark Strait,

The same general pattern of circulation is found in Baffin Bay. A cyclonic
circulation dominates the bay; inflow of North-Atlanti@ water occurs off western
Greenland through Davis Strait, and inflow from thée. Arctic Ocean through Smith,
Jones, and Lancaster sounds., .he Canadian Current runs south along Baffin
Island, and as it accumulates water from the various inflows it generally shows

higher speeds toward the south.



Direct current measurements from Fletcher's Ice Island, T-3, in 196% dis-
closed an unexpected phenomenon - a core of high-speed current (approximately 1
knot) located in the major pycnocline separating the Arctic water from that of
the Atlantic layer at depths of 250 to 650 ft. This swift motion occurs only
occasionaily and has been observed to grow and then decay within a few days.
Presumably this motion is associated with certain atmospheric phenomena and'is

at present the subject of more intense study,

The circulation of the Atlantic layer has been deduced from the distribu-
tions of temperature and salinity. Recent direct current measurements of this
layer from U,S,S,R. and U,S., drifting stations confirm the general pattern of
motion (Fig, IV-6). On entering the Eurasia Basin from the Greanland Sea much
of the water flows east along the edge of the Eurasian continental slope. The
water enters the Amerasia Basin on a broad front across the Lomonosov Ridge.
There appears to be a general cyclonic circulation in the Eurasia Basin and a
smaller anticyclonic gyre in the Beaufort Sea. Variations between the mean flow
pattern and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>