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I. Summary

This report summarizes the results of three studies in progress under
this project. The first of these involves the formation of ridges along
the shore at Barrow in the late Spring of 1975 and 1976. These events were
studied in both years and the following conclusions can be drawn:

1. The initial failure of the ice at the start of the ridging process
was predominately by buckling with a subsequent tendency to over-riding.

2, TFailure of the ice in compression was observed in both years at a
site where the ice was driven on shore against a vertical bank. In 1975
this took the form of extension fracturing with expansion of the ice into an
adjacent ice free area. In 1976, no ice free area was present and failure
occurred by shear fracturing along planes dipping at about 30o to the surface
of the ice sheet.

3. The distribution of the areas of most intense deformation was the
same in both years, emphasizing the repeatability of the process.

4. 1In both years, little or no differential movement occurred between
the landfast ice sheet and grounded ridges and blocks of multi-year ice within
it. This suggests that the notion of anchoring of the fast ice by such features
requires further study.

5. While the compressive strength of sea ice near the melting point (as
it was when these events occurred) is lower than that of colder ice, the ice
may be capable of transmitting greater forces against a structure when warm
than cold. This is because of the increase in ductility associated with in-
creasing temperatures. Cold ice is brittle and failure in bending can be
induced at low compressive stress by forcing the ice to bend out-of-plane. In

contrast, ice near its melting point bends readily without losing coherence,

and continues to transmit horizontal loads until compressive failure occurs.




The second study is based upon observations of vibrations of ice
sheets, with amplitudes of a few centimeters and periods of about 10
minutes, in apparent association with increasing stress levels in the ice.
Theoretical work is in progress in which the ice-water system is being
modeled as an elastic plate on an elastic foundation. The model provides
two solutions for which the system is resonant; the higher frequency is of
the order of 10 seconds, and the lower of 10 minutes for a particular value
of ice-water coupling. However, further work is required to demonstrate
the applicability of the model. 1In addition, the partition of wave energy
between ice and water, is also being examined, as is the generation of wave
energy during ridging. This is a possible energy sink and thus should be
included in models of the ridging process.

Finally, a bathymetry survey of the coast near Barrow was done during
the past year, and the results are presented below. The distribution of
gouges in the sea floor was studied, and a change in the density of these
at a depth of 30 feet was identified. In addition, gouges were found to

depths of 120 feet, the limit of the survey.



II. INTRODUCTION

A. General Nature and Scope of Study

The goal of this project is to develop an understanding of the
forces and mechanisms involved in the formation of pressure ridges,
shear ridges and hummock fields in the near shore zone, and the envi-
romental parameters which cause these features to occur in particular
areas. When these results are available, it may prove possible to
develop procedures through which average and worst possible occurrences
of heavily deformed ice at various localities can be predicted.

The problem of the formation of pressure ridges in drifting pack
ice has been treated by Parmerter and Coon (1972, 1973) and this pro-
vides a useful starting point for the study of grounded ridges. How-
ever, the processes by which ridging occurs in shallow water are dif-
ferent in many respects from those which operate in the open sea.
Ridging in pack ice normally occurs at the boundary between the thin ice
in refrozen leads and the thicker pack. In the nearshore zone, however,
thin ice is usually absent (except for the initial stage of ridging at
the edge of the landfast ice, when thin ice may be present over the flaw
lead) so that the heavy ice of the pack and landfast ice sheet are
directly involved in ridging. Ridging may thus occur at the pack ice-
landfast ice boundary, at the shoreline, or at stress concentrations
within the landfast ice sheet itself.

The problem of determining the mechanisms and forces involved in
the growth of grounded ridges is difficult because of the general lack

of field observations upon which to base an analysis of the process.

One objective of this project is to contribute towards filling these




data gaps. However, it is important to have as many 'working hypo-
theses" as possible in mind when doing field work, because these serve

to indicate the variables which should be measured in the field. Accord-
ingly, simple, semi-quantitative analyses of processes which may operate
during ridging are being studied. The input for these is the available
data so that there is constant ''feedback' between theory and observation
as the study progresses.

The final product of this study is partly dependent upon the results
of other projects relating to the occurrence of ridges in the landfast
ice off the coast of Alaska. When this information becomes available,
so that the degree of repeatability of ridging in different areas can be
estimated, then the knowledge of mechanisms will be applied to attempt
to develop the predictive capability noted above.

B. Specific Objectives

The objectives of this project are:

(1) To develop an understanding of the environmental parameters
which localize pressure ridges, shear ridges (and related
shear zones) and hummock fields within the landfast ice zone
of the Arctic Coast.

(2) To gather field data regarding the mechanisms by which these
structures form.

(3) To prepare a semi-quantitative model of the processes involved
in the formation of these features, in order to test the
validity of the concepts developed in (1) and (2) above.

(4) To use these results to develop a procedure for estimating

average and worst possible occurrences of heavily deformed ice




within the landfast ice zone in terms of environmental para-
meters (such as water depth, bottom configuration, shoreline
geography), ice thickness, and prevailing and unusual meteoro-
logical events.

C. Relevance to Problems of Petroleum Development

Within or along the margins of the landfast ice sheet, ridges mark
the sites at which stresses in the ice reach their maximum values. It can
reasonably be expected that early drilling offshore from the barrier islands
along the Arctic coast will occur within the area seasonally covered by land-
fast ice. Siting of drilling platforms to avoid potential ridging sites
where possible, or to compensate for the higher forces through design changes,
thus depends upon a capability to predict the severity of the deformation to
be expected at any point.

Given a sufficiently long period of observation, it is probable
that such predictions could be made on a statistical basis. However, it
is unlikely that adequate data will be available to use this procedure
prior to the start of offshore development in the Beaufort Sea shelf.
Therefore, it is necessary to approach the problem through the develop-
ment of an understanding of the mechanisms involved in the ridging
process and the parameters which cause these to operate. The results of
these studies, in combination with a lesser amount of data on occurrences

of ridging, may then permit reliable predictions to be made even in the

absence of long-term continuous observations.




As lines of intense deformation, ridges and hummock zones act as
energy sinks in that they absorb the motion imparted to the ice by the
driving forces of wind and currents., Further, once grounded they may
tend to anchor the landfast ice sheet thus retarding its motion. Both of
these aspects have the potential to be used to protect a properly sited
offshore structure, provided again that the location and intensity of
ridging is reasonably predictable.

Finally, grounded floes of any size can serve as stress concen-
trations around which ridges can form. It is reasonable to expect that
an offshore structure, whether a drilling platform, pier, gravel island
or ice island, will have the same effect. ‘It is therefore important to
understand the mechanisms and force levels associated with ridging as an
aid in the design of such structures.

ITI. CURRENT STATE OF KNOWLEDGE

The problem of the origin and growth of pressure ridges in drifting
pack ice has been treated in the model of Parmerter and Coon (1972,
1973), but no similar analysis has been done for ridging in the near
shore zone. Descriptions of grounded ridges, and some possible mechanisms
of origin, have been given by Kovacs (1971), Kovacs and Mellor (1974),
Shapiro (1975a,b), Weeks and Kovacs (1970) and Weeks et al. (1971). In
addition, Allen (1970), Bruun and Johannesson (1971) and Zubov (1943)
have considered the related problem of ice piling in shallow water or
against an obstruction.

At present it is possible to identify at least some of the energy

sinks in the ridging process and, as shown below, this provides the




basis for preliminary estimates of the required forces. However, in
order for these estimates to be refined, there is a need for much more
data regarding:

(1) Cross—sections of grounded ridges and hummock fields.

(2) Size distribution of the rubble pile.

(3) Extent of gouging of the sea floor associated with the ridging
process.

(4) Mechanism by which ice is added to the ridge. That is, is the
advancing pack ice edge driven directly into the rubble pile,
up over it, or at some angle in between?

(5) Relationship between the relative angle of approach of the ice
on opposite sides of a growing ridge to the final form of the
ridge.

There is also a need to develop ideas on how the energy lost in fric-
tional work resulting from grinding and rolling between blocks in the
growing rubble pile is to be determined.

Finally, there has been no analysis done of the simple kinematics
of the ridging process through which the important parameters and addi-
tional energy sinks might be identified.

IV. STUDY AREA

The site of most of the field work will be the Naval Arctic Research
Laboratory at Barrow, where the University of Alaska sea-ice radar
system is located. This system is operated at ranges of three or six
miles and provides continuous data on the drift vector of the ice in the

near shore area. It is hoped that a sufficient number of ridging events

will be observed in these areas over the duration of the program to fill




some of the data gaps noted above. Additional work may also be done at
other locations if warranted.
V. SOURCES, METHODS AND RATIONALE OF DATA COLLECTION

Data for this project will come from field work and study of the
information from the radar system. This will include mapping, profiling
and sampling of typical shear and pressure ridges within the radar
field-of-view to determine the geometry and internal structure of these
features. The distribution of ridges, their time of formation, and the
direction and velocity of the pack ice at those times will be mapped
from a combination of air photos and radar data. Finally, field measure-
ments will be made of the thickness of the ice involved in the ridges,
and the size and shape of blocks, for information regarding failure
mechanisms of the ice which operated during the ridging process.
VIi. RESULTS

Little progress has been made on field study of winter ridges to
date. This is due to the unusual ice conditions at Barrow in the summer
of 1975, during which the landfast ice never went out. Instead, numerous
pans of multi-year ice, which formed a significant part of the landfast
ice emplaced in the fall of 1974, remained in the area throughout the
summer. Shortly after freeze-up in 1975, these moved slightly forming
low ridges along their margins. However, because of the presence of
these, no new ice was driven into shallow water, so that no new pressure
ridges were formed during the winter of 1975-1976.

A similar scarcity of new ridges exists again this year, but one

shear ridge was observed to form on the radar data, and field study of

this feature is planned.




In June, 1976, the ice was driven onto the beach at Barrow forming
a line of ridges similar to those formed in 1975. Field study of these
features was conducted, and the results combined, with those from 1975, are
summarized below. Study of these features has proved to be valuable
because the proximity of the ridges to the beach provides easy access and
the absence of snow cover permits details of the structure to be observed.
Further, in both years ridges formed within the field-of-view of both the
radar system and on 8 mm motion picture camera which produced time-lapse
pictures of the process.

During the movement of the ice onto the beach in July, 1975, a bubbler
tide gauge recorded apparent vibrations of the ice for several hours prior
to the movement. The fact that the ice was actually vibrating was verified
by study of the 8 mm time-lapse motion pictures. The implication is that the
vibration is related to increasing stress levels in the ice sheet. Since
that time other examples of similar vibrations associated with increasing
stresses have been observed and measured and a study of this phenomena has
been initiated. A report of progress to date is included below. It should
be noted also that in considering this problem, a question arose regarding

wave motion as an energy sink in the ridging process. This possibility is

also under study.




A. Formation of Beach Ridges at Barrow, 1975, 1976
1. Introduction

In the early stages of the break-up of the landfast ice sheet at
Barrow in 1975 and 1976, the ice sheet was driven ashore forming a dis-
continuous line of beach ice piles along the coast. These piles can be
regarded as pressure ridges grounded in water depths of 2 m or less and
as such, provide a means of studying the formation of these features. A
variety of observational systems were available to record the sequence of
events in the ridge forming episodes, as well as the movements and deform-
ation of the near shore ice during the same time period. As a result, it
has been possible to prepare a rather complete description of the event,
and this forms the bulk of this report. Subsequent work will deal with
specific aspects of the deformational process.

2. Data Sources

A brief mention of the data sources from which the following discussion
is drawn is needed to indicate the scope of observations.

a. Most of the movements of the ice sheet were monitored by the University
of Alaska sea ice radar system located at the Naval Arctic Research Laboratory.
This is a 3 cm x~band, standard ships radar mounted on a tower about 12 m
above sea level with which the position and movement of natural reflectors
on the ice are monitored. Data are recorded photographically by a 35 mm
camera which photographs the radar screen every 2 1/2 - 3 minutes. The
radar was operated at ranges of 5.6 km (3 nautical miles) and 2.8 km (1.5
nautical miles) during the events describad here.

b. An 8 mm motion picture camera, equipped with a timer so that a
picture was taken every 2 1/2 minutes, was mounted on the radar tower. The
field of view of the camera is quite narrow, but in both years ridging

occurred directly in front of the r r site, and these episodes were recorded.
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c. Imagery from both the LANDSAT and NOAA weather satellite systems
which show ice conditions on a regional scale, are available for both years.

d. Vertical air photos were acquired just after the start of the move-
ments in 1975. 1In addition, observational flights were made in both years
during which 35 mm photographs were acquired.

e. One of the authors was present on the site during the event each
year, and several man days of field work were devoted to field study.

f. In 1975, measurements of ice thickness and temperature were made
daily until a week prior to the movement of the ice sheet. 1In addition, a
bubbler tide gauge was operated under the ice sheet until it was destroyed
during the movement.

g. Finally, weather data is available from the National Weather Service
and from the NOAA clean air sampling station 2 miles east of NARL.

3. Initial Conditions

In both years, the ice had melted back from the beach forming a shore
lead several meters wide before any movement occurred. In 1975, melting had
progressed sufficiently that the ice sheet was probably detached from the
sea floor, although ice remnants were present along the water line as low,
rounded masses. In addition, melting had removed approximately 60 cm
from the ice sheet leaving a thickness of about 1 m. Based upon
temperature measurements taken about one week before the movement occurred,
it can be estimated that the ice sheet was close to melting temperature
throughout its thickness.

Much less melting had occurred prior to the movements in 1976. Exact
figures are not available, but it can be estimated that no more than 30 cm
had been removed, leaving an average thickness of about 1.5 meters. Further,

the ice sheet was not completely detached from the sea floor, as evidenced

by the presence of about 30 cm of gravel frozen to the base of the ice




In addition, a thin (up to 20-30 cm) foot of ice several meters wide
was probably present between the leading edge of the ice sheet and the
shore.

No temperature measurements were made in the ice during 1976,
so that accurate data are not available. However, freeze-back was
observed to occur in a core-hole just prior to the movement indicating
that the ice temperature was probably a few degrees below the freezing
point.

In both 1975 and 1976, the movement occurred under the influence of
winds associated with a low pressure system passing north of Alaska which
generated winds from the southwest in the Barrow area. Satellite imagery
indicates that the pack ice was tightly compressed with little open water
for hundreds of kilometers to the west and northwest of Barrow, while open
water was present to the northeast of Point Barrow in both years. The
absence of open water to the northwest was confirmed by visual inspection
during local flights, and the presence in the pack ice of numerous newly
formed pressure ridges was noted in both years. Thus, it appears that
the movements resulted from internal stresses in the pack which may have
been generated over a distance of up to a few hundred kilometers, as
opposed to the local wind field.

4, Timing and Duration of Movements

The movement of the ice sheet in both years, consisted of sporadic
bursts of activity with durations of from 5 to 30 minutes, separated by
periods of quiet. 1In 1975, as an example, the initial movement opposite
NARL occurred on the evening of July 4, and consisted of a shoreward trans-
lation of the ice sheet which lasted about 5 minutes, during which the
shore lead closed. Subsequently, the ridges along the beach were built
in a 1/2 hour sequence of almost continuous advance of the ice. This

was followed by two periods of minor movement, each lasting about 5
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minutes, at 2 hour intervals. No further movement of the ice occurred
along the beach in this area, although the ice did advance up the beach
to the northeast, without the formation of ridges, later on July 5th.

Following this episode, the ice along the beach remained stationary.
However, the deformation of the fast ice sheet continued sporadically for
the next four days in the form of ridging and rotation of segments of the
sheet along fractures.

By the conclusion of the movement episode, the ridge bounding the
edge of the fast ice had been segmented and translated up to 250 m shoreward.
Assuming an average thickness of 1 m for the ice sheet, this implies that
250 m3 of ice per meter along the beach was deformed into ridges (less, of
course, the initial width of the shore lead).

In contrast to the above, the movements in 1976 were far less extensive.
The initial movements occurred on June 22 and 23, when the ice was driven
onto the beach all along the shore from almost 1 mile southwest of the radar
site, to at least 4 miles to the northeast. Then, on June 25th ridges formed
at two locations. The first was just in front of the radar site, and the
second was opposite the NARL airport. In addition, some over-riding did
occur along the beach in the same areas where ridges were observed to form
in 1975. The total movement was probably not greater than 25 meters.
Unfortunately, the radar system was not operating when these movements
occurred and no observers were present so that accurate measurements could
not be obtained.

Finally, on June 28, a series of movements occurred over a time period
of about 6 hours. These, too, were not monitored by the radar system, although

the 8 mm motion picture camera recorded additional growth of the ridge

immediately in front of the radar site. In addition, observations were made

during much of this time all along the beach. In one instance it was possible

to approximately time the duration and velocity of the ice advance over one
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short episode. This lasted about 5 minutes, during which the ice moved

at a rate of .3m/min. Other similar examples of short episodes were also
observed, but in no case did these exceed a few minutes in duration. This
marked the end of the series of events during 1976.

5. Distribution and Form of the Ridges

The distribution of the ridges along the beach was almost identical in
both years, with the exception of a single ridge which formed opposite the NARL
airport in 1976, where none was present in 1975. 1In general, the area of
most intense deformation extended from just southwest of the NARL airport
to almost one mile southwest of the mouth of Salt Lagoon. Outside of this
area, the ice was driven onto the beach, but no ridges formed, with the
exception noted above.

Within this area, ridging and/or overthrusting of the incoming ice was
continuous along the beach, with local topographic highs separated by lower
ridges. The features formed during the 1975 event had the appearance of
true pressure ridges, with a rubble core over which the incoming ice sheet
had been thrust. The core itself was resting on an unbroken sheet of ice
which had been thrust onto the beach in the initial stages of the movement. A
typical cross-section, representative of the topographic highs is given in
schematic form in Figure 1. Note that the dips of the slopes indicated
were consistent for most of the ridges.

In 1976, however, the rubble cores were generally absent, and the
movements in most cases consisted of simple overthrusting of the incoming
ice. Exceptions to this were confined to the ridges at the radar site
and opposite the airport.

In summary, the most striking feature of the comparison is the similarity
in the distribution of areas of intense deformation in both years. The con-

figuration and orientation of the coast are similar for some distance in both
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Figure 1. Cross-section of typical beach ice ridge.




directions from the limits of this area, so that these factors can possibly
be eliminated from consideration as possible causes for this limitation.
Differences in water depth or bottom profiles close to shore may be a factor,
but no information is available yet on this possibility.
6. Mechanism of Formation of the Ridges

Information regarding the process of formation of the ridges in 1975 is
derived from study of the 8 mm motion picture film acquired by the camera
mounted at the radar site and by direct observation. Comparison of the form
of this ridge with those at other localities indicates that the observations
apply to these as well.

As noted, the initial movement consisted of an advance of the ice sheet
several meters up the beach. After this movement stopped, a noticeable
bulge appeared in the ice sheet several meters offshore, and a crack appeared
at the synclinal bend of the bulge nearest to shore. Note that this crack
did not exist prior to the start of the movement. The crack was obvious
on the film because the ice on its offshore side was raised and tended
to overthrust the onshore side. With continued advance of the ice, thrusting,
and overturning occurred along this line forming the start of the rubble
core of the ridge. Subsequently, the ice sheet was driven up the offshore
side of the ridge, over the top of the rubble. As noted from Figure 1,
the dip of this slope was about 20° and subsequent examination showed that
few fractures were extended through the ice sheet, although numerous cracks
were probably present along the base of the sheet where tensile stresses
were greatest.

At the crest of the pile, the dip of the ice sheet flattened, and numerous
cracks were present. The first formed of these were parallel to the edge of

the ice sheet, and were spaced about 1 m apart, approximately equal to the
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thickness of the ice. Subsequently, a second set of fractures with similar
spacing formed at right angles to the first set, terminating against these.
The result was therefore, the fracture of the ice sheet into roughly cubical
blocks which fell forward as the leading edge of the ice was driven over

the core. Piling of these thus widened the ridge, so that, in effect, the
ice sheet was advancing over a debris pile derived from its leading edge.
Clearly, much of the displacement was taken up in this manner.

It is of interest that the ice sheet maintained its integrity while
bending through an angle of 20° up the rubble pile, then flattening again.
This ability of the ice sheet to flex through relatively large angles
without losing coherence was also noted in other areas, and is of importance
in evaluating potential hazards to structures as discussed below.

As noted, during 1976 few ridges developed, with most of the deformation
along shore taking the form of overthrusting. However, at two localities,
processes similar to those above were observed t§ occur.

The first of these was located adjacent to NARL. At 0800 local time,
on June 28, a buckle was observed in the ice parallel to, and 20 m from
the shore. 1Its total length was about 50 meters. At that time, the
amplitude was about 1 m, and a crack was present along the crest of the
fold. The wavelength was about 15 m, and the buckled area was bounded
by cracks normal to the shore. By 0900, the displacement exceeded 1.5 m.

At approximately 1000 hours, while a field party was at the site, the ice
began to move onshore. The rate .3 m/min given above was measured on the ice
just north of the crack normal to shore at this time. South of the crack,

however, the ice did not advance on shore, but, instead, the arch continued to

rise, until it became unstable and collapsed.




The second example occurred at the radar site. The ridge at that locality
moved sporadically throughout the morning of June 28. In one instance, the ice
sheet offshore from the ridge was suddenly elevated by about .3 meters in a few
moments while one of the field party was coring the ice sheet within a few
meters of the ridge. Audible cracking occurred throughout the ridge at that
time, and several blocks were dislodged and fell forward.

Later in the day, at the same site, the ice sheet clearly buckled, with
three distinct, identifiable crests marked by fractures, and the intervening
troughs depressed below sea level. The leading edge of the ice sheet
(i.e., the line of contact of the ice sheet and the offshore side of the
ridge) was still above sea level, in the approximate position to which it had
moved earlier as described above. The first nodal point offshore was a crest
so that the buckle was real, and not simple warping associated with bending
as might have been the case if the first node were a trough. The amplitude
of the crest decreased rapidly, from about 1.5 m at the first crest, .5 at the
second, and a few centimeters at the third. The wavelength was approximately
15 m, similar to that of the buckle at the first site described above.

In both of these cases, the preferred failure mode of the ice was
by buckling, as was indicated to have occured in 1975. The difference
in style of deformation between the continuous ridges of 1975 and the
predominantly overthrust ice sheets of 1976 may have been the result of
the greater thickness and strength of the ice in 1976, combined with the
generally slower rates of movement during that year.

7. Deformation of the Ice Sheet
Deformation of the fast ice sheet taken as a unit was markedly different

between the two years. This undoubtedly reflects the difference in the magni-
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tudes of the displacements and the properties of the ice. 1In 1975, the ice
sheet was extensively fractured and new ridges were formed at several localities.
The most noticeable fractures formed a set at a spacing of about 1/2 km oriented
approximately normal to the shoreline and extending offshore for up to 300-400
meters where they terminated against a line of new pressure ridges. The
sense of shear across these fractures was left-lateral, with the south
side thrust further up the beach than the north. However, this is exactly the
reverse of the sense of rotation of the offshore boundary of the fast ice sheet
which would have been expected to produce right-lateral shear across fractures
normal to the shoreline. This paradox may be explained by considering deflection
of the stress trajectories across internal boundaries within the fast ice, such
as pressure ridges or shear zones, many of which did form. However, the analysis
of the data is not sufficiently advanced to permit this possibility to be examined.

Between the first line of new ridges and the boundary ridge of the fast ice,
fracturing was extensive, although no data are available from which the trends
of these could be mapped.

In contrast, fracturing during the 1976 event was restricted to less than
100 meters from the shoreline, and, possibly to the same distance from the
bounding ridge. The line of the ridge was apparently unchanged during the
movement suggesting that the entire ice sheet moved as a unit.

During both years, numerous blocks of multi-year ice were grounded with
the fast ice, and it is of interest to consider the effect of the displacement
upon these. In 1975, new pressure ridges were formed around several such
blocks grounded in a water depth of about 5 meters, approximately 200 meters
offshore opposite the radar site. It could not be determined whether or

not these blocks moved prior to the development of the ridges. Further

of fshore, however, movement of the blocks did occur. 1In particular, one

block 10-15 m in diameter and with 3 meters of freeboard in about 10 meters




of water depth, was observed in the 8 mm film to translate through a
distance of at least 200 m before moving out of the field of view of the
camera. Unfortunately, ice conditions prevented the field party from
visiting the sites of other blocks to examine the degree, (if any) of
differential motion between the multi-year blocks and the remainder

of the ice sheet.

In 1976, however, one such block was visited after about 15 meters of move-
ment of the ice sheet had occurred. The dimensions of the block and water
depth at the site of this block were similar to that described above. The
block was examined particularly for evidence of rotation, tilting, or
fracturing which would indicate differential motion between the block and
the ice sheet during the movement. This would be expected if the block
were grounded and the keel and sediments of the sea floor were sufficiently
strong to resist the motion. However, no evidence of differential motion
was observed. Instead, the block appeared to have displaced smoothly
with the remainder of the ice sheet. Further, during a survey flight
over the area a search was made for fracturing around other blocks, and
none were observed. However, this is clearly not the preferred method of
searching for such cracks, and the possibility exists that they were present
and not recognized. Still, the available data suggests that, in most cases,
the blocks were free to move at the same rate as the ice sheet, though their
size and the water depth clearly indicate that they were grounded.

Similarly, the bounding pressure ridge of the fast ice sheet was displaced
shoreward in 1976 with no evidence of segmentation or differential motion.
In 1975, however, some evidence of differential motion was observed, but
most of the deformation involved segments of the ridge displaced as discrete

units.
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The descriptions above raise questions about the effectiveness of grounded
ice masses in anchoring the fast ice and preventing its movement.

The interaction of the ice sheet with the beach proper and with ridges
along the beach was studied for information regarding failure mechanisms of
the ice sheet. Examples of possible failure in buckling were described
above and, in addition, two cases of compressive failure were also observed,
one in each year. Both occurred just southwest of the mouth of Salt Lagoon,
where the beach is less than 5 m wide, and ends against a vertical, ice-cored
bank 2 m high. 1In 1975, prior to the movement, a small ice-free area was
present at the mouth of the lagoon. When the ice moved ashore and was driven
against the vertical bank, compressive stresses normal to the shoreline
developed. The absence of lateral confirning stresses resulting from the
presence of the ice-free area, permitted expansion of the ice in that direction.
The geometry of the interaction thus placed the ice sheet locally in a state
of uniaxial compression. Failure occurred by the formation of extension
fractures parallel to the compressive stress direction, with expansion of
the ice into the ice free area.

In 1976, no ice-free area had formed at the time the movement occurred.
Thus, when the ice was driven against the vertical bank, no lateral expansion
was possible, and failure occurred at the bank as shear fractures at about
30° to the ice surface.

8. Discussion and conclusions

a. The observations described above regarding the initial conditions
prior to the events of both years, the similarity of weather conditions, and
of the distribution of areas of intense deformation all tend to confirm the

hypothesis of repeatability, and to a degree predictability, of ridge occur-

rences. Some randomness due to the character and state of the ice at the time




of the movements must, of necessity, be present, but the major processes and
products of -the event appear to recure regularly.

b. The ridging process proper is initiated by buckling of the ice,
followed by overthrusting. However, it cannot be confirmed as yet that
bending stresses are not involved. If these are present, then they would
tend to decrease the forces involved.

c. The movements tend to occur in sporadic bursts of a few minutes,
separated by periods of no movement. This suggests a process of build-up
of stresses sufficient to cause failure of the ice and initiation of motion.
The combination of failure and movement then permits the stress to relax,
and a period of quiet ensues while the stress rises back to a level sufficient
to cause further movement.

d. During the 1975 event, a pressure ridge formed along a line marked
by several grounded blocks of multi-year ice about 200 m offshore. This was
the only positive example of differential motion between the ice sheet and
apparently grounded blocks or ridges within or on its boundaries. This obser-
vation introduces uncertainty into the hypothesis that landfast ice is anchored
by grounded ridges.

e. Evidence of failure of the ice in compression was observed in both
years at a site where the ice was driven against a vertical, ice-cored bank.
In one case, failure was by extension, and in the other by shear. Based upon
compressive strength test results, the minimum stress required to cause ex-
tension failure under these conditions is about 2.8 MPa, and a higher value
can be expected for the case of shear fracturing.

f. It is of interest to consider the possibility that ice near the

melting point may, under field conditions, be capable of transmitting greater
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force to a structure than colder, stronger ice. When cold, the ice is brittle
and tends to fail readily in bending at low compressive stresses when under

the influence of relatively small, out-of-plane movements. However, with
increasing temperature, the ductility of the ice increases, so that even large
out-of-plane displacements do not cause loss of coherence. This was illustrated
by the extreme bending of the ice sheet over a rubble pile described above. Thus,
the cases of compressive failure noted occurred even though the ice ssheet was
bent sufficiently to conform to the shape of the beach prior to impact with

the bank. It can be assumed that if the movement had occurred when the ice was

cold, failure in bending would have been initiated before the bank was reached.




B. Vibration of Ice Sheets

This study is based upon a series of observations of vibrations of
landfast and drifting ice sheets which appear to be associated with rising
stress levels in the ice. This phenomena was first observed in July, 1975,
when the landfast ice sheet was driven ashore at Barrow forming the ridges
described elsewhere in this report. For several hours prior to the move-
ment of the ice, a bubble tide gauge operating on the sea floor under the
ice recorded vibrations of the ice sheet with amplitudes of a few centimeters
and an apparent period of about ten minutes. That the ice was indeed vibrating
was independently verified by examination of 8 mm time-lapse motion pictures of
the ice taken at the time. The tide gauge record indicates an increase in the
amplitude of the vibration until the bubbler was destroyed by the movement of
the ice.

Direct measurements of rising stress levels in the ice sheet, associated
with vibrations with the above period were made at Barrow in April 1976. In
that example, sinusoidally varying stresses superimposed on a rising stress
curve were recorded by an array of stress transducers embedded in the ice
approximately 100 meters from a tide gauge installation. At that time the
tide gauge, (also a bubbler gauge, resting on the sea floor) was indicating
vibrations in phase with those on the stress transducers emphasizing the
correspondence between the two events.

An array of stress transducers installed north of the barrier islands
in the Prudhoe Bay area during the spring of 1976 also recorded similar
events (R. D. Nelson, Pers. Comm), although these are unsupported by tide
guage records.

Finally, numerous examples of vibration of drifting ice sheets as a

precusor to movement have been recorded by the University of Alaska sea ice
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radar system at Barrow. Unfortunately, frequency information cannot be
extracted from these data in a simple manner.

Based upon the above, it is reasonable to assume that at least some
cases of vibration of floating ice sheets with periods of the order of ten
minutes are associated with rising stress levels in the ice. If verified
and understood, observations of vibrations may prove to be a simple and
efficient method of predicting high stress levels in the ice around off-
shore structures. The present work is directed toward that end.

Observations

The data shown were taken by a bubbler-type tide gauge placed on the
sea bottom at the edge of the fast ice at Point Barrow. Approximately
42 hours of data have been digitized: The amplitude was sampled every 2.3
minutes., These data were Fourier analyzed to obtain the frequency power
spectrum for each group of samples. The period of the maximum resolvable
frequency is twice the sampling period or 4.6 minutes, so periods below 4.6
minutes will not be detectable in the data.

The data were analyzed in two groups of sets. In one group each set
consisted of 64 points, covering 148 minutes. A spectrum was computed for
each set of 64 points that overlapped the previous set by 32 points. Thus,

each spectrum contains data included in each adjacent spectrum, thereby

forming a sort of 'spectral running average'. Figure 2 shows these spectra
g g

for the last 12 hours of data that were obtained before the fast ice moved.
The second group consisted of successive sets of 32 points. These
spectra therefore did not overlap. Figure 3 shows these spectra for the last
12 hours of data.
Figures 2 and 3 show that, in this instance, the ice did indeed in-

crease in vibration amplitude over a several hour period before it moved onto
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Figure 2. Spectrum of overlapping data sets.
See text for discussion.
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See text for discussion.
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the beach. The vibration had three strong spectral lines with periods

ranging from 5 and 20 minutes. One puzzling aspect is that the three strongest
spectral lines that appear seem to be harmonically related. That the lines

are well defined indicates that only a few relatively high-Q vibration modes
were excited, suggesting that resonances in the ice-sea system are involved.
The possible existence of such resonances is examined in the remainder of

this section of the report.

IIT. VIBRATION MODEL

The following is a speculative discussion of why we believe the two
events to be related. It is emphasized that much of the basic physics
involved has yet to be done in the detail needed to prove some of the follow-
ing statements; however preliminary computations suggest that the notions
put forth are reasonable.

An ice sheet can be represented as an elastic plate floating on an
incompressible fluid. A plate of finite thickness is capable of both longi-
tudinal and transverse vibrations, in contrast to a membrane which vibrates
only transversely. In this report, however, we deal only with transverse
vibrations because the observed motion was transverse. For an elastic plate,

the equation of motion is (Skudrzyk, 1968):

D A4 w + pih §E§-= q.
ot (1)
E h3
P10 - vh.
w vertical displacement.
E Young's modulus.
h plate thickness.
u Poisson's ratio.
q vertical loading force per unit plate area.
N density of ice.
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The vertical loading force strongly affects the motion of the plate.
The fluid upon which the plate floats exerts a bouyant force (a force pro-
portional to displacement) upon the vibrating plate. It seems possible that
this bouyant force consists of constant and variable components; the constant
component is just balanced by the weight of the plate, so only the variable
component needs to be included in the loading force term.

A second component of the loading term is the tension of the plate.
The wind blowing across a sheet of ice grounded on the downwind edge will
couple a compressive force laterally across the sheet that varies as the
square of the wind speed. This compressive force acts to load the plate
vertically just as does tension in a string or a membrane: As in the use
of a string or membrane, the vertical loading due to tension is proportional
to the second spatial derivative of the displacement.

Finally, there may be a coupling force due to the momentum of the fluid
and the friction in the plate. At present we do not know how to specify these

forces. Further study is needed.

One possible way to view the floating ice sheet is as an elastic plate on
an elastic foundation. In that case the loading forces would include a Hooke's
Law (buoyant) restoring force proportional to the displacement and, if one
axis is aligned in the direction of the tension, a one-dimensional tension

force:
2

ow
q=-pw -5 —0H (2)
Y.

P° pressure per unit displacement.

Sx Tension stress constant.

If the displacement is assumed to be sinusoidal, four real solutions

to (1) can be found, two with positive and two with negative arguments.
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The development above takes into account only partly the fluid upon
which the plate floats. The actual pressure upon the vibrating plate is in
general unknown because it depends upon the wave motion in the water as well
as in the ice. To actually solve the problem requires that the equations of
motion of the ice and of the water be solved simultaneously--a considerable
task.

However, insight into the problem can be obtained by examining the
problem assuming that the waves in the ice are driven by the waves in the
water. It is assumed first that the ice-sea system can be approximated by the
elastic plate on an elastic foundation model. Since this is a forced vibration
problem, the maximum response of the ice will occur when the natural vibrations
in the two media propagate identically; that is, when mechanical resonance occurs
for the plate-fluid system. In that event, at the resonant frequencies the waves
in the plate and the fluid will have identical phase velocities. Nearly all of
the energy in the plate-fluid system flows in the water wave for meter-thick
plates floating in water tens of meters deep (see below). Thus, it seems
reasonable to assume that the plate does not significantly change the phase
velocity of waves from that in water with a free surface. We therefore assume

that the solutions to (1) and (2) are of the form
w=w sin w(t - 5) 3)
o v "

where the phase velocity v is that for water waves in water that is shallow

compared to the wavelength:

v=1vVgd . (4)
g acceleration of gravity.
d depth of water.

angular frequency.

€
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Substituting (3) and (4) into (1) and (2) yields the following dispersion

relation:

} +P =0 . (5)

/p 2

w, = 0 s w =v /[ Fin
1 / Pih v b // D . (6)

For values of Po of the order of ten parts per million of the head
represented by the wave height, the lowest resonant frequency is in the

neighborhood of ten cycles per hour. While this eigenvalue is in the

range of observed vibration frequencies, whether the analysis is correct needs
study. The basic question is: Can the ice-sea coupling term be represented
by a Hooke's Law force? Alternatively, we can ask: Can the ice-sea system be
represented by the elastic plate on an elastic foundation model? Finally
does friction in the ice need to be included?

The energy in the ice~-sea system is confined almost exclusively to

the water. This is shown as follows: The energy in a water wave of amplitude

v has been shown to be [ p370, Lamb (1945) ]

_ 3 2 -2
Ew = 5.0 X10 v, Jm . (7)
For example a wave 10 cm peak-to-peak has an energy per square meter
of surface area of about 13 Joules.
The energy in an ice sheet primarily consists of three components:

(1) Kinetic energy due to vertical speed, (2) Potential energy due to
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elastic bending, and (3) Potential energy due to vertical displacement in
a gravity field. When the displacement is zero, the vertical speed is
greatest, and the potential energy is zero. Thus, the total energy flowing

in the ice equals the maximum kinetic energy:

i — (EE; w=0 . (8)

Using (3) and evaluation the constants, (8) becomes for 1 m thick ice
and wave periods of the order of 10 minutes:

2 -2

-2
E; =5.0x10 v, Jon . (9

The ratio of energy in the water to that in the ice is therefore

E_JE, - 10° . (10)

Thus, the only ten parts per million of the total energy in the system
flows in the ice.

This result immediately suggests that the effect of the ice on the
water waves at system resonance is negligible. Hence the assumption that
the phase velocity in the water remains unchanged appears to be a good one.
Furthermore the energy that causes the ice to vibrate must travel primarily
in the water rather than in the ice. The coupl%ng term can therefore be
interpreted as the energy fed from the water into the ice that is needed to
overcome viscosity and other losses in the ice.

It must be emphasized that even though so little energy in the wave
motion propagates in the ice, the energy is initially couples to the sea
from the wind by the ice, probably through the ridging process. One way of

viewing the process is to consider that each building ridge acts as an
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impulsive source to the ice-sea system, which in turn acts as a band-pass
filter. The response of such a system would be a spectral line at each
resonant frequency--in this case two lines corresponding to the two position

eigenvalues.

IV. CONCLUSION

The ice should vibrate when a strong on-shore wind laterally compresses
the sheet. This same compressional force will tend to break loose the fast
shore ice and drive the ice ashore when winds are high enough during proper

melting conditions. 1In fact the waves themselves may act to loosen the fast

ice from the sea bottom by mechanically lifting the ice and by causing a
pumping action on the water under the fast ice.

Whether the movement of the ice can be predicted by monitoring the
vibration of the ice is as yet unknown. The data from one of the events
studied suggest that such predictions are possible; however more observations
are needed before any technique can be proposed.

The two solutions to the lossless case studied above suggest that two
entirely different modes are possible: (1) The higher frequency mode depends
primarily upon the stiffness of the plate, and (2) the lower frequency mode
depends almost entirely upon the membrane characteristics of the plate. The
presence of one line or the other may be of importance: That is, the sudden
change from the high frequency mode (periods of the order of 10 sec) to the
low frequency mode might indicate that a fundamental change in the ice sheet
had occurred.

The basic conclusion of this study is that further work--both experi-
mental and theoretical--needs to be done. Experimentally, more wave measure-
ments made during quiet and stormy periods, and during the annual ice movement
onto the beach are needed. Theoretically, the equation of motion of the system
needs to be determined and solutions obtained.
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C. Bathymetric Survey of the Barrow Area

During September, 1976 a bathymetric survey was conducted within the
field of view of the University of Alaska sea ice radar system at Barrow,
in order to provide data for interpretation of ridging patterns. A continuous
recording fathometer was installed for this purpose in the R.V. Natchick,
operated by the Naval Arctic Research Laboratory, and the position of the ship
during the survey was monitored by the radar system. Track lines are shown
in Figure 4, and the resulting bathymetric map in Figure 5.

The records acquired during the survey were examined by E. Riemnitz of
the U. S. Geological Survey, who pointed out that numerous gouges in the sea
floor were visible on the data (Figure 6). Accordingly, we attempted to
determine the distribution of gouges with water depth in the survey area.

The number of gouges which penetrated more than 1 foot into the sea
floor were identified and counted by selected intervals of water depth. The
length of ship track over each depth interval was identified, and an average
number of gouges per nautical mile of track was calculated for each such
interval. A plot of the results is given in Figure 7.

A total of 32.7 nautical miles of track was covered during the survey,
and most legs were run at a high angle to the coast. Thus, the counts are
probably biased toward gouges which are oriented parallel to the coast. Note
also that the relatively high number of gouges in the 95-99 foot depth interval
largely reflects counts in one small area, and may not be representative of
the average. However, gouges were found in depths to 120 feet, the limit to
which the survey was extended.

The sea floor was sufficiently rough that it was difficult to establish

an accurate datum from which to measure the depth of penetration of the gouges.
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However, it appears that most were in the range of 2-5 feet. The maximum
penetration observed was 9 feet.

Based upon the data shown, the change in gouge density across the 30
foot depth contour appears to be real, but the question of the significance

of variations in the remainder of the data requires further study.
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I. Summary of Objectives, Conclusions and Implications with Respect

to OCS 0il and Gas Development

The objective of this research unit is to develop a morphology of
near shore ice along the Beaufort, Chukchi and Bering coasts of Alaska,
and identify those features which may represent hazards imposed by ice
conditions on OCS oil and gas development.

The general conclusion is that near shore sea ice behavorial patterns
are similar from year to year thereby yielding some predictability in
terms of offshore sea ice hazards to oil and gas development.

The implications are that geographical zones of different design
and construction criteria can be established in the offshore areas
taking into consideration the probability of damage to the structure by
adverse ice conditions and the relative risk imposed to the adjacent

ecosystems,
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II.

Introduction

A. General Nature and Scope of Study. The overall objective of

this study is to develop a comprehensive morphology of near shore
ice conditions along the ice-frequented portions of the Beaufort,
Ckukchi and Bering Sea coasts of Alaska.

B. Specific Objectives. Specifically, this comprehensive

morphology will include a synoptic picture of the development and
extent of fast ice, the construction and location of pressure and
shear ridges, the location and persistence of grounded ice features
including ice islands, stamuki, ridges and hummock fields and the
interrelationships among these phenomena.

C. Relevance to Problems of Petroleum Development. The relevance

of this project to petroleum development should be considered in
terms of the three main phases of petroleum-related activities:
Exploration, development and extraction. Each phase has particular
ice-related problems.

1. Exploration. This work, mainly by seismic crews is being
carried out currently in the Beaufort Sea --- mainly from
fast ice. This reasearch unit has already acted in an
advisory role with an oil firm sending seismic crews out
on the fast ice. The chief problem here is the relative
stability of the ice and the safety of the crews and
equipment. Through compilation of persistence values for
near shore ice and determination of the relationship of
those persistence values to grounded ice features and
other factors responsible for ice stability, predictive
methods will be developed to determine ice safety in
specific areas at specific times.

2. Development. During this phase of petroleum-related
activities, permanent structures are constructed for
drilling of permanent wells and extraction facilities.
Collector pipelines are laid and other permanent facili-
ties are constructed. The considerations involved in the
placement of these structures include the probability of
ice piling around and upon man-made islands, ridge keel
gouging of pipelines and also the effect of the facility




on the morphology of near shore ice and this in turn on
the quality and nature of habitats.

The information provided by this research unit will
obviously yield information about ice piling and the
probability of gouging. Through the development of a
morphology of near shore ice including the dynamics of
ice behavior near natural obstructions to ice motions, we
hope to provide descriptive models of the impact of the
creation of man-made islands on the morphology of near
shore ice. This can then in turn be related to impact on
near shore habitats.

3. Production. This phase of petroleum-related activities
would take place over a span of many years. Within this
period the greatest environmental problem would be the
danger of an oil spill which would become incorporated
into the ice. This research unit, through analysis of
the fate and trajectories which would be taken by site
specific spills will provide information concerning the
favorable location of production facilities and anti-
cipate the techniques which may be required to deal with
specific spills through prediction of the ice behavior to
be anticipated in the location of the spill.

IIT. Current State of Knowledge

With the exception of site-specific studies performed by other
investigators, this report represents the state of knowledge of the
coastal-wide morphology of the near shore ice conditions outlined in

section II.B. above.

IV. Study Area

The area under study by this research unit is the near-shore coastal

zone (to depths of 100-meters) of the Beaufort, Chukchi and Bering Seas.

V. Sources, Methods and Rationale of Data Collection

The chief source of data used by this research unit is Landsat

imagery. The reasons for this are that Landsat is highly repetitive and
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produces a relatively high resolution map-quality product. Other data
used include NOAA satellite imagery, side-looking radar imagery and
aerial photography.

Side-looking radar imagery would be utilized a great deal more if
it were obtained during the winter period when Landsat imagery is not
available and if quality control were performed.

The rationale of the data collection technique is to be able to map

near shore ice conditions on a comprehensive basis as often as possible.

VI. Results

In order to reduce the information contained on the individual near
shore sea ice condition maps made of each Landsat image to a form which
can be utilized by regional planners and other disciplinary studies, the
following composite maps have been compiled.

A. Chukchi Sea

1. Contiguous Ice Edge Maps

a. Yearly Ice Edge Maps: For each year a single map is
produced showing the edge of contiguous ice for each
useful Landsat cycle. Hence, the map for 1976 shows the
edge at four different times during the 1975-76 ice
season.

b. Seasonal Ice Edge Maps: The ice year has been
broken into seasonal groupings; late winter, mid-
spring and late spring and the ice edges most nearly
representing each season for each year drawn. As a
result the late winter ice map contains data for
each year.

c. Seasonal Average Ice Edge Maps: Each seasonal map
is reduced to a solid line representing seasonal
mean ice edge and two dotted lines indicating average
observed variations about the mean.
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d. Seasonal Migration of the Average Ice Edge Map: The
seasonal means from each of the three Seasonal Average
Ice Edge Maps have been drawn together on one map to
show the migrations of the edge of contiguous ice
from season to season.

Ridge System Maps

a. Yearly Ridge System Maps: All ridge systems identi-
fied on each year's maps are collected on one map
for each year.

b. Composite Ridge System Maps: This map shows all
ridges observed in the Chukchi Sea to date.

Ice Morphology Map

Based on data from the maps described above, and
other morphological information obtained from the Landsat-
based sea ice maps, an annotated descriptive sea ice map
of the Chukchi Sea has been compiled.

Beaufort Sea

l.

Contiguous Ice Edge Maps

a. Yearly Ice Edge Maps: For each year a single map
is produced showing the edge of contiguous ice for
each Landsat cycle. (Note: The absence of late
spring and summer data in these maps is discussed
under "VII" Discussion".

b. Seasonal Ice Edge Maps: The ice year has been
broken into seasonal ice groupings; for the Beaufort
Sea edge of contiguous ice only one map exists at
this time --- that for late winter.

Ridge System Map

a. Yearly Ridge System Maps: All ridge systems identi-
fied on each year's maps are collected on one map
for each year. .

b. Composite Ridge System Map: This map shows all
ridges observed in the Beaufort Sea to date.

Ice Morphology Map

Based on data from the maps described above and
other morphological information obtained from the Landsat-
based sea ice maps, an annotated descriptive sea ice map
of the Beaufort Sea has been compiled.
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C. Bering Sea

1. Contiguous Ice Edge Maps

a. Yearly Ice Edge Maps. For each year a single map
is produced showing the edge of contiguous ice for
each Landsat cycle. (Not reproduced in this report
because of lack of preparation time —-- see map 'C"
under this heading for final result.)

b. Seasonal Ice Edge Maps: The ice year has been
broken into seasonal ice groupings; winter, late
winter, early spring and mid to late spring. The
average contiguous ice edge for each seasonal grouping
is shown.

2. Ice Morphology Map

Based on data from the maps described above and
other morphological data - including ridges - obtained
from the Landsat-based sea ice maps, an annotated descrip-
tive sea ice map of the Chukchi Sea has been compiled.

VII. Discussion

The careful reader of this report will note that analysis of ice
conditions in the Chukchi Sea is more advanced than analysis of the
Beaufort and Bering Sea ice although the Chukchi Sea work was started
later. The reason for this is the several questions were raised about
the formation of the near shore ice sheet during the early analysis of
Beaufort Sea ice. Chiefly, these questions arose because by February,
when the first Landsat imagery becomes available, the near shore ice
sheet has already formed in the Beaufort Sea and the active edge of ice
is usually well beyond any grounded ice structures. In the Chukchi Sea,
although much grounded ice has already formed by February, the active

edge of ice advances and retreats during this period. And, because of

the highly varied Chukchi shoreline and bathnymetric configuration as




well as the much more dynamic ice behavior, a wide range of conditions
are exhibited there for analysis. Therefore, the Chukchi Sea ice con-
ditions were analyzed in detail first.

Because of the general rather loose utilization of the term 'fast-
ice" or "shore fast-ice'" we have had a strong inclination to not use the
term. For that reason the term "contiguous ice'" was invented. Contiguous
ice has been used to identify ice which is contiguous or adjacent to the
shore and continuous to the first identifiable break. At times in the
Beaufort Sea - particularly early spring - contiguous ice can extend
well beyond grounded ridges and indeed even beyond the area mapped in
this study of near shore ice. For this reason there are few late winter
and early spring maps showing the limit of contiguous ice --- it may
have been beyond the area mapped.

Contiguous ice limit maps hav¢ not been made for late spring and
summer in the Beaufort Sea because melting adjacent to the shore breaks
continuity of the ice. Still, large expanses of ice - presumably held
in place by grounded ridges - remain stationary offshore even until mid-
July. During the next quarter we intend to produce maps recording this

phenomena.

VIII. Conclusions

The conclusions to date arrived at by this project are summarized
by the annotated '"Ice Morphology Maps'" for the Beaufort, Bering and
Chukchi Sea areas. However, some rather general comments can be made

which although contained on these maps should be emphasized.
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The Beaufort Sea coast is generally ice bound from November until
July. Many large grounded features responsible for anchoring near shore
ice are formed early in the ice year (November - December). Occasionally
large lead systems generally parallel to the coast develop and through
freezing and reclosing with shearing motion build large massive shear
and pressure ridge systems --- generally offshore from the earlier,
well-grounded systems. These latter ridge systems are either not grounded
at all or are only poorly grounded. As mentioned earlier, occasionally
no motion in ice off the Beaufort coast takes place for long periods of
time. During those periods contiguous ice can extend seaward over a
hundred kilometers.

During this period, offshore seismic exploration has been performed
by oil firms operating from the Prudhoe Bay area. To date they have
apparently confined their activities to fice within the barrier of grounded
ice. However, this barrier appears to be much stronger in some areas
than others. At least once, a shearing event occured which resulted in
fracturing of contiguous ice within this zone just shoreward of a portion
of the grounded ice barrier which has consistently given evidence of
being poorly grounded. Our conclusion is that gome of these exploration
activities are being performed in hazardous areas.

The Beaufort Sea Ice Morphology Map shows a broad zone offshore
where ridging takes place. Inshore of this zone 1s an extensive area of
well-protected relatively smooth ice located over shallow water. Major
sea ice hazards have not occured within this zone during the period of

observation of this study. The ridging zone extends well beyond the 10-

fathom isobath and the stable edge of contiguous ice. Inshore from the




edge of contiguous ice conditions are also reasonably stable but the
area is obviously the site of ice piling and shearing events. Beyond
the average edge of contiguous ice major shearing events can take place
at any time during the ice year.

One word of caution should be said about all these conclusions:
They are based on observations since the winter of 1973 and it is likely
that the conditons observed do not represent a good statistical sampling
of Beaufort Sea ice conditions. For instance, during this period of
observation the melt season weather conditions have been reasonably
mild. Near shore ice has broken up and melted in place. Grounded ridge
systems have slowly broken contact with the sea floor and drifted away.
We have not had the opportunity to access the potential hazard created
if a major storm were to occur during this period when great quantities
of highly mobile ice are present in the near shore areas.

The Chukchi Sea Ice Morphology Map has a much different appearance
than does the Beaufort Sea Map. One major reason for this is the oppor-
tunity for ice to move out of Bering Strait. All during the late winter
and spring period, ice moving events take place along the Chukchi coast,
often creating shear ridges along shoals jutting seaward from the string
of capes and headlands which are so prominent along that coast. In-
creasingly as one travels to the south, the edge of contiguous ice
between headlands is more poorly defined and the ice contained is more
prone to seaward motion leaving areas of open water behind. In general,
there is often a lead system extending the length of the coast from

Barrow to Cape Lisburne.
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Just south of Cape Lisburne and north of Point Hope is an area with
a constantly reformed polynya. The persistance of this polynya has been
documented as part of the summary of fourth quarter operations attached
to this report.

South of Point Hope the effect of ice motion out Bering Strait is
even more prominent. Another recurring polynya occurs just southeast of
Point Hope formed by southward ice motion.

Kotzebue Sound is generally covered by stable ice during much of
the ice year, but the presence of a zone of weak and often moving ice
just seaward hints that this sheet of ice is probably potentially unstable.

At the southern end of the Chukchi Sea is Bering Strait. Just
north of the Strait is a large system of shoals where large extensive
shear ridges can be built during ice motion out the Strait.

Ice behavior along the Bering Sea coast is heavily influenced by
the continuous presence of open water to the south and the increasingly
greater tidal range as one travels from north to south. Off Nome is one
of the few places where contiguous ice extends seaward of the 10-fathom
isobath. This condition is probably the result of the presence of
Sledge Island to the west. To the east, in Norton Sound, ice is almost
constantly moving out of the Sound toward the Bering Sea. Within the
Sound, contiguous ice is found in areas protected from this movement
pattern. At the head of the Sound, Norton Bay is almost always covered
with contiguous ice. At the entrance to the Bay there is almost always

open water or new ice formed by the outward motion of ice from the

Sound.




The broad Yukon Delta lies at the southern side of the mouth of
Norton Sound. Shallow waters extend considerable distances in all
directions. Occasionally ice motion out of Norton Sound creates shear
ridges along the north side of the Delta.

To the south, contiguous ice is generally found on mud flats and
shallow areas no deeper than two to three fathoms below mean lower low
water.

Even further south, along the north coast of Bristol Bay, con-
tiguous ice is found only in well-protected shallow areas. Presumably
the great tides in this area are responsible for this phenomena. Bristol
Bay is usually filled with new to late young ice. New ice is constantly
being formed along the north side of the Bay and becoming thicker as it
moves seaward. On one occasion very extensive shear ridges were observed
to be created along the Alaska Peninsula coast of Bristol Bay by motion

of the Bristol Bay ice.

IX. Needs For Further Study

The major effort of this project to date has been to map sea ice
conditions using Landsat imagery as a main source of information. The
resulting maps are to be used by this project as a means of developing a
morphology of neér shore sea ice conditions and are provided to other
investigators as a source of information regarding sea ice conditions
which may be of value to their work.

The main thrust of this research unit has been the mapping of sea
ice hazards related to offshore petroleum exploration, development and

production. Principally, this requirement is being met through statisti-
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cal compilation of infomation regarding the edge of contiguous ice and
location of pressure and shear ridges. Map products showing this infor-
mation for entire coastal areas have been produced from the individual
Landsat-derived maps.

Other investigators, on the other hand, seem to require other
information which could also be derived from the individual Landsat
maps. This other information includes:

1. Mapping of leads and the determination of persistence values
for leads used as migration paths.

2, Mapping of polynyas and the determination of persistence
values for polynyas used by aquatic animals.

3. Mapping of flooding in near shore areas and determination of
statistical data for each flooding area.

4, Mapping of spring and summertime open water in near shore
areas and determination of persistence values.

This information can be derived from the Landsat-based maps in a
similar fashion to the hazard-related products. However, at this time,
these subjects are not included in the work statement for this research
unit, and because a significant quantity of time would be required to
produce these secondary products we do not propose to prepare them
unless instructed to do so.

Also, other hazard-related subjects have been brought to our at-
tention which we do plan to address in the near future. Chief among these
is the trajectory taken by an oil spill incorporated into the ice. Because
of the quite different near shore ice morphologies in the Beaufort Sea,
Chukchi Sea, Northern Bering and Southern Bering Sea area, these trajectory
considerations will require site-specific analyses. This work would
help fill one the 'gaps' identified at the Beaufort Sea Synthesis meeting.

(Gap #3 under 'physical", page 13, Arctic Project Bulletin #13).
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X. Summary of Fourth Quarter Operations

A. Ship or Laboratory Activities

1. Ship or field trip schedule - None
2, Scientific party - None

3. Methods: Sea ice maps prepared from Landsat imagery by
overlaying 1:500,000 scale black and white Landsat print
with acetate and tracing ice boundaries. The details of
this method were described in earlier quarterly reports.

4. Sample localities -~ None

5. Data collected or analyzed: This quarter the 1975-1976
Beaufort Sea and Bering Sea near shore Landsat data was
mapped from hardcopy band 7 imagery at 1:500,000 scale.
Particular care, described in earlier reports, has been
taken to locate ice features as well as the bathymetric
10-fathom isobath. Half-size (1:1 million scale) repro-
ductions of these maps are reproduced as part of this
section of the report as Appendix A.

6. Milestone Chart and data submission schedules (see next
page). We have changed the completion date for com-
pletion of data products related to the previous year.
There are two reasons for this: TFirst, it now takes
nearly four months to obtain Landsat data; second, we
have found it highly advantageous to analyze an entire
year's imagery at one time. Hence, in order to analyze
the 1976 ice data for the Beaufort Sea, it was December
before the data for July and August could be obtained.
The resulting maps are included in this report. The
Beaufort Sea summary maps will be featured in our next
quarterly report.

B. Problems Encountered/Recommended Changes

We recommend that side-looking radar data of near shore
ice conditions be obtained in the Beaufort Sea during November,
December and January and that disciplinary scientists from
this and other research units be on hand at Barrow to establish
quality control, coverage and related parameters.

C. Estimate of Funds Expended

See Geophysical Institute Business Office Financial
Report.
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APPENDIX A

ICE SYMBOLS USED AND THEIR MEANING

Listed below are the symbols used to map near shore ice conditions from
LANDSAT imagery. This list of symbols has evolved during the mapping project
and reflects ice conditions which can be detected on LANDSAT imagery as well
as those ice conditions considered important in the understanding of near

shore ice dynamics.

A River Overflow

B Boundary

Bn Broken New Ice

Bpn Broken Pans and New Ice

Bpy Broken Pans and Young Ice

By Broken Young Ice

C Contiguous Ice

Cf  Fractured Contiguous Ice

Used to denote areas where river water
has overflowed onto sea ice.

Denotes boundary between what appears to
be two different ice conditions even
though the two ice conditions may not
be differentiated by the definitions
used.

Sheet of new ice which has been broken -
usually into an irregular pattern.

A sheet of young or first year ice is
broken into pans followed by the freezing
of the voids to the new ice stage, followed
by the breaking of this entire matrix.
Several cycles of this process may be
evident, but the most recently-formed

ice has developed to the new ice stage.

A sheet of young or first year ice is
broken into pans followed by the freezing
of the voids to the young ice stage
followed by the breaking of this entire
matrix. Several cycles of this process
may be evident, but the most recently-
formed ice has developed to the young

ice stage.

Sheet of young ice which has been broken -
usually into an irregular pattern.

Ice stationary and continuous from shore
without apparent fractures. This ice is

at the time of observation fast with respect
to the shore. The symbol is placed within
large expanses of such ice and along the
landward side of the seaward edge of such
ice. Contiguous ice is not necessarily
bounded on the seaward edge by grounded ice
and can therefore extend seaward con-
siderable distances.

Contiguous ice which although not separated
from shore by an open lead, is fractured by
leads - often perpendicular to the shore.
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Fy

Fyb

Decayed Ice

Floe

Floes in Water

First Year Ice

First Year Broken

Grounded
Hummock Field

Young Ice

Lead

New Ice

Newly Frozen Lead or Polyna

014 Frozen Lead

Partly Frozen Lead

Rotting or decaying ice, characterized by
a dark mottled effect indicating holes
and puddling.

Separately identifiable ice floe. Symbol
used to denote floes distinctly visable
against background even when completely
frozen into surrounding ice.

Open water with numerous floes of various
sizes (see "Up").

Ice cover of age and thickness beyond "young"
stage. Used principally to denote large
expanses of ice in either contiguous or off-
shore category. May be composed of single
sheet, many pans frozen together, or many
pans frozen together, or many pans compressed
and frozen together. Thickness on the order
of 30-70 cm.

A broken or fragmented expanse of first year
ice.

Ice which clearly appears to be grounded.
Large expanses of piled ice.

Ice appearing light grey on LANDSAT imagery.
Can be single sheet or exhibit a variety of
conditions (broken, compressed, rafted, etc.).
Thickness of the order of 10-30 cm.

A lead, usually open, but may be so narrow
that this can not be determined. Large leads
denoted by two lines showing boundaries,
narrow leads denoted by single line.

Characterized by dark shade of grey, smooth
texture, may exhibit a number of conditions
(see I). Thickness on the order of 0-10 cm.

Either new or young ice. Symbol usually
written within distinct boundary.

A lead with ice sufficiently old to
have either turned light grey or be covered
with snow.

Partly frozen lead. Ice conditions not
uniform (as distinct from M) and may vary
from new ice to late stages of young ice.
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Pn

Py

Up

Pans in Matrix of New Ice

Pans in Matrix of Young Ice

Ridge

Smooth Ice

Tidal or Tension Cracks

Unconsolidated Pack

Water

Polynya

Zone of Shear

A sheet of ice has broken into pans and
the surrounding water has frozen to the
new ice stage.

A sheet of ice has broken into pans and
the surrounding water has frozen to the
young ice stage.

Denotes shear or pressure ridge or system
of ridges.

Usually used to denote featureless ice of
uncertain age in protected areas.

Cracks in near shore ice opened by either
tidal action or thermal tension. Identi-
fication may be indirect (snow drifts, drain-
age pattern, etc.).

A broken sheet of ice of any age beyond
young ice which has been compressed to
the point that open water voids are quite
small but are not frozen over (see Fw).

Open water - symbol ofter used to denote
specific area enclosed by line.

More specific than W. Most often used to
denote area of open water on lee side of
obstruction.

Symbol used to denote location of apparent
shearing motion on image. The symbol may be
specifically located on a lead where shear-
ing motion is taking place, a closed lead
where shear piling of ice is apparently
occurring or in an ice field where
characteristic pattern of leads caused

by shearing forces can be seen.
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Scenes E2284-21035 through 2290-21381

These scenes from the second through the eighth of November, 1975
show the Beaufort coast of Alaska shortly after freeze-up. Of parti-
cular interest are the large grounded hummock fields offshore between
Oliktok Point and Prudhoe Bay. These features were created during late
winter, 1975 and remained in place during the 1975 melt season. At this
time these grounded hummock fields are serving as anchor points for a
large sheet of ice between their location and the coast. The grounded
hummock fields were created as shear ridges at their present location
sometime after March 6, 1975. The ice held in place by these grounded
features extends considerably far seaward of the 10-fathom isobath. However,
this configuration is not unusual in this vicinity and reoccurs yearly.

To the east, the boundary of contiguous ice is determined by a
meandering lead system which is also located quite far seaward of the
10-fathom isobath. However, the apparent boundary of grounded ice is
indicated by a large ridge system which angles shoreward -~ crossing the
10-fathom isobath off Cross Island and finally coinciding with the 10-
fathom isobath off the mouth of the Canning River. This occurrence is
also not unusual in this vicinity.

North of Oliktok Point it can be seen that the grounded hummock
fields in that vicinity are located near shoals above the 10-fathom
isobath and seaward extensions of the 10-fathom isobath. Landsat data
for other years has also revealed grounded hummock fields in this vicinity.

Progressing to the west side of Harrison Bay as seen on Landsat
scenes at the end of this sequence, shows the seaward edge of contiguous
ice located along an opening lead just seaward of a string of shoals
above the 10-fathom isobath. This situation continues to and beyond

Point Barrow where the 10-fathom isobath makes an abrupt 90° turn to the

southwest.
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Scenes 2388-20394 through 2398-21364

Starting in the extreme east, an extensive system of ridges span
the broad embayment west of Barter Island. Off Barter Island this
system of ridges becomes tangent to the 10-fathom isobath. There is
little doubt that these ridges are grounded at that location.

West of Barter Island the ridge system fans out and fills the space
between the 10-fathom isobath and the 10-fathom shoals further offshore.
Proceeding to the west, the ridge system separates into two ridge systems
separated by several kilometers when opposite the Canning River and
returning together in the area off Prudhoe Bay. The more shoreward of
the two ridges follows the 10-fathom contour while the more seaward caps
the embayment created by the Barter Island headland on the east and the
area of shoals and grounded hummock fields off Harrison Bay on the west.

The previous sequence of images described shows that the inner
system of ridges was in place the previous November. Apparently the ice
within this boundary has been undisturbed during this interval and has
merely grown in thickness. West of Harrison Bay the innermost ridge
system continues to follow the line of shoals seaward of the 10-fathom
isobath.

At Point Barrow the edge of contiguous ice is defined by an active
lead system along the Chukchi coast and extending on into the Beaufort
Sea in a direction nearly parallel to the Chukchi coast. This large
lead is the only open water observed on this entire sequence of images.
Hence, contiguous ice in the entire Beaufort Sea extended far seaward of

grounded ice features during this time.
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Scenes 2409-20561 through 2415-21300

Considerable shear has taken place along the Beaufort coast - in
many locations right up to apparently well-grounded ice. In many places
shear ridges formed at earlier times have been broken up with the ice.
For the most part, the boundary of contiguous ice is now defined by the
most shoreward of the large ridge systems identified on the November
imagery for this ice year (1975-76).

The ice cover on the ocean has been considerably broken by the
recent ice-moving event. West of Harrison Bay, on the scale viewed by
Landsat, the pans and floes near the stationary ice appear shattered and
ground up compaired to the floeg further seaward. This ground up zone

is approximately 10 to 20 km wide.

77




140°

KILOMETERS
O__10 20 30 40 50
o I s O s

SCALE APPROX 11,000,000

1477 146
E=~2400-20561-7

6 MARCH 1978

'BEAUFORT SEA

Figure 3a

78




BEAUFORT SEA

Figure 3b

— I s I |

SCALE APPROX 11,000,000

79

Bpn /
B /
P /’ r~
_ 7
\,./’——’ \) ///Z/"’,//, !
) / e 7 \b - , "
Z g7 ( ’ AL
- ~ _Sh /’ <L S
~C N\~ / \ Z 7 ’/ 'V
_O/C- Y xv - /4/\5 / i/,’"’ /\OQ-?_C\.
. -4
)
C L U 4 ﬂ"\ =QD- /
DS S --
“»
. oug - YV, P20
o~ P i 4 :
~ 3 -
- 70
Oiktok Pt.
i “
1, MZ/
&
H
aﬁ’s
157 150 ue
KILOMETERS 5441:;0;:
0 100 20 30 40 50 "



70

//Z‘)r
/ PaWed
/?éjlfjfa’
7 25"
B - ] -
Py PR A 7 '
d A oy N/
-~ C \\- A\~*\ :‘ '~
an / ' C - A_\J' e
_/mﬂ - B// ° =
Z:/’{","/’—ﬁ - i
/C I\ Y C) .
- - .
- ﬂ"“ ‘--'\ '::M"
. Y Bey
P
-\ liktok Pt,
iz
o -\l
Colville River
1582° 157 150°
KILOMETERS E-2412-21132-7
O 10 20 30 40 50 ® MARCH w76
L )]
= B BEAUFORT SEA

SCALE APPROX 1:1,000,000

Figure 3¢

80




155° 154 153°

KILOMETERS £-2414-21242-7
O 10 20 30 40 50 " ’;g:f::;o
" 4 =4 BEAUFORT SEA

SCALE APPROX 1:1,000,000 Figure 3d

81




n

76%

E-2415-21300-7
KILOMETERS ~21303-
M 1978
0O 10 20 30 40 50 12 MARC
T )

— T e B BEAUFORT SEA

SCALE APPROX 1:1,000,000

Figure 3e

82




|

70 0

KILOMETERS

0 1020 30 40 50

o I e

SCALE APPROX 1:1,000,000

107

BEAUFORT SEA

Figure 3f

83

15¢'

E2418-213617
13 MARCH W8



84

BEAUFORT SEA

31 MARCH to 17 APRIL 1976

IMAGES: 2435-2452

Figure 4




Scenes 2442-20382 through 2452-21350

The eastern end of the Beaufort Sea is again frozen solid with no
sign of the recent ice breaking event. Ridges formed before November
remain in place. Between the 8th and 10th of April pack ice motion
takes place. The regulting leads lie mainly far offshore except east of
Barter Island where one small lead angles shoreward and then follows a
previously existing ridge system to the east along a line close to the
10-fathom isobath.

Between Barter Island and Harrison Bay, the recently-formed lead
systems remain quite far seaward until the fourteenth when new dis-
placements take place. At this time, a large lead opens as a result of
an eastward displacement of the pack ice. This lead continues to open,
following the shoals above the 10-fathom isobath west of Harrison Bay
quite closely.

Off Admiralty Bay this large lead is still opening on April 17 yet
previously created portions have frozen over and thickened considerably.
However, the next image, for the 18, shows that the lead has now closed
again somewhat. Late spring aerial observations have ofteﬁ been made of
large frozen leads in this area which have shown evidence of slight

closing after formation of relatively thin ice.
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Scenes 2538-21095 through 2543-21382

By this time (mid-July) the pack ice is highly fractured and con-
tains many small open areas. At the same time, river overflows near
shore have helped melt vast expanses of ice just adjacent to the coast.
Although the large grounded hummock field in Harrison Bay is still in
place, the ridge system extending from the hummock field toward Cross
Island has been broken by several leads. This portion of the ridge
system was located in waters over 10-fathoms. This event is further
evidence that the 10-fathom isobath is near the limit of grounded ice.

Between the pack ice and open water near shore is a considerable
expanse of decayed ice held in place by the grounded ridges. Field
observations showed that much of this ice consisted of very dirty floes
which were very likely relics of the previous ice year. During the
period of observation of this sequence several leads are opening in the

decayed contiguous ice.
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Scenes 2549-20295 through 2558-21204

These late July and early August scenes show the near shore ice in
advanced stages of decay and break-up. Nearly all ice inshore of the
grounded ridges has melted. Beyond the grounded ridges the ice is
defined by the category "FW" - floes in water. The grounded ridges
themselves show signs of breaking up and moving at least short distances.
The extensive grounded ridges off Harrison Bay have broken up and are
now drifting. A small area approximately 10 by 30 km in extent offshore
between Harrison and Prudhoe Bays containing two major ridge systems
appears to have not yet broken up.

West of Harrison Bay the east-west ridge system lying just seaward
of the line of shoals above the 10-fathom isobath has broken up and
drifted away. Since the November sequence this ridge system had been

the edge of contiguous ice.
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Scenes 2392-21051 through 2401-21553

This second sequence of Landsat scenes for 1976 was obtained two
and one half weeks after the first sequence. During this interval the
major change in near shore ice conditions along northern Bristol Bay has
been growth of the contiguous ice in the shallow embayments.

Kuskokwim Bay shows contiguous ice only on very shallow mud flats
and some indications of rafting away of ice in inlets. Norton Sound ex-
hibits evidence of almost constant ice motion out of the Sound and into
Bering Sea. Contiguous ice is not correlated well with Batnymetry - - -
physical protection appears to be a much more important controling
factor. Most of the contiguous ice is young ice lying in protected
embayments around the edges of the Sound. While the center of the Sound
is filled with a column of very new ice originating at to open water at
the head of the Sound, and growing to young ice at the entrance to the
Sound. Apparently, this column has been moving seaward out of Norton
Sound in increments for some time.

Although considerable ice motion appears to take place through
Etolin Strait, no large grounded shear ridge systems appear to have been
constructed and contiguous ice on both sides of the Strait is confined
to shallow areas far inshore from the 1l0-fathom isobath.

At the mouth of Norton Sound ice exiting the sound is encountering
ice in Bering Sea. As a result, floe grinding is taking place in a
rather narrow shear zone approximatly 30 km north of the mouth of the
Yukon River. Shear ridges are apparent on the imagery on both sides of

this zone.
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Scenes 2375-21127 through 2384-22014

These scenes show the Bering Sea coast during early February, 1976.°
Scene 2375 shows contiguous ice along the Northern Bristol Bay coast
only in highly protected embayments where mean lower low water depths
are on the order of one-fathom. Daily tidal variations in this area are
on the order of three-fathoms.

In the Norton Sound area the correlation between the edge of conti-~
guous ice and the 10-fathom isobath is rather poor; approximately 50 km
east of Nome is a rather large embayment where depths are considerably
less than 10-fathoms yet a polynya is open near shore and large expanses
of new ice (M) are found seaward. At Nome, however, contiguous ice
extends considerably seaward of the 1l0-fathom isobath. No signs of
ridges can be seen on the imagery for this period.

South of the mouth of the Yukon River, contiguous ice is found on
mud flats less than a couple of fathoms below mean lower low water - in
some places extending 10 km or more seaward.

Farther west, similar non-correlations between depth and location
of contiguous ice can be found - particulatly in the vicinity of Port
Clarence. Scene 2382-21502 shows a very interesting feature worthy of
note: Sledge Island and asgociated shoals located several km offshore
at the point where the coastline bends from generally east-west at Nome
to northwest -southeast, may be responsible for the shelf of contiguous

ice in waters deeper than 10-fathoms off Nome.
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Scenes 2447-21101 through 2455-21535

This sequence shows Bering Sea ice conditions .for mid-April, 1976.
Along the north coast of Bristol Bay contiguous ice is confined to very
shallow areas (v 1-fathom) in well-protected inlets, and other protected
areas such as the north coast of Hagemeister Island. In Kuskokwim Bay
the situation is somewhat similar; contiguous ice is only found on mud
flats barely below mean lower low water.

In Norton Sound the situation is similar to the previous two Landsat
cycles describeq for this year; contiguous ice is located in protected
areas while new ice is cénstantly being generated and moved outward from
the sound. A large area of new ice (M) has just formed in a recently-
formed open area at the head of the sound. 1In two days the ice at the
head of the sound was driven considerably far toward the mouth of the
sound creating considerable compaction in the area north of Stuart
Island.

Around the mouth of the Yukon River, contiguous ice lies on the mud
flats well within the 10-fathom isobath. This condition continues down
the coast toward Nunivak Island. Around Nunivak Island contiguous ice
is found in protected areas well within the 10-fathom isobath - with the
exception of one area: This exception is found on the south side of the
island where, protected by a large area of shoals and residing on the
lee side of the island, contiguous ice extends seaward in an area where

the 10-fathom isobath meets the shoreline.
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ON THE FEASIBILITY OF A SHIP LOADING
FACILITY AT CAPE DYER OR CAPE THOMPSON, ALASKA

There are no ports along Alaska's northwest coast. Further, that
coast is the site of rather severe ice conditions. There is a good
possibility that in the near future resource exploitation in the north-
west region will require year-round ship loading facilities.

In the absence of a suitable port, near-shore loading facilities
for commodities such as coal and oil might be built in locations where
deep waters are located sufficiently close to shore for such structures
to be economically feasible. However, because of the severe ice con-
ditions along this coast, it would seem that even this sort of Toading
facility would be out of the question.

Generally speaking, wind-driven ice builds massive shear ridges
along coastal headlands parallel to ice motion. Many of these ridges
are grounded in water 60-feet deep and extend over 20-feet above sea
level. Maintenance of an offshore Toading facility in the presence of
these conditions would be difficult if not impossible. The most likely
locations for offshore Toading facilities are locations where deep water
is found close to shore and severe ice conditions are at a minimum.

As part of an extensive near-shore ice survey two likely Tocations
for such facilities have been located. Both of these locations are
found at the extreme western end of the Brooks Range. They are: Cape
Dyer, located between Cape Lisburne and Point Hope, and Cape Thompson,

located southeast of Point Hope.
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Cape Dyer is on a north-south oriented portion of coast open to the
sea to the west and northwest. Cape Lisburne offers protection to the
north while the large spit at Point Hope gives protection from the south
and southwest. Steep cliffs at Cape Dyer apparently extend to a depth
of 7 to 8 fathoms offering the possibility that ships could be Toaded
directly from boom-Tike structures extending from shore.

Examination of Chukchi Sea satellite images from 1973 to the present
(1977) indicates that the normal ice motion in the vicinity of Cape Dyer
is west of south following the tangent between Cape Lisburne and Point
Hope. Water depths are too great along this tangent for grounding of
any shear ridges to take place. Close examination of satellite images
of Cape Dyer on seventy occasions shows that ice does form in this
indentation but it is often carried out to sea with the ice pack, driven
by east and northeast winds which push the ice pack out Bering Strait.
Hence, even the shore-bound annual ice does not attain the six-foot
thickness usually attributed to full-season annual ice.

Although shearing motion cannot take place along Cape Dyer, ice can
be driven into the shore from the west and northwest. Fortunately, the
extreme wind speeds from these directions occur less frequently than from
other directions, and the sum of wind frequency from the west and north-
west is only ten percent. Corresponding to this, one occasion was observed
on satellite imagery when large pans of ice were driven into the shore at
Cape Dyer. This episode certainly would have made ship loading operations
difficult during the event. However, direct observations as well as wind

records indicate that this is a rare occurrence.
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Cape Thompson is located to the south, on the opposite side of Point
Hope, on a northwest to southeast tending portion of the coast. It is even
better protected from normal shearing events than Cape Dyer, but is open to
ice motion from the west to southeast. Further, although Cape Thompson also
consists of cliffs extending beneath the ocean, available charts indicate
water depth there of Tess than thirty-feet. While ten percent of the winds
at Cape Dyer could cause adverse ice conditions, at Cape Thompson twenty-two
percent of the winds are in this category. Beyond that, the greatest winds
observed in that area - 70 mph - have been from the southeast and could pos-
sibly cause shearing along the coast at Cape Thompson. During the five years
of satellite observation, no such event was witnessed. However, although a
large polynya exists just to the south of Cape Thompson (created by south-
ward motion of the Chukchi ice) there is always a small shelf of ice at
least a kilometer wide extending seaward from Cape Thompson. The nature
of this ice is not obvious (first year smooth ice, shear ridges, etc.)
from satellite imagery. It is quite possible that because of this near-
shore ice and the shallow water that a ship loading facility at Cape
Thompson would necessarily include a bottom-founded offshore structure.

Thus, of the two Tocations, it would appear that Cape Dyer is the
better location for a shore line ship loading facility. However, during
wind conditions that create the greatest hazards for approach to Cape
Dyer, the polynya at Cape Thompson is enhanced - thus offering ships
awaiting approach to Cape Dyer around Point Hope an ice-free place to

wait.
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CAPE DYER

Date Scene I. D. Comments

1973

6 Mar, 1226-22160-7 Young ice - large pans offshore

7 Mar. 1227-22212-6 Not shown - large pans offshore

7 Mar. 1227-22214-6 Young ice - large pans offshore

8 Mar. 1228-22270-7 Young ice - large pans offshore

8 Mar. 1228-22273-7 Young ice

11 Mar. 1262-22160-6 Open water

12 Mar. 1263-22212-6 Still water

17 May 1298-22155-7 Even more open

19 May 1300-22265-6 Open water

19 May 1300-22271-6 Open water

4 June 1316-2253-7 Clouds

23 June 1353-22210-6 Open with occasional pans

24 June 1336-22262-7 Open

1974

1 Mar. 1586-22104-7 First year ice frozen in place

2 Mar. 1587-22162-6 First year ice frozen in place

3 Mar. 1588-22214-7 N.S.

3 Mar. 1588-22220-7 First year ice frozen in place

4 Mar, 1589-22272-6 First year ice frozen in place

4 Mar, 1589-22275-6 First year ice frozen in place

5 Mar. 1590-22331-7 N.S.

19 Mar, 1604-22102-7 First year ice covered with dirt

20 Mar. 1605-22160-7 First year ice covered with dirt

23 Mar, 1608-~22325-6 N.S.

6 Apr. 1622-22100~7 Narrow band of ice with water offshore

7 Apr, 1623~22154-7 Narrow band of ice with new ice offshore
8 Apr. 1624-22210-7 Narrow band of ice with new ice offshore
9 Apr. 1625-22264-6 Narrow band of ice with water offshore
27 Apr. 1643-22261-7 Narrow band of ice with broken ice offshore
13 May 1659-22144-6 Narrow band of ice with open water offshore
14 May 1660-22200-6 Narrow band of ice with open water offshore
17 June 1694-22080-6 Open water with pack ice offshore

18 June 1695-22134-7 Open water

7 July 1714-22182-7 Open water

1975

24 Feb. 1946-21585-7 First year ice

25 Feb. 1947-22040-7 N.S.

25 Feb. 1947-22043-7 First year ice

26 Feb. 1948-22094-7 First year ice

26 Feb. 1948-22101-7 N.S.

27 Feb. 1949-22152-7 N.S.

27 Feb. 1949-22155-7 N.S.

14 Mar. 1964-21580~7 New ice

1 Apr. 1982-21571-7 New ice and large first year pans

2 Apr. 1983-22025-7 New ice and large first year pans
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Date

1975 Cont'd

3 Apr.
3 Apr.
10 Apr.
12 Apr.
12 Apr.
28 Apr.
29 Apr.
29 Apr.
30 Apr.
16 May
17 May
3 June
5 June
25 Oct.
27 Oct.
28 Oct.

1976

10 Feb.
11 Feb.
11 Feb.
12 Feb.
29 Feb.
29 Feb.
1 Mar.
1 Mar.
2 Mar.
2 Mar.
17 Mar.
18 Mar.
19 Mar.

19 Mar.
20 Mar.

20 Mar.
21 Mar.
6 Apr.
6 Apr.
7 Apr.
22 Apr.
23 Apr.
24 Apr,
15 June
23 July
7 June

Scene 1. D.

1984-22080~7
1984-22083-7
2078-22035-7
2080-22145-6
2080-22151-6
2096-22034-7
2097-22090~-7
2097-22093-7
2098-22144-7
2114-22033-7
2115-2284-7
2132-22034-7
2134-22151-7
2276-22021-6
2278-22131-6
2279-22185

2384-22005~7
2385-22061~7
2385-~22063~7
2386-22115-7
2403-22054-7
2403-22060-7
2404-22112-7
2404-22115-6
2405-22170-7
2405-22173

2420-21595~7
2421-22053~7
2422-22105-7

2422-22111-7
2423-22163-6

2423-22165-6
2424-22221-6
2440-22101-7
2440-22104-7
2441-22155-~6
2456-21584~6
2457-22040~6
2458-22101-7
2510-21572-6
2548-22072-6
5415-21361-6

CAPE DYER (Cont'd)

Commerts

New ice and large first year pans

N.S.

New ice with large pans offshore

Young ice

N.S.

Narrow belt of first year ice with open water
Narrow belt of first year ice with open water
N.S.

Narrow belt of first year ice with open water
Narrow belt of first year ice with open water
Clouds

Open water

N.S.

Open water with pans offshore

Open water with pans offshore

Open water with pans offshore

~ Young ice

Young ice and older pans

Young ice and older pans

Dark image

Narrow shelf first year with water offshore
Narrow shelf first year with water offshore
Narrow shelf first year with new ice offshore
Narrow shelf first year with new ice offshore
Narrow shelf first year with water offshore
Narrow shelf first year with water offshore
First year pans driven into coast

First year pans driven into coast

Pans driven into coast consolidate and break
off, narrow shelf first year with green water
offshore

N.S.

Narrow shelf first year with green water
offshore

N.S.

N.S.

Wide shelf of ice off coast with open leads
Wide shelf of ice off coast with open leads
Wide shelf of ice off coast with open leads
Narrow shelf of ice off coast with open leads
N.S.

Narrow shelf of ice off coast with open leads
Open water and occasional pans

Open water with many pans

Narrow shelf of ice with broken pack ice
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CAPE DYER (Cont'd)

Date Scene I. D, Comments
1976 Cont'd

22 July 2547-2202 No ice

8 Aug. 2564-21555 No ice
8 Aug. 2564-21561 No ice
9 Aug. 2565-22013 No ice
25 Aug. 2581-21500 Too far south
26 Aug. 2582-21552 No ice
13 Sept. 2600~21545 No ice
14 Sept. 2601-22003 No ice
10 Oct. 2637-21592 No ice
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Date
1972

1 Aug.
2 Aug.
6 Sept.
7 Sept.

1973
6 Mar.

7 Mar.
8 Mar.

10 Apr.
11 Apr.

17 May

17 May
2 June

2 June
4 June

22 June
23 June
9 July
13 Aug.
14 Aug.
14 Aug.
2 Sept.
3 Sept.

22 Sept.

7 Oct.
7 Oct.
29 Nov,

1974
9 Feb.
10 Feb.

10 Feb.
1 Mar.
1 Mar.
2 Mar.

18 Mar.

Scene I. D.

1009-22090
1010-22145
1045-22091
1046-22145

1226-22160
1227-22214
1228-22273

1261-22104
1262-22160

1298-22155

1298-22161
1314-22041

1314-22043
1316-22153

1334-22155
1335-22210
1351-22095
1386-22031
1387-22090
1387-22092
1406-22142
1407-22200
1426-22252
1441-22075
1441-22081
1494-22011

1566-21595
1567-22051

1567-22053
1586-22104
1586-22110
1587-22162

1603-22043

CAPE THOMPSON

Comments

No ice
No ice
No ice
No ice

Broad band first year ice near shore new ice
beyond

Broad band first year ice near shore, new
ice beyond

Broad band first year ice near shore, new
ice beyond

Clouds

Broad band first year ice near shore, lead
beyond

Broad band first year ice near shore, new
ice beyond

N.S.

Broad band first year ice near shore, open
water beyond

Broad band first year ice near shore, open
water beyond

Broad band first year ice near shore, open
water beyond

N.S.

Coast clear, pack ice beyond

N.S.

No ice N.S.

No ice

No ice

No ice

No ice

No ice

No ice

No ice

Too far south

Broad band first year ice near shore, new

ice beyond

Too far south

Large expanse first ice extending from shore
N.S.

Large expanse first year extending from shore
broken by lead

Large expanse first year extending from shore
broken by lead.
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Date

1974 Cont'd

19 Mar.

19 Mar.
20 Mar,

5 Apr.
5 Apr.
6 Apr.
7 Apr.
10 May
13 May
28 May
29 May
30 May
31 May
17 June
17 June
18 June
4 July
4 July
23 July
3 Oct.
4 Oct.
22 Oct.

1975

24 Feb.
25 Feb.
26 Feb.
14 Mar,.
31 Mar,.
31 Mar.
1 Apr.

2 Apr.

3 Apr.

9 Apr.

10 Apr.
11 Apr.
12 Apr.
27 Apr.
28 Apr.
29 Apr.
14 May
15 May
16 May
2 June

3 June
5 June

CAPE THOMPSON (Cont'd)

Scene I. D,

1604-22102

1604-22104
1605-22160

1621-22041
1621-22044
1622-22100
1623-22154
1656~21580
1659-22144
1674-21573
1675~22031
1676-22090
1677~22141
1694-22080
1694-22082
1695-22134
1711-22014
1711-22020
1730-22064
1802-22040
1803-22094
1821-22094

1946-21585
1947-22043
1948-22101
1964-21580
1981~21512
1981-21515
1982-21571
1983-22025
1984-22083
2077-21580
2078-22035
2079-22093
2080-22151
2095-21580
2096-22034
2097-22093
2112-21520
2113-21574
2114-22033
2131-21580
2132-22034
2134-22151

Comments

Large expanse first year
shore broken by lead

Too far south

Large expanse first year
shore broken by lead
Narrow shelf near shore,
Too far south

Narrow shelf near shore,
Narrow shelf near shore,
Narrow shelf near shore,
Narrow shelf near shore,
Too far south

Too far south

Too far south

Can't find

Too far south
Broad shelf decaying ice

Open water
No ice
No ice
No ice
No dice

Shelf of first year with
Shelf of first year with
Shelf of first year with
Shelf of first year with
Too far east

Can't find folder

extending from

extending from
new ice beyond

new ice beyond
new ice beyond
new-ice beyond
new ice beyond

offshore

new ice beyond
new ice beyond
new ice beyond
young ice beyond

Shelf of first year ice and young ice adjacent
Shelf of first year ice and young ice adjacent

Clouds

Shelf of first year, young ice has broken away
Shelf of first year, young ice has broken away
Shelf of first year, young ice has broken away
Shelf of first year, young ice forming adjacent

No folder

Shelf of first year, young ice forming adjacent
Shelf of first year, young ice forming adjacent
Shelf of first year, young ice forming adjacent
Shelf of first year, young ice forming adjacent
Shelf of first year, young ice forming adjacent
Narrow shelf with floes adjacent

Narrow shelf with floes driven shoreward
Narrow shelf with floes drifting seaward
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CAPE THOMPSON (Cont'd)

Date Scene I. D. Comments

1975 Cont'd

14 Aug. 2204-22025 No ice

14 Aug. 2204-22031 Too far south

2 Sept. 2222-22023 No ice

24 Oct. 2275-21563 No ice

25 Oct. 2276-22021

11 Nov. 2293-21561 Ice free

1976

9 Feb. 2383-21551 Narrow shelf of ice, water beyond (narrowest
part of shelf does not correspond to shallow
area)

10 Feb. 2384-22005 Narrow shelf of ice, water beyond

11 Feb. 2385~-22063 Narrow shelf of ice with new ice beyond

27 Feb. 2401-21544 Narrow shelf of ice with new ice beyond

29 Feb. 2403-22060 Narrow shelf of ice with new ice beyond

1 Mar. 2404-22115 Clouds

16 Mar. 2419-21541 Narrow shelf of ice with water beyond

17 Mar. 2420-21595 Narrow shelf with water beyond

18 Mar. 2421-22053 Narrow shelf with water beyond

19 Mar. 2422-22111 Narrow shelf with new to young ice beyond

2 Apr. 2436-21481 Narrow shelf with bew to young ice beyond

3 Apr. 2437-21533 Narrow shelf with contiguous thick young ice

6 Apr. 2440-22104 N.S.

20 Apr. 2454-21474 N.S.

21 Apr. 2455-21532 Coastal lead opening up

22 Apr. 2456-21584 N.S.

22 Apr. 2456-21591

23 Apr. 2457-22042

24 Apr. 2458-22101 Coastal lead opening again

10 May 2474-21581 Nothing in folder

14 June 2509-21514 Narrow shelf with pack ice adjacent

15 June 2510-21572 Narrow shelf with water adjacent

16 June 2511-22030 Nothing in folder

5415-21361 Narrow shelf with pack ice adjacent
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I. SUMMARY

The objectives of this study are to measure, in-situ, the stresses
generated in a sea ice sheet as it fails in the vicinity of a static
obstacle and the rate of approach of the ice sheet during this process.

The stresses in a floe of multi-year ice near a grounded floe-
island were studied for 60 hours starting April 21, 1976, The instru-
mented floe was subjected to many compressive stress pulses during the
first 26 hours of the experiment. The highest stress pulse recorded
on the strip charts was 1.7 X 106 n/M? (250p,s.i.) compression.

The length of this pulse was not adequately resolved by the recorder,
but probably lay between 0.33 seconds and 32 seconds. It did not
cause destruction of the ice at the transducer. A second installation
in annual ice beyond a grounded pressure ridge in 20 meter water depth
showed a tensile stress buildup to 0.68 X 106 N/M2 (100 p.s,i.) which
was followed by crack formation adjacent to the transducer.

Offshore structures subjected to multi-~year ice floes must with-

stand ice stresses greater than 1.7 X 10° N/M2 (250 p.s.i,). Impulse
loading should be expected.

II. INTRODUCTION

Recently the mechanics of the interaction of large sea ice sheets with
fixed obstacles has become of interest. This new interest has sprung up
because of the need in the near future for fixed offshore structures in ice
bound waters. Of major importance to the design of such structures is a
knowledge of the forces which would be applied to the structure by sea ice
moving past it. The magnitude of these forces depend on three general
factors:

a. The mechanics of elastic and plastic deformation of
the quasi-continuum of ice floes in the ice sheet.

b. The failure strength of the ice as found in nature,

c. The nature of the forces driving the ice sheet and
the associated strain rates during ice-structure
interaction.

Each of these factors may be examined experimentally, but it is now
known that the results are affected by the size of the ice sample and the
degree to which natural conditions are preserved in the experiment. Because
of this, the excellent work done on sea ice in the past 20 years has served
to provoke nearly as many new questions as it has answered and there is the
need for full scale in-situ experiments which preserve as many natural variables
as possible. Tabata's large scale beam tests (1958), the plate bending tests
performed by Hobbs et al. (1962) and the Aidjex experiments are examples of
this development. When it comes to ice-structure interaction, full scale tests
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are not so easily performed. For arctic conditions, almost any structure
large enough to provide an adequate test would be quite expensive. For this
reason, the present work has chosen to use natural occurring obstacles as
"test structures." Four such static obstacles occur in the arctic environ-
ment:

1. Islands
2. Ice Islands
3. Grounded accumulations of ice

4. Grounded pressure ridges at the seaward edge of
shore-fast ice

In order to examine the stresses when moving pack ice encounters a
structure, we have made measurements near the grounded pressure ridges at
Barrow, Alaska and near a grounded ice accumulation located in the open
ocean 175 KM (109 miles) N.W. of Barrow 72° 3.4' N., 162° W, This
accumulation of ice floes and ridges has been termed a ''floeberg'" by
Stringer and others, but as pointed out by Kovacs is not a "floeberg" as
the term has been classically used. In this report, the term floe~island
will be used to indicate that it is a more or less permanent feature composed
of ice floes and ice ridges. Our primary purpose is to measure the stresses
present in a failing ice sheet near such an obstacle and this is being
accomplished by the use of embedded load cells (stress transducers). A
secondary objective is to measure ice motion and/or strain. At Barrow,
this is provided by radar surveillance of the ice pack. For the experi-
ments at the floe-island, no such instrumentation is available and ice
motion must be inferred from satellite photography, on-site surveying
or navigational data obtained from the helicopter used for logistics.

III. PRESENT STATE OF KNOWLEDGE

Several studies have been conducted in which instrumented pilings
were used to measure forces imposed by moving ice when failure is of the
crushing or "cutting'" type. The study by Blenkarn (1970) is typical while
that by Schwartz (1970) is the most complete in that 50 points were
instrumented on the piling. Both of these studies dealt with warm,rela-
tively thin ice. Theoretical studies have been performed on the interaction
of ice with pilings and with piers whose surfaces slope in order to induce
bending in the ice. No experimental data are available in the open litera-
ture for structures of an extended nature where the ice must fail by
pressure ridging, although several proprietary studies have been done by
Imperial 0il Limited. Artificial islands, ice islands, causeways, and
docks are typical extended structures which would induce pressure ridging.
In addition, multiple piling or single piling structures might have an
effective radius much larger than the nominal radius if hummocked ice were
to adfreeze to them, or if the cutting action were prevented by interaction
with a deep or partially grounded moving pressure ridge. In this case, the
structure would become an extended structure for which the ridging mechanism
would apply.
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IV. STUDY AREA

Near the grounded ice feature or floe-island located approximately 109
miles west of Barrow at 72° 3.4'N, 162° W., and in the fast ice at Barrow,
Alaska.

V. SOURCES, METHODS, AND RATIONALE OF DATA COLLECTION

A. Introduction

In previous work, we had used self contained remote data stations to
measure stresses in land fast ice. An aerial reconnaissance of the floe
island was made in May, 1975 and again in September, 1975. These flights
disclosed several features of its morphology which dictated important
changes in the data gathering techniques to be used there. We had pre-
viously envisioned laying cable from a safe location to several sites of
ice activity where transducers would be emplaced. The size of the island
and its extreme ruggedness make this impossible and require radio telemetry
links for data transmission. Very little is known about the rapidity with
which stresses fluctuate in breaking ice. However, it is known that the
rate of stress application seriously affects the measured strength of sea
ice in laboratory tests and Schwartz's (1970) results from an instrumented
bridge pier include some variations at frequencies above 10 Hertz. A digi-
tal recording system using magnetic tape was selected as the one most likely
to meet the requirements of power consumption and frequency response. In
this system, which was designed and built at the University of Alaska, data
acquisition is under the control of a micro-computer which makes decisions
as to whether significant changes in stress have occurred within successive
sampling periods. If so, the data is recorded, together with time reference
data. During inactive periods, no data is recorded.

Equipment. The stress measuring technique used during the experiments has
been described by Nelson (1974, 1975). While the electronics instrumentation
used at the floe-island differed from that used at Barrow, the principle of
stress measurement was the same in each case:

The stress transducers used in these tests are essentially load measuring
devices. When embedded in a host such as ice, their output is directly pro-
portional to whatever loading is transferred to them from the ice. If a
transducer is stiff, it supports more than its share of the stress. In this
case, the transducer output reflects both the magnitude of the ice stress and
a stress concentration factor which depends on transducer geometry, transducer
stiffness, and rheology of the ice. It has been shown (Hawkes, 1969; Nelson,
1975) that the stress concentration factor is reasonably constant for a given
transducer, regardless of the effective ice stiffness (including creep), pro-
vided it is in fact stiff relative to the host. Therefore, such a load cell
can be used as an embedded stress-measuring transducer. Nelson et al., (1972)
have found that stiff transducers can be used to measure ice stresses
close to compressive failure of the ice. In addition, stiff transducers
should be capable of measuring initial stresses present at the time of
transducer installation if the host material can creep. An in-situ emplacement
usually involves removing a block of ice from an existing ice floe, making a
small hollow in the ice to accept the transducer, and refreezing the block and
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the transducer into the ice sheet. Subsequent creep in the ice should
readjust the local stress field until the transducer and replaced block
assume their full share of the load, a process which takes place most
rapidly for warm, saline ice.

The transducer bodies are shown in Figure 1 with the protective copper
sleeve removed. The brass slug is 5.08 cm (2 inches) in diameter by 16.9
cm (6.67 inches) long and 10.2 cm (4.0 inches) in the center section have
been milled to a 2.54 em X 3.56 ecm (1 X 1.4 inches) rectangular cross section
to make room for strain gages and electronics.

Because of the remoteness of the floe-island, its size, and the fact that
destruction of the data gathering stations was likely, it was decided to tele-
meter data from the stress transducers to a safe recording location at the
center of the island. For this purpose, each transducer was equipped with an
internal voltage controlled oscillator (VCO) to convert the amplified output
of the 1000 ohm strain-gage bridge to a frequency modulated (FM) signal.

Four FM signals were multiplexed into one transmitter (Monitrom T-15F-13)
whose signal was sent to the central receiving station. Standard IRIG center
frequencies were used for the VCO's with + 7 1/2% modulation. At each trans-
mitter three channels were used for stress transducers while the fourth was
used for an auto-calibration signal. Each transducer was fitted with a 2,37
megohm resistor which could be shunted through a relay across one leg of the
Wheatstone bridge to provide a known calibration signal. These relays were
controlled by a central timing network which also controlled the signal

level on the fourth channel. In the reduction of the data, a signal on
channel four going from negative full scale to positive full scale was
regarded as an indicator that the outputs of all channels during that period
were to be regarded as calibration data. System sensitivity was 6.89 X 106
N/M2 (1000 p.s.i.) full scale.

Because of the possible severe temperature changes during the experiments,
close attention was paid to thermal compensation of the transducer systems.
Since the strain bridge, amplifier, and VCO were all contained in the trans-
ducer shell a two point thermal compensation of the entire subsystem could
be effected by including the thermistor (T). The system was balanced to zero
output at 0° C by adjusting resistors (B) and (F). The system was then cooled
to —-20°C and rebalanced with resistor (TC). This provided the desired thermal
compensation and reduced temperature generated signals to less than 0.138 X
106 N/M2 (20 p.s.i.) between the two calibration points. Thermally caused
variations in the transmitter were specified by its manufacturer to be less
than 0.005% of center frequency over the range of -40°F to +80°F. The trans-—
ducers and transmitter are powered by lithium batteries placed in an insulated
box on the ice.

Each transmitting channel uses a Monitron R15F-N receiver. The four sig-
nals on each channel are then separated and demodulated. The four data
channels are then sequentially sampled and converted to digital information
at a rate of one channel every 0.008 seconds. This permits recording data
at frequencies up to 15 Hertz when eight data channels (two transmitters) are
in use. The frequency response is limited by the digital panel meter which
is used to digitize the analog data. Channel sampling is under the control
of the central processor (CPU) which stores the signal level of each channel
and the time only if the stress level is + 0.689 X 106 N/M? (10 p.s.i.)
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Figure 1 - Ice stress transducer with tubular cover removed.
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different from the previously stored reading on that channel. When the CPU
memory fills up, all recorded data are dumped onto the magnetic tape in B.C,D.
code and the memory is reset for further data taking. Data is put on the
tape at a density of 1.66 X 10" data points per tape. During the time the
data is being dumped to the tape, frequency response is limited to 0.15 Hertz.

Since the equipment at the central data recorder was in a protected
environment, its thermal sensitivity is less critical. The equipment was
located in an insulated box inside a shelter at the center of the island.
Lead/acid batteries were used to supply power.

After the initial deployment of the ice stress telemetry system at the
grounded ice mass located 100 miles west of Pt. Barrow in 1976, plans were
made for the 1976-77 winter season which would increase the time for data
acquisition, provide for more exact detection of ice movement, and reduce
the time required for initial data reduction. The essential focus of the
experimental program, which was to measure the failure stresses in ice, in
the vicinity of grounded obstacles, was examined to determine whether such
data could be gathered within the range of the ice movement radar station
at Pt. Barrow. Although ice ridgebuilding and failure is occurring virtually
continuously at the grounded ice mass, which is exposed to the movement of
the pack ice directly, the ice movements near the shoreline at Pt. Barrow
can occur as seldom as a few times each winter, so that the fortuitous
cooperation of nature is more essential, and provision should be made for
data acquisition for as much of the winter as possible.

It was decided to install the ice stress telemetry transmitter beyond
the farthest grounded pressure ridge at Pt. Barrow, and provide it with
battery power sufficient for at least four months of the active ice season.
The receiver and recorders, located at the radar site on the shoreline,
could also be operated indefinitely from the line voltage available there.
The grounded pressure ridge then serves as the static obstacle for the
experiment. Movement of the ice is automatically recorded on film by the
ice dynamics radar located there, so that ice ridging motions can be
quantitatively described and related to ice stresses observed by the tele-
metry system.

Prior to the deployment, detailed laboratory checks of the system were
made, which included load calibration, low-temperature calibration, and
other tests. An analog recording system was implemented for the receiver
station, since a heated and accessible location was available. Three
Esterline-Angus chart recorders were driven from the output of the IRIG
discriminators, at 730 Hertz, 1300 Hertz and 2300 Hertz, corresponding
to the three channels of ice stress data. Because it was expected that
data would only be obtained during a limited number of ice stress events,
which could readily be analyzed from chart recordings, the provision for
digitally-recorded data and subsequent computer processing was deemed
unnecessary.

VI RESULTS

University of Alaska personnel arrived at Barrow, April 17, 1976,
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prepared to set up two stress experiments at the floe-island. However,

an aircraft was not available to escort the helicopter until April 19

and by this time the area was covered by low clouds and fog which made fly -~
ing hazardous. The weather improved on April 20 and upon arriving at the
floe-~island we found that the instrument hut which had been placed on the
island in March was still there and that the location was stable enough to
place the data-gathering station there. A 4.6 meter (15 feet) high UHF
antenna mast was installed on the hut roof with one antenna for receiving
data, and a 91 meter (300 feet) long antenna was strung about two meters

off the ground to provide a radio beacon for later navigation.

The following day, April 21, the data receiver and recorders were
installed at the hut, and one station of three transducers was set out on
the ice. The transducers were set in the middle of an ice floe approxi-
mately 16 nautical miles on a bearing of N15°E (magnetic) from the hut.
These figures were obtained form the helicopter's air speed and magnetic
compass heading and are therefore approximate. The site was selected to
be well out into the dynamic region of the ice on the windward side of
the island. The ice in this region was composed of many floes separated
by three to seven meter-high recent pressure ridges, with short re-frozen
leads in several places. The ice was generally continuous and considerably
more compact than that on the sides of the island. The thickness of the
ice blocks in the ridges surrounding the floe was about 50 cm.

Because of deteriorating weather, time did not permit a thickness
measurement of the floe, and only shallow salinity samples were obtained.
The salinity was 0.5 p.p.t. at 5 cm depth and 1.5 p.p.t. at 25 cm depth.
Thus the floe was probably multi-year ice. Three ice stress transducers
were set out on this floe near its center and buried about 30 cm deep in
the ice. Twenty to forty centimeters of wind-packed snow covered the site.
The three transducers were oriented in a 0°-45°~90° rosette with trans-
ducers #17 (1700 Hertz center frequency) oriented to measure stress along
a North-South magnetic bearing, #8 (3000 Hertz) magnetic East-West, and
#6 (960 Hertz) magnetic North-West/South-East. The approximate location
and orientation of the transducers is shown in Figure 2. The 4.6 meter
high antenna for the UHF transmitter was placed on the high point of an
adjacent pressure ridge and secured with ice pitons screwed into ice blocks.
A large red cloth marker was laid out over the ridge and weighted down with
ice blocks to help identify the site later. The installation required two
men working at top speed for two and a half hours. Once the transmitting
site was in operation, it was necessary to return to the instrument hut to
ascertain whether data was being received and to rotate the antenna for
optimal gain. With this done, the unit was left to operate on its own
with battery power to last for two days. Further deterioration in the
weather prevented us from revisiting the site for about a week. When the
weather had cleared enough to return, the computer, recorder, and beacon
had all ceased to operate because their batteries had run down. These
instruments were retrieved but the floe with the transmitting site could
not be located.

As described previously, the telemetered data was recorded simultaneously

on strip charts and on magnetic tape. Reduced copies of the strip charts for
the three data channels and one unused channel are given in Figure 3, and
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Figure 2 - Approximate location of ice stress transducers at grounded
ice mass. Lines give orientations of stress measuring axes.
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Figure 3 - Chart recordings of stress transducer signals at grounded ice mass. The initial and

final few hours described in the text have been omitted. The upper solid trace is the
3000 Hz sensor; the upper broken trace was unused. The lower solid trace is the 960 Hz
sensor; the lower broken trace is the 1700 Hz sensor.




details of some of the periods of activity are given in Figures 4-8. Be-=
cause unregulated DC motors drive the strip charts, the time scale varies
between the two charts. However, the beginning of the experiment and the
time when the receiver batteries were exhausted are both clearly evident
and allow justifying the time scale. Time data from a previous experiment
with these recorders have provided the time scale which is superimposed
on the charts and is estimated to be accurate to + 5%. Since the stress
transducers are essentially load measuring devices, it is necessary to
convert the load sensed by them to stress in the nearby ice according to
the following equation:

ICE STRESS = Load
(Transducer face area) (Stress concentration factor)

For the 5.08 cm (2 in) diameter transducers used here the stress concentration
factor in sea ice is 3.2. This was determined experimentally by embedding a
transducer in a 0.61 meter (2 feet) block of annual ice cut near shore at N.A.R.L.
(Barrow, Alaska), on April 19, 1976, and loading it with a flat-jack as showm
in Figure 9. The block was split vertically to facilitate removal from the
ice and installation of the transducer, then both halves were replaced in

the hole with plastic sheeting on the bottom to prevent re—freezing. The

saw cuts were filled with fresh water, and after they had re-frozen the sides
were relieved with a chain saw so that applying pressure to the flat-jack
closely simulated uniaxial compression in the horizontal plane, A stress
concentration factor of 3.2 has also been determined for 3.81 cm (1.5 in)
diameter stress gages with effective elastic modulus and length-to-diameter
ratio identical to the gages used here (Nelson, 1974).

Analysis of the magnetic tape recording has been delayed because of com-
patability problems between the cassette medium used and the Honeywell
Computer at the University of Alaska. This problem is two-fold: First,
peripheral equipment which will accept these cassettes is not yet on-line.
Second, the software design for our data acquisition system was being done
during a time when the Honeywell Computer was being acquired and installed.
According to the information available at that time, the computer would
accept unblocked character strings of any length. To save space on our
tape, this data format was adopted. The Honeywell computer, as since in-
stalled, has not yet been able to accept unblocked data and this has
hampered our efforts on automated analysis of digital data. A preliminary
manual analysis of short portions of the magnetic tape indicates that the
digital system did work properly and that stress variations of approximately
3.4 X 10% N/M2 (500 p.s.i.) were recorded. These variations were both
tensile and compressive, and came in bursts with high frequency components.
The strip chart records, however, have been analyzed and a discussion is
presented below.

A second installation using two transmitting sites was planned for
May 21, 1976. However, the ice proved to have too many areas of open
water to allow safe operation of a helicopter without floats. Since no
helicopter was available with floats at this time, the installation was
cancelled. In June, a float-equipped aircraft became available, but at
this time the weather was too warm to assure that the transducers would
properly freeze into the ice, and hence no further experiments could be
performed in 1976.
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Early in the winter of 1976-1977, the Alaskan North Slope was subject
to the unseasonably warm weather which covered the rest of Alaska. 1Ice
growth and ridgebuilding was minimal until early in December, when cold
weather finally began. However, ridgebuilding did not progress to the
stage where the ridge at the 20 meter water depth contour became grounded
until midwinter. Helicopter operations were suspended, for equipment
reasons, when temperatures colder than -35° F were encountered, so the
deployment of the ice stress telemetry was scheduled for early in March
1977.

The ice stress telemetry transmitter, with three stress sensors,
was deployed on March 12, 1977, in the location shown on the map in Figure
10. The farthest grounded pressure ridge, normally a prominent linear
feature along the 20-meter water depth contour, was barely discernable in
this anomalous year, and there were only a few separate locations along the
ridge where ice piles were high enough to cause obvious grounding to the
sea floor. Considerable activity had resulted in a random collection
of ice fragments and piles throughout the shorefast ice zone. The number
of points which were grounded to the seafloor could not be determined
directly, but the qualitative impression of the height of the ridges and
piles led one to believe that the grounding was much less than in previous
years. The three ice stress sensors were installed in a refrozen pan of ice,
of nominal thickness 70 cm, which was located beyond a large ice pile (of
height 5 meters), part of the barely-discernable linear ridge feature at
the 20 meter water depth contour described above. A detailed sketch of
the installation site is given in Figure 11. The ice salinity was 9% to
10%, taken at 10 cm depth at sites #2 and #3. Snowcover varied from 10 cm
over most of the refrozen pan, to 1 meter at the edges near the broken ice
fragments around the boundary. These fragments around the boundary were
only 1 meter to 1.5 meters in height. Transducers #1 and #2 were installed
at a depth of 30 cm in the ice; sensor #3 was installed at a 25 cm depth.
Freeze-in transient temperatures and stresses were not monitored, but a
final field check indicated that all transducers were functioning satis-
factorily. A strong signal was received at the recording station, and
data collection began on March 12, 1977.

VII DISCUSSION ;

A. Experiment at the floe-island, April 17-25, 1976. The strip chart
recordings contain four significant changes which should be discussed:

1) starting and ending behavior

2) 1long~term drifts

3) areas of clear stress events

4) 1isolated single data points of high stress

At the start of each data trace is a period of about 2-1/4 hours which
contains a broad noise band. During this time the receiver was working,
but the transmitters were not yet powered, and the receiving antenna was
connected to the wrong receiver. This noise band is characteristic of
data obtained when the telemetry link is broken, and indicates that trans-
mission was adequate during the rest of the period. At the end of the
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chart each trace becomes noisy, then goes off scale as the battery voltage
powering the receiver fell below that necessary to operate the DC-DC converter.
A separate battery powered the chart recorders which continued to operate.

There are several factors which contributed to the long-term drifts
evident in the data. First, a catalytic heater was used to heat the ins-
trument hut, and its fuel supply was exhausted after about 24 hours. Thus,
since the receivers and discriminators have some thermally-induced drift,
this temperature change produced a drift which is most evident in the
unused channel whose receiver was unpowered. Second, a compressive
transient is usually found in the stress transducer outputs as it is
frozen into the ice sheet. Much of this stress transient occurred during
the initial noise period, and only the decay is evident, lasting about 20
hours. Third, diurnal variations are seen in the last 48 hours which could
be either due to heating of the instrument hut, or due to thermally generated
stress in the ice. As will be discussed later, we feel that there was little
stress on the ice floe during the last twenty hours of operation, and there-
fore the zero stress scales have been placed at these levels.

During the first 26 hours of the experiment, the floe on which the
transducers were located appears to have been jostled about. Imagery of
the region obtained by the NOAA II satellite for April 20, 21 and 22 is
shown in Figure 12, and gives the impression that the location of maximum
pressure on the island shifted from the Northeast edge on April 20 to
Korth on April 21, and West on April 22. Thus, the location of the trans-
ducers may not have been at the point of maximum pressure during installation.
However, it should be pointed out that only a few leads were encountered on
the flight to the floe-island from Barrow and only one on the way to the
transducer site. Thus, the apparent open water to the Northeast
of the island, shown on satellite imagery, may in fact be warmer portioms of
the ice in a region of re-frozen leads. The change in direction of pack move-
ment apparently is responsible for the random appearance of compression stresses
in the traces for the first 26 hours of the experiment. Even in a position
somewhat removed from the stagnation point, significant pressure could be
expected as the pack moved past the fixed floe-island and the individual floes
jostled one another, fracturing in areas of re-frozen leads and rearranging
themselves. This seems to explain why the traces are discontinuous; the
recorders sample one data point each 16 seconds, so they could not be expected
to follow rapid events continuously. The bursts of high frequency stress found
on the magnetic tape recording would also be characteristic of this jostling
and fracturing. The event at about 24 hours, is most dramatic and seems to
consist of several pulses. It is possible to calculate the magnitudes of the
principal stresses during this period, but only if an assumption is made con-
cerning the timing of the data points registered on all three traces. Because
of the coarse time scale on the chart recorders, we do not feel that such an
assumption is warranted. It is clear from the data, however, that the direction
of maximum compression generally had a west to east orientation. This
corresponds to the direction of ice motion which can be inferred from the
patch of open water or loose ice adjacent to the floe-island. Apparently,
sometime about the 26th hour of the experiment either the pack ice stopped
moving or the stagnation region shifted so that the instrument floe was in
the lee of the floe-island, as implied by the NOAA II photos. At any rate,
the stress records indicate that the loads applied to the floe were much less
severe after this time and we assume that it was essentially unstressed.
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Many of the isolated data points marked A-G on Figures 4-8 appear to be
portions of moderate-frequency high-intensity stress events. The points marked
B, C, and D have the same elongated character as the pen marks in the main
trace and are clearly data. Those marked A, F, and G are not the right shape
and are probably scratches in the waxed paper surface of the chart record. Those
marked E are data points, but it is unclear whether they are associated with the
active channel or the inactive channel which they seem to follow with a slight
off-set. The Rustrack recorders act as a two stage mechanical filter in reproducing
the stress events.

First, since one data point per sixteen records is registered on the chart,
it is difficult to resolve a pulse shorter than 64 seconds duration. Even for
pulses of this length, a reasonably unrelated blurr of points results when
several occur in a row, because the chart speed is 0.63 cm per hour. For
shorter pulses, it is a matter of chance whether the peak is recorded, and for
recordings where only one data point is recorded, the pulse length must have
been less than 32 seconds. Nevertheless, instantaneous data will be reproduced
without attenuation until the inertia of the galvanometry movement becomes
effective. For these recorders, this corresponds to a pulse length of 0.33
seconds and attenuation is 0.1 for pulse lengths of about 0.08 seconds. The
frequency response for these recorder movements is 3 db down at 1.5 Hz. and
20 db down at 6 Hz. Pulses are assumed to be half sine waves. Therefore
we can say that the peak compressive stress during the interval of activity
was at least as great as the values recorded and the duration of the isolated
pulses B, C, and D were probably between 32 seconds and 0.33 seconds.

In view of the location of the instrumented floe and the fact that only
one floe was instrumented, very little can be inferred about the pressure dis-
tribution around the floe island, or the total load imposed on it. In fact,
the data are probably characteristic of stress levels in a floe located in a
field of jostling floes anywhere in the dynamic pack. Even as such, these
data are applicable to the design of offshore structures. First, the strength
of sea ice is known to exhibit a significant size effect, and the degree to
which full-scale strength is lower than small-scale strength has been a
source of much confusion. Previously available data from fast ice protected
by grounded ridges (Nelson et al, 1976) did not include compressive stress
pulses greater than 0.138 x 100 N/M2 (20 PSI) while compressive strengths
of 6.89 x 10® N/M2 (1000 PSI) have been measured for small specimens by
Peyton (1966). The data obtained here implies that at least 1.72 x 106 N/M2
(250 PSI) compression (point B) was sustained, and possibly more, since we
do not know where fracture occurred, the thickness of the ice there, or the
duration of the stress pulse. Second, the resonant frequencies of actual
offshore structures may be in the range 0.5 Hertz to 18 Hertz (see for example
Reddy, et al.1975 or MHHttanen, 1975). Since the stress pulses recorded here
may also have been in this range of frequencies, future offshore structures
will have to allow for dynamic excitation as well as static loading. Reddy et
al. have discussed this, and much more information on ice behavior should be
available before rational designs can be produced.

B. Experiment at Barrow, March 16-18, 1977. At the time of installation
on March 12, 1977 the pack ice was close to the shoreline, and there were no
open leads offshore. The wind was from 0700, at less than 15 km/hr. Since
the shoreline is oriented at 043°, there was a wind component parallel to the
shoreline, and a component perpendicular to the shoreline (offshore). This
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wind increased until, on March 16, 1977, enough stress had developed in the
pack to cause activity in the ice and data collection by the ice stress
telemetry system, Although a more detailed analysis remains to be done after
the ice radar photographic records are processed, it is possible to give a
preliminary account of the ice motion and the resulting stresses here.

The wind direction and magnitude at Barrow are given for March 16, 1977,
and March 17, 1977 in Table I. Since this wind direction, 0709, had prevailed
for several days, the pack ice apparently was responding by moving in the same
approximate direction. The shorefast ice began to develop tension cracks near
the shoreline at 1500 AST on March 16, according to observers there. In particular,
the tide crack rear the shore opened to 10-20 centimeters, and a crack approximately
70 centimeters wide opened at about 200 meters offshore, beyond the ice mechanics
research site of Dr. L. Shapiro. The tension developed at all three remote ice
stress stations simultaneously, at 1951 AST, as can be seen in Figure 13. All
sites recorded a rise in tension over a period of one hour, after being at
equilibrium for four days. The tension field applied to the ice pan was smallest
near the grounded ice pile, site #1, but was larger at site #3 and largest at
site #2, which was the farthest from the grounded ice pile. The largest tensile
stress recorded was at site #2 at 2200 AST, a value of 0.68 x 108 N./M.2 (100 p.s.i.),
after which the stress dropped quickly, reaching zero after six hours. A similar
behavior was noted at site #3, but the maximum tensile stress there was 0.42 x
106 N./M.2 (61 p.s.i.). The site #1, near the grounded ice pile, sustained a
modest tension of 0.08 x 106 N./M.2 (12 p.s.i.) during this interval and beyond,
as shown in Figure 13. Both sites #2 and #3 briefly went into compression, then
into tension again, then into compression, and finally back into temsion. This
behavior can best be understood by including an observation made of the site at
1515 AST on March 18, after the above action had occurred. The time of
reconnaissance is indicated on Figure 13 by the vertical arrow. The reconnaissance
showed that a new crack had developed as shown in Figure 14, and that it had
refrozen. This new crack was between sites #2 and #3 and the transmitter, and
obviously was a result of the tension developed during the time period of 16-18
March. It is wider near site #2, indicating that it initiated seaward of site #2
and propagated beyond site #3. Based upon the short distance (approximately
1.25m) from the crack to sensor #2, and the data shown on Figure 13, the
following explanation is proposed, to relate the data to the crack formation.

The initial buildup of tension was sufficient to cause a crack to form at
approximately 2200 AST on March 16, after which the tensile stress was relieved.
This crack initiated seaward of site #2 and propagated through the ice pan,
separating #2 and #3 from the grounded ridge. From 0400 to 0800 AST on March 17,
some limited compression was observed which may have been due to refreezing of
sea water in the very narrow crack. Then, from 0800 to 1030 AST, further pack
motion caused an additional tension to develop, resulting in the widening of
the original crack at 1030 AST. From 1200 AST on 17 March to 1000 AST on 18 March,
both sites #2 and #3 recorded compression which may have been produced by the
refreezing of water in the cracks after they were opened. Finally, on March 18,
further ice motion in the pack caused tension to build once again. After the
radar information is available, it should be possible to confirm the nature of
the pack ice motion farther from shore which caused these tensile fields to
develop. The direction of crack formation appears to be perpendicular to the
wind direction, as might be expected.

VII CONCLUSIONS

1. The ice stress telemetry system was developed, which provides a method
for recording the ice stress in hazardous locations during times of
ice movement.
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Table 1, wWind at Barrow, Alaska

For March 16-17, 1977.

WIND WIND MAX
TIME (AST) DIRECTION (o) SPEED (KM/HR) GUST (KM/HR)
16 MAR 1500 070 42.6 55.6
1600 070 37.0 50.0
1700 070 40.7 51.9
1800 060 38.9 55.6
1900 070 40.7 53.7
2000 060 38.9 48.2
2100 070 38.9 51.9
2200 Q70 33.3 42.6
2300 060 27.8 -
2400 060 25.9 -
17 MAR 0100 060 27.8 -
0200 070 31.5 -
0300 060 27.8 -
0400 070 29.6 -

Similar direction and magnitude for the remainder of March 17.
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2. Stresses were measured in a floe of multi-year ice which was in the moving
pack near a grounded accumulation of ice or floe island.

3. The highest compressive stress measured was 1.72 x 106 N/M2 (250 PSI) and
we infer that the crushing strength of ice in the pack may have been
higher.

4. The maximum compressive stresses recorded occurred as pulses whose duration
was probably between 0.33 seconds and 32 seconds. Impulse loading of shorter
duration may also have occurred but would not have been recorded.

5. Stresses were measured in a refrozen pan of annual ice beyond a grounded
pressure ridge. A tensile field with stresses at least as high as 0.68
x 106 N/M2 (100 PSI) developed in response to a 40 km/hr wind.

IX. NEEDS FOR FURTHER STUDY

The radio telemetry system developed for the stress sensors provides a
particularly convenient method of stress analysis. The study which is being
performed here will only begin to answer questions about the failure of sea
ice in situ. The apparent presence of high intensity pulses with frequency
content above one Hertz at the floe island implies that future data aquisition
systems should have a frequency response at least to 30 Hertz. The spectral
distribution of ice stresses near grounded obstacles, as well as the maximum
values of ice stress, should be measured for all of the ice conditions expected
to be encountered at a particular offshore location. Maximum stresses which
correspond to static failure in compression can be obtained by specific in-situ
ice loading experiments, and it is recommended that such tests be included as
part of Dr. L. Shapiro's program. Additional telemetered stations are required
to record the spectral distribution of ice stresses during floe-floe interactions
and ridgebuilding events near grounded structures.

X. SUMMARY OF 4th QUARTER OPERATIONS

A. Field Activities
1. Field Trip: March 11-13, 1977. NOAA Helicopter, NARL, Barrow.

2. Scientific Party: W. M. Sackinger, University of Alaska,
Principal Investigator

W. J, Zito, University of Alaska, Electronics Technician
3. Method: Ice stress telemetry system installed.
4. Locality: 2 km offshore from NARL (Barrow, Alaska).
5. Data Collected: Data acquisition of ice stress begun.
6. Data Submission Schedule: 1In quarterly reports, as available.

B. Problems encountered: No logistic, scientific, or management problems
were encountered during this quarter.

C. Estimate of total funds expended:
$76,829

178




13

XI. REFERENCES

1. Blenkarn, K. A.; "Measurement and Analysis of Ice Forces on
Cook Inlet Structures.'" Off Shore Technology Conference
Paper OTC 1261, 1970.

2. Hawkes, I., 1969. "Stress Evaluation in Low-Modulus and
Viscoelastic Materials Using Photoelastic Glass Inclusions.
Experimental Mechanics, pp. 58-66, February, 1969.

3. Hobbs, H. A., Cutcliffe, J. L., and Kingery, W. D.' "Effect
of Creep and Temperature Gradients on Long-time Deformation
of Ice Sheets," in Ice and Snow, W. D. Kingery Ed., M. I. T.
Press, Cambridge, Mass., 1963.

4, Nelson, R. D., Taurianinen, M., and Borghorst, J.; 1972,
"Techniques for Measuring Stress in Sea Ice, '"University
of Alaska, Institute of Arctic Environmental Engineering.
available as Alaska Sea Grant Report 76-18, Alaska Sea
Grant Program, University of Alaska, Fairbanks.

5. Nelson, R. D., 1974. ''Measurements of Tide and Temperature
Generated Stresses in Shorefast Sea Ice,'" in The Coast
and Shelf of the Beaufort Sea, J. Reed and J. Sater,
Editors, Arctic Institute of North America, Arlington,
Virginia,

6. Nelson, R. D., 1975. '"Internal Stress Measurements in Ice
Sheets Using Embedded Load Cells," Presented at Third
International Conference on Port and Ocean Engineering
under Arctic Conditions, University of Alaska, Fairbanks,
Alaske.

7. Schwartz, J., 1970; "The Pressure of Floating Ice Fields on
Piles," Proc. I.A.H.R. Symposium on Ice and Its Action
on Hydraulic Structures, Reykjavik, Iceland.

8. Tabata, T. 1958; "Studies on Visco-Elastic Properties of Sea Ice,"
in Arctic Sea Ice, Nat. Acad. Sci./Nat. Res. Council Pub.
598, Washington, D.C., 1958.

9. Peyton, H. R., 1966. 'Sea Ice Strength'". University of Alaska
Geophysical Institute Report UAG R-182. College, Alaska.

10. Nelson, R. D., Hanley, T. 0'D., and Shapiro, L. H., 1976; "Ice
Pressure in Grounded Ice Zones'", University of Alaska,
Geophysical Institute, Fairbanks, Alaska. In Press.

11. Reddy, D. V., Cheema, P. S., and Swamidas, A. S. J., (1975);
"Ice Force Response Spectrum Model Analysis of Offshore
Towers', Proc. Third Int. Conf. on Port and Ocean Engin.
under Arctic Cond., University of Alaska, Institute of
Marine Science, Fairbanks, Alaska.

12. MHHttanen, M. 1975; "Experiences of Ice Forces Against a Steel
Lighthouse Mounted on the Seabed", Proc. Third Int. Conf.
on Port and Ocean Engin. under Arctic Cond., University of
Alaska, Institute of Marine Science, Fairbanks, Alaska.

179




ANNUAL REPORT

Contract No. 03-5-022-55
or 261/262
Reporting Period:
April 1, 1976 to April 1, 1977

BEAUFORT SEA, CHUKCHI SEA, AND
BERING STRAIT BASELINE ICE STUDY

William R. Hunt
and

Claus-M. Naske

April 1, 1977

180




ANNUAL REPORT
BEAUFORT SEA, CHUKCHI SEA, AND BERING STRAIT BASELINE ICE STUDY

I. Task Objectives:

| The investigators are finishing work on a'data supplement to the
charts which show seasonal navigational conditions from 1870 to 1970. This
suppiement presents all pertinent ice information and navigational informa-
tion found in ships logs.
II. Field Activities:

The investigators collected data showing seasonal navigational
conditions from 1870 to 1970. The data was extracted from ship logs of
whaling vessels, U. S. Revenue Marine Service and U. S. Coast Guard vessels
as well as trading ships. The investigators spent four man months during
the year researching in the Whaling Museum in New Bedford, Massachusetts,
the Federal Record Center in Suitland, Maryland, the Fleet Weather Facility,
Navy Department, in Suitland, Maryland, the U. S. Coast Guard Headquarters
in Washington, D.C., and the National Archives in Washington D.C.

III. Results:

The investigators completed a number of maps which show the his-
toric variations in ice conditions over a 100 year period. These maps were
presented at the February, 1977 conference of principal investigators in
Barrow, Alaska. They will be utilized in the pré]iminary report which the
Arctic Project Office is preparing.

The investigators are continuing to transfer pertinent ice data
to maps.

A sample of ice data that lends itself to chronological narrative

rather than cartographic representation is included with this report.
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EXCERPTS FROM THE LOG BOOK OF THE BARK HELEN MAR ON A CRUISE

TO THE ARCTIC IN 1872, 1873, 1875, 1877 AND 1878
SEASON 1872

August 11, 1872, 5 of wrecked ships in sight, at noon, other wrecks in
sight, at Point Belcher. A1l of them broke up but the Seneca,
Minerva and Thomas Dickerson. The Seneca and Thomas Dickerson
are in six feet of water their spars standing.

August 12, Strong wind from NE working to the NE. Middle part laying aback,

have seen several whales in the ice. Latter part steering S.
Sea Horse islands bearing SSE.

August 20, Picked up a dead whale. At anchor since 17th. \

August 25, Spoke to Bark Arctic. They told us of Bark Hlen, Snow, Roscoe,
and Sea Breeze being lost in the ice to the eastward of Point
Barrow.

August 28, At 2 PM lowered for a bowhead, it being the first time this season.
Have seen several going fast to the westward.

October 9, Ship covered with ice.
October 10, The ship one mass of ice.
October 12, At 10 AM sighted Cape East.
SEASON 1873
June 6, 1873, At 5 PM passed Cape East and entered Arctic Ocean.
June 7, Steering NW at 7 PM hauled up NNE Cape Serdez bearing SW 30 miles,

no ice in sight, something that has not been before in my
recolection.

SEASON 1875

June 21, 1875, Got 48 wall ruses. Ship in the open ice. Caught 7 wall ruses.
Lat. 66.47

June 24, Working to the N along the Western Ice. Got 11 walrus.

July 12, At 3 PM tied the ship up to the Ice that had the walrus on.
At 9 AM cast off and stood out of the Eice to the Eastward.
Got 161 walrus.

July 25, Scatering Ice. Got 60 walrus.

July 27, Begins with a fresh SE wind at 3 PM, lowred and got 76 walruses
have used up all the ammunition have got 1,250 all told.




Season 1875, continued

August 26, Got i whale, off Harrison Bay.
August 28, Got 1 whale off Colville River.
SEASON 1877

July 5, 1877, MWirking a long the ice looking for walrus the ice is so
scatered that the walrus have gon back to the main pack.

July 13, Wirking a long the east shore saw sum walrus and got 25 of them.

July 14, Ship a mong the scatring ice looking for walrus saw sum and got
29 of them.

July 15, Stearing to the N latter part a strong breeze from the S, raised
sum walrus and the captan shot 100 of them we went on the ice to
skin them and it was so rough that the sea washed over the ice
and broak it up we saved but of of them.

July 29, Ship stearing to NE point Barrow in sight we found very heavy ice
a ground all a long the bank and the ice was packed on the land
so that we could not git in to the point so went to the North until
we came back to point Barrow.

August 11, Ship all at anchor and the boats cruising in the ice. Several
whales struck but most of them tuck the lines under the ice.

September 18, Strong breeze from SE, ship cruising to NE of Herald Island.
Got one whale and another one in the afternoon.

September 21, Freezing hard, ship cruising NE of Herald Island, Boats are badly
iced up. Spole to Bar Norman which reports that Bark Three Brothers
abandoned frozen in the ice to the eastward of Point Barrow.

September 22, This day commences with a strong breeze from the NE. The ship
under reef top sails, cruising to the NE of Herald island the
weather very cold the ships and boats covered with ice saw sum
whales and loard for them the waist boat carted at one but did not
git fast the starbord boat struck one got fast with one iron and
the whale went into the ice andI had to hold on to him so hard
that the iron draud out.

October 4, Pleasant weather and moderate breeze from westward. Herald island
15. miles of beraing SW by W. Plenty of whales in sight. Got i whale.

October 6, Cruising on NE side of Herald Island. Got 1 whale.
October 10, Ship steering ESE bound out of the Arctic.
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June
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June
June
June

July

July

July
July
July
July
July

SEASON 1878

3, 1878, Ship laying in ice with all sail firled getting water off the

19,

20,
22,
24

27,
28,
30,
1,

ice, 80 barrels of it.

Pleasant weather and a light breeze from NE, ship under all sial
beating through Berring Strates. Natives came on board from the
Dimeads and we got sum boots and clothing.

Got 50 walrus.

Working in the ice of Cape Surge. Got 14 walrus.

Slight breeze from NW. Ship under sail working through the ice
scattring ice. Got 11 walrus.

Cruising along the ice of Cape Surge 11 sails in sight.

Captan shot 32 walrus.

Captan shot 126 walrus.

Commences with a light breaze from the S.E. with foggy weather
finished skinning the walrus this morning and had to leave them
on the ice the walrus was so far in the pack that we could not
get them of so we anchored the cacke of ice that they were on
and left them thear.

Commence with a calm and fog the ship laying of the ice latter
part of the day clear with a light breaze from the SE we came to
anchor close to the pack in 25 fathoms of water and haled the ice
that the walrus was on out ot the edge of the pack and got the
blubber on bord then got under way.

Captan shot 28 walrus.

Got 5 walrus.

Got 52 walrus.

Got 7 wallus.

12 sails in sight and walrus very scarse.




CRUISE OF THE U.S. REVENUE CUTTER SERVICE SHIP BEAR TO THE

ARCTIC IN 1911 UNDER THE COMMAND OF J.G. BALLINGER

SEASON 1911

August 1, 1911, 4 AM got underway for Barrow, arrived there 4:20 p.m.
August 2, 1911. During the entire trip to Point Barrow, no
ice of any description, even grounded ice, was sighted until in
about the latitude of the Seahorse Island, when a few pieces
were seen, from the masthead well off-shore. Strong North-
easterly winds prevailed for several days before and after our
return brom Barrow.

The present season in the Arctic has been one of the most re-
markable, so far as ice conditions are concerned, within the
memory of the oldest inhabitants. The ice left Point Hope the
latter part of June, and early in July the Arctic was practically
free of ice, and I was also informed that at Point Hope there had
been no real Arctic pack during the entire winter. The whaling
has been unsatisfactory this past year--one taken at Pt. Hope,
two live and one dead at Icy Cape, one at Barrow. Many foxes
trapped, but few polar bears taken.
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WHALING SHIP BELVEDERE OF NEW BEDFORD, WINTERING
AT HERSCHEL ISLAND IN 1897-98 RECEIVED THE
FOLLOWING AMOUNTS OF DEER MEAT AND FISH

Deer Meat Fish
November 29 150 1bs. November 29 250 1bs.
December 6 140 " December 6 230 "
December 24 280 " December 24 385 "
January 14 500 " January 14 80 "
January 27 a0 " April 1 500 "
February 4 950 " April 8 500 "
February 23 100 "

March 13 845 "
March 19 670 "
April 4 275 "
April 12 110 "
April 15 600 "
April 24 735 "
April 30 1,000 "
May 6 528 "
May 15 437 "
June 26 624 "
July 11 173 "
July 15 182 "
July 19 720 "
Total 9,059 1bs. Total 1,945 1bs.
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SOCTAL INFORMATION

Log of the Steamer Bear, under the command of First Lt. D. H. Jarvis, R.C.S.

Sunday, July 23, 1899

Off Cape Blossom, Kotzebue Sound

At 1:30 PM steamer "Arctic Bird" made fast alongside. Received
32 destitute miners suffering from scurvy. Delivered to "Arctic Bird" 28
sacks of coal. Lieut. Bertholf reported as follows. Found from 250 to 300
miners encamped on beach, north of Cape Blossom, alarming state of affairs
existing, 32 men particularly helpless from scurvy, many other just recover-
ing, about 15 had died during winter and spring from this disease and black-
leg. Many others had no means of living and food and food supply exhausted.
The steam Taunch being inadequate for transportation of so many, the master
of the stern wheel steamer "Arctic Bird" brought off the sick, receiving in
return the coal expended. 32 were brought off and put under sugeon's care.
There had been much distilling of whiskey during winter by whites and natives,
but no evidence was obtainable, Principal offenders having left the country.

Two brothers Roger and Al Pickering from Princton, Ky, were killed between

May 1-4 on portage between Selawik and Kuyukuk River by native named Kokonuck;
reports state they first attacked the native; that Roger Pickering character
was bad and had killed a man named Martex on the Nastuk River during the winter.
In consequence of the killing no Selawik natives had come to the coast and
Kokanuk could not be found. At 3:30 p.m. Lt. Bertholf left on "Arctic Bird"

for purpose of transporting miners to this vessel. Sent in 3 cases canned
tomatoes, case evaporated cream, crate of potatoes, 1 tin dissicated potatoes,

1 case canned fruit, to be left with the Rev. Robt. Samms, missionary at Cape
Blossom, for the use of those at the encampment.

Names of miners received on board.

Geo. Sargent B. Jaster A. J. Haywood
J. F. Gordon J. Johnson C. J. Connely
J. H. Kilner J. 0. Eckles W. R. Hastings
0. C. Ford M. H. Walley Thos. Meadow
J. H. Cole H. S. Delong A. McGavitt
C. Hasse E. W. Martin J. Berquist
Frank Hanis H. S. Bike J. A. Steel
J. Meyer G. W. Breed Chas. Bush
Theo Francisco J. Wilson

Geo. Sinclair F. Etzel

J. M. Lane Hans Basteau

Sabin Hanis A. Fahrenholt

July 24, 1899

At 3:45 a.m. Arctic "Bird" came alongside with Lieut. Bertholf and
48 men, 2 women and one child, for transportation to St. Michaels. Between
150 and 200 people Teft at encampment. Extra rations, fruit and vegetables
were left by cabin and wardroom messes for the care of sick.
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July 24, 1899, continued

Names of persons received at Cape Blossom.

G. W. Berry J. Maidden A. Johnson
E. Humphrey B. Anasi C. S. Bushnell
M. Thomas F. E. Smith J. C. Hollister
S. M. Fuller G. C. Bence L. Junnelli
C. Schlumecher W. H. Shaffer F. Statsnell
H. B. Alzioth E. W. Clark G. W. Close
M. Kane C. Ashley F. Ramez

A. Scott
W. Simmons D. Sullivan A. R. Jones
Thos. Russell D. Deathe A. Detzenhoff
A. Ahlers F. Dickman G. P. Blanchard
E. Ahlers F. Sledder F. Yamock
H. F. Masters C. Murphy C. Martenez
M. Premo L. D. Morris C. F. Webb
A. C. Thees C. M. Smith - Mockerzy
0. McCormick H. Gould H. E. Welb

Mrs. Alvis A. Herman (alias Bownraro) and infant,
Mrs. Alice Smith

July 26, 1899

Anchored off Sledge Island

4 - 8 AM. Lt. Bertholf went ashore with cutter crew and Master at Arms and
brought off Diomede native Nubarloo who killed the boy Nanoruk
the 15th inst. on the Port Clarence sand spit. He was placed in
irons and confined into the fore hold.

Mid. to 4 P.M. Watch making anchor, Mr. D. H. Smith, U. S. Deputy Marshal
came on board for the arrest of Captain Jens B. Neilson of schooner
General McPhersen for piracy. Sent Mr. Smith with an officer to
schooner to serve warrant.

3:15 Lt. Berthold and Deputy Marshall Smith returned with Jens B.
Neilson under arrest. Turned schooner over to Mr. Smith as
managing owner. Received on board for transportation to St.
Michaels wife and three children of Jens B. Neilson.

4 - 6 PM. Wm. Kjillman and Redemeyer came on board for passage to St.
Micheals. [sic]

6 - 8 PM George Rowan and Nany Ford, stranded miners wishing to work
there [sic] passage to St. Micheals [sic] were taken on board.

Jerimah Abramson assistant to Dr. Doty lately teacher at St.
Lawrence Island left the ship at Anvil City.
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July 27, 1899

8 AM to merid. The Commanding officer called upon Captain Walker, U.S.A.
commanding Ft. St. Micheals, and turned over to same, destitute
miners and their effects.

Merid. to 4 PM. Landing destitute miners on shore with their effects, having
turned them over to U.S.A. authorities at St. Micheals. Deputy
Marshal D. H. Smith left the ship with Jens Neilson, in custody.
Mrs. Neilson and three chiidren left the vessel.

July 29, 1899

Sent the following prisoners ashore and turned them over to the
authorities Sablok, (alias Capt. Jack) Frank Temple of the "Mermaid," Ashuik,
and Nubarlo and C. Crutchfield, received from "Mermaid" 19th instant for
medical treatment and witness in case against Temple, left the vessel.

These cases were heard before the U. S. Commissioners. Sablok sentenced to
6 months imprisonment in the military jail at St. Micheals. The others were
turned over to the District Court at Sitka, C. Crutchfield was sent ashore
and held by authorities as a witness against Temple.

July 31, 1899

At anchor, St. Micheal, Alaska

4 PM to Mid. At 6:00 observed the American Bark "Agate" of San Francisco,
Hansen, master, coal, flying International signal (DKR) mutiny.
Sent officer and master of arms to her and found one man Geo.
Muier, Seaman, refusing duty when ordered to man boat. At request
of master put Geo. Muier in irons and confined him in fore hold.

August 8, 1899

4 to 8 AM. At 4:40 cutter returned with two native women Coonook and Pugenvik
for transportation to St. Micheals witnesses to the killing of the
boy Nanowk by the native Nubarloo 15th ultima.

Merid. to 4 PM. Upon interrogating the natives it was learned liquor had been
traded by whale ships. The Commanding Officer then investigated,
obtaining such evidence as warranted the detention on board of two
natives, Kotoweena and Teekok. Later to serve as witnesses against
the master of the steam whaler Bowhead.
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August 11, 1899

At anchor Cape Blossom, Kotzebue Sound

4 to 8 AM. Some 15 miners were found still on the beach waiting to get out,
while 40 were still up the river. No one seriously ill. A
notice was posted at the mission House requiring all able bodied
men who wished to leave the country had no means of doing so to
be encamped on the bluff at Cape Blossom by August 20th to
facilitate embarkation on the "Bear."

August 16, 1899
Lat. 71.06'00 N

Long. 157.10'00 W
Choppy to smooth. Numerous cakes of ice floating near ship.

August 17, 1899

At anchor near Cape Smyth, Alaska.

Occasional pieces of ice drifting near vessel. At 1 a.m. veered 25 fins of
chain to steer clear of ice.

August 27, 1899

Merid. to 4 PM. At Cape Blossom. At 12.40 boats returned with miners and
and their effect for transportation to St. Micheals. At 2.20
steam launch left with cutters to bring off persons ashore and
their effects.

Miners received on board.

A. Goetz
Henry Nobles
J. Bower L. H. Northrup
W. J. Phillips J. W. Stevens
F. Granholz J. W. Sorsick
L. J. Ray
D. Stibi
Scott
. Partridge
. Aiken

. W. Johnson
. McTaggart

Mmoo OO

August 28, 1899

Miners received on board.

G. R. Porterfield
A. J. Hamilton
0. W. Holt




September 6, 1899

The native women Coonok and Pugennuk witnesses to the killing of the boy
Nauwak, and Ahlooksuk witness in Boyd murder cases, delivered to authorities
at St. Michaels.
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I. SUMMARY

The objectives of this project are to develop and test the procedures
and hardware required for in-situ measurement of the mechanical properties
of sea ice, and to conduct a program of such measurements. In addition, the
results of the extensive series of laboratory tests of sea ice in creep and
at constant loading rates which were done by Peyton (1966) are being reevalu-
ated.

During the past year sufficient data has been acquired to verify the
repeatability of results from the method of direct shear strength tests
described below. Procedures developed for tests in uniaxial compression
and indirect tension (Brazil test) appear to give reasonable results, but
further work is needed. Finally, it has been demonstrated that the com-
bination of loading the ice sheet with flatjacks and sensing strain with
wire strain gauges embedded in the ice does produce good creep curves.
However, numerical results for these tests are not yet available.

The analysis of Peyton's (1966) laboratory creep tests in compression
is in progress, and a one—diﬁensional, non-linear viscoelastic stress-strain
law has been developed which fits the creep curves generally with errors
of less than 2% at each data point. In addition, the law describes the
shape of Peyton's experimental curves relating strength to rate of loading.

Field work is in progress at the present time, with two primary objectives.
The first is to conduct as many creep experiments as possible to obtain data
with which to evaluate the constants of the stress-strain law noted above.
The second is to further evaluate the uniaxial and biaxial compression tests
described below. Incidental to these objectives, data on the elastic pro-
perties of sea ice are also being acquired, as well as information in the
degree to which anisotropy resulting from preferred crystal orientation

affects the measured parameters.




II. INTRODUCTION

A. General Nature, Scope and Objectives

The problem of translating results from laboratory tests to field
conditions is well known in many branches of science, and forms an important
aspect of studies of the mechanical properties of sea ice. It is difficult
in the laboratory to simulate the effects of temperature and salinity gradients,
continuous variations in grain size and ice fabric, and the presence of inhomo-
geneities on scales larger than laboratory samples. Further, mechanical pro-
perties of the ice can change during the processes of removal from the ice
sheet, transport and storage. A program of determining the mechanical pro-
perties of sea ice in-situ, and with minimal disturbance to the ice, is thus
needed to supplement and verify laboratory results.

The objective of this project is to develop the techniques, procedures
and equipment necessary to measure as many as possible of the mechanical
properties of sea ice in-situ, and further, to utilize these methods in a
program of performing the relevant measurements.

B. Relevance to Problems of Petroleum Development

Any permanent or semi-permanent structure off the Arctic Coast of
Alaska must contend with the hazard that sea ice presents to its stability.
In order to properly design such installations it is necessary that reliable
values of the mechanical properties of the ice be available both for establish-
ing the design of the structure, and for the evaluation of that design by
public agencies. In addition, significant savings in cost of construction
can be realized if less conservative safety factors can be utilized.
III. CURRENT STATE OF KNOWLEDGE

Previous work on the determination of creep properties of sea ice

was reviewed by Weeks and Assur (1967). The work of most direct interest
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is that of Tabata (1958) who performed a series of in-situ tests using
cantilever and fixed end beams. In these tests, a constant load was
applied to the beam and the deflection at that point was measured as a
function of time. The resulting curve of deflection vs. time has the
form of a creep curve, and the constants for a 4-parameter, linear visco-
elastic model were derived from it.

Peyton (1966) conducted a laboratory study in which cylinders of
natural sea ice were subjected to constant tensile or compressive loads
of different magnitudes to generate creep curves. Loads were removed
after the creep curves were established, and the elastic components of
the deformation were recovered. Unfortunately, for all but a very few
of the tests, no information was given regarding the temperature, sali-
nity, or crystal orientation of the test specimens. These parameters
obviously influence the mechanical properties of the specimens and
interpretation of the results, for the purpose of determining the para-
meters of a stress-strain law, is not possible without them. Note that
Peyton did not include any analysis of the results of these tests in his
final report. However, the unpublished notes and laboratory records of
these tests, which include the necessary data, are archived at the Uni-~
versity of Alaska, and with Dr. Peyton's permission we are using these in
an analysis of the test data.

Creep curves for fresh ice show a pronounced increase in strain
rate following the initial decrease leading to the secondary creep
stage, for the case of loads above some threshold value (about 4 kg/cmz).
For sea ice, Peyton's (1966) data show a similar effect, but in some
tests the increase in strain rate is restricted to a short time period,

after which the rate decreases again. This introduces an obvious 'kink'
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into the curve. Karlsson (1972) interpreted this effect as an example
of strain rate dependent yield, and developed a three-~dimensional visco-
elastic-plastic stress-strain law from which good approximations to some
of Peyton's one~dimensional, experimental curves have been calculated.
Note that an alternative explanation of the significance of these 'kinks'
to the deformational process is given below.

IV. SOURCES, METHODS AND RATIONALE OF DATA COLLECTION

Experimental methods for various types of tests were described in the
last annual report of this project, and are reviewed briefly in other
sections of this report.

One important change in the conduct of the program has been instituted
since the last annual report. It was originally intended that the basic
creep experiments would consist of generating a stress field in the ice
sheet through the use of flatjacks. The stress at some point in that field
was then to be measured with a stress transducer and the strain, at a geo-~
metrically similar point relative to the flatjack, with a strain gauge.
However, after preliminary tests were run it was decided that because con-
trolled uniaxial or biaxial stress fields of known magnitude could be developed
in the ice using flatjacks alone, the use of stress transducers could be eli-
minated. This has the effect of simplifying the instrumentation and procedures
required for the experiments.

The experimental program for the present year has been designed to
evaluate the significance of mechanical anisotropy of the ice sheet resulting
from preferred crystal orientation. In laboratory tests on small samples
this anisotropy causes significant variations with load’direction in measure-

ments of mechanical properties. However, it is not clear that these results

should apply to in-plane loading of the entire ice sheet. 1In that case, much




of the load is concentrated in the relatively strong upper part of the ice
sheet, which should be nearly isotropic to such stresses.

In addition to the field test program, the results of the extensive
series of laboratory tests done by Peyton (1966) are being re-examined. To
date, this work has been concentrated on creep data only, and a report of
preliminary results is included below. The major part of Peyton's work,
involving tensile and compressive strength experiments at constant load
rate are yet to be studied.

V. RESULTS

A. Introduction

Discussions of the results of investigations into procedures for con-
ducting strength tests in uniaxial and biaxial compression, direct shear, and
indirect tension are given below. In addition, a report of the results of the
study of Peyton's (1966) data is also included. Part of this work involved the
first steps in the formulation of a non-linear viscoelastic stress-strain
law for sea ice.

The results of the preliminary creep tests conducted during the past
field season can be summarized by noting that, although good creep curves
were obtained for several tests, it was not possible to accurately determine
the stresses which caused the deformation. Thus, no further analysis has
been attempted. Tests are currently in progress, however, and these are

discussed in the quarterly progress report below.
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B. Review of Peyton's (1966) creep data and development of a visco-

elastic stress-strain law for sea ice.

1. Review of Peyton's data.

The purpose of this work is to provide small-scale laboratory test data
with which in-situ determinations of the creep properties of sea ice can be
compared.

During the past year we have been reviewing the results of Peyton's
(1966) creep tests on sea ice samples. Within the past quarter enough
results became available to permit a preliminary report to be prepared.
The preliminary nature of the following discussion is emphasized - much
more data remains to be evaluated. The same is true of the derivations
of the equations of the viscoelastic models presented below. As an
example, the viscous components of the strain were assumed to follow a
hyperbolic sine relationship between the stress and the strain rate.

This appears to agree well with the data, but other functional relation-
ships, which might fit better, remain to be investigated. In addition,

in the interest of brevity, the derivations have not, in general, been
presented with the degree of thoroughness or rigor which would be expected
in a formal publication. Finally, the reader is referred to Peyton

(1966) for description of sampling methods, preparation and descrip-

tion of test specimens and experimental techniques.

The total data set consists of approximately 190 creep tests in

uniaxial compression. The curves for all of these have been plotted,




and the tests were sorted by sample orientation, test temperature and
load. The groupings by temperature and orientation include from 1 to 9
tests, with most having less than 5. Thus, there is neither the range
of loads nor the repetition of tests for averaging which would be needed
in order for the mechanical properties of the ice to be determined for
any given set of conditions. However, useful information and suggestions
for additional work can be obtained as discussed below.

The following discussion is based upon the results of 70 of Dr.
Peyton's experiments which represent most of the samples from groups of
4 or more tests. Samples from depths of 8, 17, 48 and 60 inches at
temperatures from -6°C to -21°C are included. Those referred to below
as "vertical" were loaded along a direction normal to the ice sheet and,
therefore, normal to the c-axis orientation. "Horizontal" samples were
loaded in the plane of the ice sheet at a specified orientation to the
dominant c-axis direction. Orientation and temperatures are indicated
in the figures where the data appears.

The quality of the data is generally good in the sense that the
creep curves are smooth. In some cases, apparently irregular data
points were found to be the result of errors in calculation or tran-
scription of the data and these were corrected by reference to the
original notes.

To the present, we have referred to the tests as "creep tests".
However, examination of the curves shows that this description needs to
be modified. Some of the tests were true creep tests, with steady-state
creep approached closely. However, many of the tests were actually

stress-rupture tests in which tertiary creep leading to failure was
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initiated at some time during primary creep. Interpretation of this
type of test is described in Grant and Mullendore (1965). The results
of a series of stress-rupture tests on sea ice, by bending of simply
supported beams, are given in Kingery and French (1963).

Finally, a peculiar feature of some of the data is the presence of
one or more discontinuities in the creep curves. These are points at
which the strain rate instantaneously increases, as if an incremental
load was applied at that time as in a two-step creep test, then grad-
ually decreases toward a steady-state creep rate which is higher than
that just prior to the discontinuity. A typical example is shown in
Figure 1. These features, termed here "jump points" were previously
found in Peyton's data by Karlsson (1972) who considered them to be
strain-rate dependent plastic yield points in the viscoelastic flow
field, and modeled then as such following the theory suggested by
Naghdi and Murch (1963). An alternative explanation is considered

below.

ORGANIZATION OF THE DATA

A minimum value of the strain-rate was determined, by inspection,
for each strain-time curve. For creep tests, this value is simply the
slope of the "best fit" straight line to the Tinear portion of the
curve; that is, the steady-state strain rate. For stress-rupture tests,
it is the slope of the curve at the inflection point at the onset of
tertiary creep. If the curve included a "jump" point, then the minimum
strain rate was taken as the slope of the curve at the jump. The time

to the minimum strain rate of stress-rupture tests was also measured, as

were the time to the first jump point in any test and the total duration
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Figure 1. Typical jump point in a strain-time curve, from Peyton's (1966) experiment 37; 8" vertical sample

at -18.7°C, and loaded at 16.9 kg/cm2,




of the test for creep tests in which neither rupture nor jumps occurred.
The total strain of the sample at the minimum strain rate or at the end
of a creep test was also recorded. Finally, the time to rupture of the
stress rupture tests was taken as the time asymptote of the strain-time
curve. Note that this was estimated in most cases because the samples
were unloaded prior to total collapse. However, errors in these esti-
mates probably do not exceed a few percent but, of course, cannot be
accurately measured.

A plot of time to rupture vs. stress is given in Figure 2 for all
of the vertical samples. Tests in which jump points occur are also
indicated, as are the durations of the creep tests. Stress vs. time to
minimum strain rate for the same tests is plotted in Figure 3. In both
cases, the points fall into reasonably well-defined Tinear zones (com-
pare with Kingery and French, 1963). Note that there is no clear
separation with respect to temperature, but this may reflect the rela-
tively small number of samples. Of particular interest, however, are
the positions of the jump points. Clearly, these are not random occur-
rences, but instead, fall within the main trends of the plots. From the
available data, the association with the minimum creep rate seems to be
preferred, but in either case, it is clear that the jump points are
associated with the failure process. This is discussed further below.

Finally, the value of the minimum strain rate for all the vertical
specimens is plotted against stress in Figure 4. Note again that the
minimum strain rates for those tests which include jump points fall

within the trend. The scatter in this plot is somewhat greater than

that of Figures 2 and 3, but this may be partially due to the fact that
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the spacing between data points of the creep curves was often too great
for the minimum strain rate to be measured with accuracy. Thus, errors
must be present in some of the plotted values.

Figures 5 and 6 show the same plots for horizontal samples (loading
in the plane of the ice sheet). These show a wider scatter with poorer
definition of the trends. However, two sets of samples within this
group are of particular interest: those from 60" depth at various
orientations to the c-axis, and a set from 17" depth with randomly
oriented c-axes.

The data from the 60" depth samples clearly shows the effect of
orientation on the time to rupture. The samples loaded at 45° to the c-
axes are obviously weakest, while the results from those loaded at 0°
and 90° tend to overlap. Note that one of the tests at 0° orientation
was run to rupture at about 2800 minutes at a load of 2 kg/cmz, although
a jump point appeared at about 160 minutes.

The results from the 17" horizontal samples represent the largest
single group of tests under the same conditions of temperature and
orientation, and clearly show the association between stress énd time to

rupture and minimum strain-rate.

DISCUSSION OF THE DATA

It is. of interest to compare the plots of stress vs. time to rup-
ture and time to minimum strain rate for the vertical samples (Figures
2 and 3). In the semi-log plots used, the zones defined by these appear
to be sub-parallel, so that the time span between the occurrence of the
minimum creep rate and of rupture may be some regular multiple of the

time to minimum creep rate. It is obvious that there is insufficient
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data to do more than suggest this as a possibility but, if verified
(particularly for tension tests), this may have application in con-
sidering safety factors for offshore installations or for loads on

floating ice sheets.

The relative lack of scatter in the vertical samples of Figures 2,
3 and 4 is somewhat surprising in view of the range of temperatures and
ice types represented. It is possible that the number of tests is
simply not large enough to represent the full range of typical values so
that the lack of scatter is fortuitous. However, it should be noted
that in all the tests shown, the loading direction was parallel to the
basal planes and normal to the c-axis orientation. Thus, the rela-
tionship between the load direction and the directional properties of
the sample were similar for all tests.

The apparent relationship between the stress and the minimum
strain-rate and the stress and time to minimum strain-rate in the verti-
cal samples suggests the possibility of some correspondence between the
stress and the strain at minimum strain-rate. A plot of these is shown
in Figure 7a, and a similar plot for the horizontal samples is shown in
Figure 7b. In both data sets there is an apparent tendency to cluster,
with a trend to increasing strain with increasing load. The data from
Figures 7a and 7b are replotted in Figure 8 for purposes of comparison.
These show a distinct overlap between the points for both data sets
which is unexpected in view of the range of ice types, temperatures,
loads and sample orientations represented. This is a potentially im-
portant result if it is accepted that the inflection point or first

jump point in a strain-time curve represents the initiation of processes
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leading to failure. The data in Figure 8 implies that the position of
these points in the curve is primarily strain dependent and relatively
independent of temperature and orientation with respect to load.

In fact, this cannot be strictly true, because sea ice is a visco-
elastic material, so that some of the strain represents a dissipation of
energy by flow. Thus, failure cannot depend upon the total strain, but
instead, must depend upon the elastic component of the strain through
which energy can be stored. Accordingly, using methods indicated in the
next section, it has been possible to separate the viscous from the
elastic strain for a few of the vertical samples. A plot of the results
is shown in Figure 9, although there are too few points to indicate any
decrease in scatter of the data. In addition, errors in the positions

3 in the strain. These

of these points could be as great as 3-4 x 10~
result from inaccuracies in the value of the initial elastic strain,
which would tend to increase the calculated elastic strain, and from
errors in measurement of the viscous strain which must, of necessity, be
too great. This is discussed more fully below.

It should also be emphasized that elastic strain in a single direc-
tion in itself cannot provide a failure criteria. Instead, a full 3-
dimensional description of the elastic strain is required, through which
the strain energy density can be calculated. An approach to the problem
is given in Reiner (1960).

Finally, further discussion of the significance of the jump points
to the failure process is indicated. Figure 10 shows the stress-rupture

curve of a horizontal sample from 60" depth, loaded parallel to the c-

axis at -6°C. The dashed lines between the data points have been added
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to show a possible interpretation of the tertiary segment of the curve
as a series of jumps. This suggests that tertiary creep may in some
instances be considered to be a series of closely spaced jump points
which, even if not true, may provide a means of modelling this part of
the curve.

Considering Figure 1 to represent a typical jump point, it is
apparent that it shows an initial elastic reaction followed by flow. As
noted above, this part of the creep curve appears to be similar to those
which result from two-stage creep tests so that, in effect, the stress
on the sample appears to have been suddenly increased at that point.
This is what would be expected if failure had occurred within some
volume of the sample at the indicated time, so that the load carrying
capacity of some fraction of the cross-sectional area of the sample was
effectively reduced. The stress across the remainder of the cross-
section of the sample then increases, thus leading to failure. This

is essentially the process described in Maser (1972).

VISCOELASTIC STRESS-STRAIN LAWS FOR SEA ICE

The initial approach to analysis of the data from Peyton was based
upon the work of Tabata (1958) who fitted the results of a series of
creep tests on sea ice to a 4-parameter, one-dimensional model of a
linear viscoelastic solid (Figure 11), and obtained values of the
relevant constants. This is the simplest viscoelastic model which
includes all the elements of a creep-recovery curve (except for tertiary

creep leading to failure) and is thus a useful starting point.

The differential equation which describes the behavior of the model




. 21 1 2.1,.,7
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where ¢ and € are stress and strain, the dot indicates differentiation
with respect to time, T, = "2/k2’ and s Nos k], k2 refer to the
constants of the model in Figure 11. The derivation of equation (1) can
be found in standard textbooks of 1inear viscoelasticity (i.e., Bland,

1960). For creep tests, the load is given by
*
(2) oft) = o u(t)

*
where ¢ is a constant, and u(t) is the unit step function. Substi-
tuting (2) into (1) and integrating gives the equation for strain as a

function of time as

(3 (t) = tr—t—-r—e
) € Ky K, k> °

The elements of the creep curve can readily be deduced from equation
(3) and the model. Note that equation (1) can also be integrated for
constant load rate or constant strain rate.

Attempts to fit equation (3) to Peyton's creep curves gave un-
satisfactory results.

In order to obtain a better fit to the Creep curves the dashpots
in the model were assumed to obey a non-linear stress-strain law which
was taken in the form of a hyperbolic sine relationship between the stress
and strain rate. (Note that Krausz and Eyring (1975) describe the appli-
cation of models of this type in studies of the deformation of textiles
and polymers.) Then, letting sv(t) represent the strain in the Voigt

model, the strain-rate is given by
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(4) ey(t) = A sinh o (t)

in which o](t) is the stress on the dashpot of the Voigt model and A

and ¢ are constants. The strain on the element is simply

a,(t)
2

5 e = L "
®  w-

where °2(t) is the stress on the spring of the Voigt model. Then,

equilibrium requires that, for a load o(t) applied to the total 4-

parameter model,

(6) o(t) = o;(t) + o,(t)

Introducing (6) and (5) into (4) then gives
(7) év(t) = A sinh ¢[o(t) - ky €]

For a constant load (o(t) = c*) equation (7) can be integrated and

rearranged to give
t *
(8) e, (t) = E—-- 2 tanh™! (e 2" tanh 9%}—)

the creep curve of the Voigt model alone.
To extend the law to the total 4-parameter model, note that the

strain in the spring of the Maxwell model is

(9 () =2t)
1

while the strain rate of the dashpot of the Maxwell model is assumed to
be
(10) e5(t) = B sinh 60 (t)

where B and o are constants.

217




The strain of the total 4-parameter model is simply the sum of the

strains in the elements of the model arranged in series, which is

(1) eT(t) = ev(t) + e«l(t) + sz(t)

Then for o(t) = o*, substituting (8), (9) and (10) into equation (11),

. ok *
and noting that ez(t) = ey = constant when o(t) = o , gives

* * -A¢k,t
_a ok o 2 -1 I 2 o
(12) er(t) = ET +ent 4 F; - $F£ tanh \e tanh %—

the creep curve of the total model.

In principal, the constants in equation (12) can be determined
by fitting the equation to an experimentally determined creep curve.
This is presently being done using Marquardt's (1963) maximum neighbor-
hood method. To date, satisfactory fits to the data have been obtained
for about 25 creep curves, but more are required before any results can
be discussed. It is noteworthy, however, that creep curves calculated
using the parameters determined by the fit seldom show errors of greater
than 2% when compared with the original data points.

In fitting the curve, the modulus k.l is not treated as a free
parameter, but instead is calculated from the strain at the first data
point of the creep curve if that point was measured within one minute of
the application of the load. This is clearly in error, because the
strain from the Voigt model and the dashpot of the Maxwell model are
included in this value, although their combined contribution should be
no greater than two orders of magnitude less than the strain in the
spring of the Maxwell element. Note that a more significant error is

indicated by comparison of the initial strain with the strain recovered
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within the first minute after the specimen is unloaded. Unfortunately,
there are few recovery curves in the data for non-rupture tests with no
Jump points, upon which to base a comparison. Those which are available,
however, indicate that the initial strain is greater than the recovered

3). This

strain by as much as 50% (i.e., magnitude of 1 to 4 x 10°
affects the computation of the elastic strain in the total model as a
function of time, so that the data points of Figure 9 would be trans-
lated to lower values. However, the error does not enter into the curve
fitting process, and therefore does not affect the computed values of

the remaining parameters.

In some of Peyton's tests, stress-strain data were taken during
loading and, when available, these were plotted to determine k]. How-
ever, the errors in total strain are still present in the creep curves
for these tests.

The source of this error is probably at least partially experi-
mental, resulting from taking up "slack" in the loading system and the
specimen. However, the possibility that some of the difference is due
to strain dependent changes in the mechanical properties of the sample
cannot be ignored based upon the available data.

From equation (12) and the model (Figure 11), it is apparent that
the only viscous component of the strain at any time is that associated
with the dashpot of the Maxwell model, represented by the second term on
the right side of the equation. This quantity can be estimated for those
experimental creep curves which appear to have nearly reached the steady-

state creep phase by measuring the minimum strain-rate and multiplying

by the time. Subtraction of this value at any time from the curve gives
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the value of the elastic strain (including the errors above) at that
time. The values of the elastic strain shown in Figure 9 were deter-
mined in this way. Note that the value of the strain-rate measured must
be too large, so that the error introduced tends to compensate that in

the estimate of the initial strain.

CONSTANT LOAD-RATE TESTS

The stress-strain law for the 4-parameter model with non-linear
dashpots can also be derived for the case in which the specimen is
Toaded at a constant load rate. Fitting this model to experimental data
would then, in principal, permit all of the parameters of equations (10)
to be evaluated.

The derivation follows that for the constant load problem. Equa-
tion (4) is integrated and substituted into (5) to obtain an expression

for °2(t) in terms of c](t). Then, substituting into (6), gives
(1) olt) = oy(t) + Ak, | sinn oo (t)dt

For constant load rate tests, the load as a function of time is given
by
ok
a(t) =o t
ok
where ¢ 1is the constant rate of loading. Substituting into (13) and
differentiating with respect to time then gives

*

o = 6](t) + Ak, sinh poq(t)
or

oy do, t .
(14) J t:s—mm?”‘kzj dat
0 0
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%
where the primes indicate dummy variables and the substitution C = & /l\k2

has been used. Using the substitution
2=C =~ sinh ¢o]'

and noting the limits on z as o]' gives from zero to o1 (14) becomes

_ l_JB-Sinh ¢°] dZ

(15) =
8 Z(ZZ-ZCZ+C2+])]/2

2), S0

In the quadratic term of the denominator b2 - 4ac = -4, (4ac > b
that (15) integrates to (Dwight, 1947, #380.111)

B'Sinh ¢01

bz+2¢ - Akzt

z(4ac-b?‘)”2

1 e =1
——— sinh
¢C1/2 .

and

O —

: 1+ csinh 4o, :
—_— sinh - - sinh”
¢(1+C2)1/2 C - sinh %07

J = Akzt

Then, introducing the substitutions

D = ¢(1 + c2)1/2 koA
_ -1
E = sinh T

and solving for o](t) gives

] ; 1
(16)  oy(t) = 3 sinh”] {g T:?m(]D%DJ{ s ‘J

The stress-strain law for the Voigt model can then be found from equa-
tions (5), (6) and (16), since
op(t) o(t) - oy(t)

E(t)= =
v k2 k2
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so that [recalling that o(t) = é*t]

(17) o 1 cinp”! c smh(D +E) -1
& " ko T sin
vk C+ s1nh(D E;-+ E)

To extend the results to the 4-parameter model, note that from (9),

the spring of the Maxwell model strains as

(18) (1) = °’;‘t

while the strain-rate of the dashpot is (from 10)
€,(t) = B sinh eo*t

The dashpot strain is therefore

(19) ez(t) = e—* cosh ec*t

Then, substituting (17), (18) and (19) into (11) gives the stress-strain

curve for the total model,

C sinh D—- E) - 17
(20) eT(t) = 21(;]—)' v cosh 6o(t) + ——(-El . s1nh ’- sinh( *E) |

kK, K
2 K Lc + sinh(d & + E)

where, as above, the strain in the spring of the Maxwell model is given
by the first term, while the second term is the strain in the dashpot of
the same model.

One additional point should be noted here which provides a further
test of the suggestion above that failure is dependent on the elastic
strain. The only viscous strain represented in equation (20) is that

given by the second term on the right, which describes the strain in the
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dashpot of the Maxwell element. The elastic strain of the model is
therefore given by the remaining three terms. It is thus possible to
calculate the value of o(t), for any value of constant load rate o*, at
which the elastic strain reaches some specified value corresponding to
failure. This has been done with the elastic strain fixed at a value of
6 x 10'3 and load rates ranging up to 500 kg/cmz/min. The results are
plotted to give the curve of "compressive strength" vs. load rate shown
in in Figure 12. The values of the parameters are arbftrary. For
purposes of comparison, Figure 13 shows plots of experiment curves of
strength vs. load rate taken from Peyton (1966). The similarity is
apparent, and thus tends to reinforce the hypothesis of the elastic strain
dependency of failure, at lTeast over the range of values indicated.

It should be noted that because the model does not include any
elements which would lead to a decrease in strength with increasing load

rate, that hypothesis is not excluded by the result presented here.

CONSTANT STRAIN RATE TESTS

Finally, for the sake of completeness, the derivation of the stress-
strain law for constant-strain rate tests of the non-linear 4-parameter
model will be outlined.

Let e* be the applied constant strain rate. Then, this must equal

the sum of the strain rates in the individual elements, so that
e* = ev(t) + e](t) + ez(t)

where ev(t), e](t) and ez(t) are defined above. Then from (4), the deri-
vative of (9), and (12)

223




M
O

o
O

%¢tT

Compressive Strength kg /cm?
A
®)

1 1 | }
200 300 400 500

Load Rate kg/cm? /min

@)
e)"
O

Figure 12, "Compressive strength" as calculated assuming failure occurs when the elastic strain in
equation (20) reaches 6 x 10-3. Values of the constants were k; = 1,4 x 10 kg/cm?,
t

ko

= 7.02 x 103 kg/cm2, A =5 x 10°%/min. Values of ¢ as indicated.




6Z¢

Maxima Stress, 100 pel

Rate of Loading Cffect on Strength
Wew Sea Ice, Compression, 50"-60" Depth

Comparative Strength and Load Rate Lffects
Conpressiea

yege hd oe
oieeto 0°2230  g=2700
L L3 IPS
Single Crystal o
Upper Limfe Temperature ~10°C
Pack, 015290, 0:1c=%0
13~ *
e ®
°
= - Bottom, 01220 °
o1e~90
%
-2°c
ec 1300,
1¢—
ERE A4 1Y) 2-40%0
PXTII})
-y
-
-
8 L
=
™ -
» .
4
“ ° Center
! ) ice
- l.‘, . .'l"“‘ ® o Slush, cicerandva
- 2 . o
. ° ® Single crystal © Center
b ® Bottom ® Medium
y ® Pack ® Slush
° o Fine
1 4 °| | 1 1
¢ > ) u ol ) i N

Figure 13.

v
Rete of Leading 100 pei/min

Experimental curves of com
ing rate from Peyton (1966§

Sate of Losding, 1000 psi/aln

ressive strength vs. load-




(21) e* = A sinh ¢o](t) + ééfl + B sinh eo(t)
Similarly, the strain at time t is
ext = ¢ (t) + e (t) + &,(t)
or, from (5), (9) and the integral of (10)
ARG

(22) e*t = n ot B I sinh 6o(t) dt
2 1

Solving (21) for oy and (22) for 0y, and substituting into equation

(6) then gives

o1 -1t
(23) o(t) = $-s1nh gtk f

where

1

Equation (23) can be differentiated to remove the inverse hyperbolic

sine, and then rearranged to

o2 2
™ . c+k . . 02 .
A e I kI B R
2 k2 2 k2 o A kZ

which is a complicated (algebraically) non-linear ordinary differential
equation which should be solveable by numerical methods. However, the
possibility of obtaining a closed form solution still has not been ex-

cluded.

DISCUSSION
It is important to note that introducing non-linear dashpots into

the 4-parameter model removes the results from the firm foundation of
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the theory of linear viscoelasticity. It is intuitively reasonable that
such models may eventually be associated with the integrals of the
stress-strain laws of non-linear viscoelasticity but we know of no
examples of .this in the literature. A possible approach to this problem
is presently being examined. Further, the equations given are one-
dimensional, and the form of the analogous 3-dimensional 1aw is not
established. This must be done before the anisotropy of the material
can be considered. Thus, for the present, the models should be taken
only as a means of examining the energy balance in the sample and for
what information can be obtained regarding the changes in these quan-

tities during deformation.
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C. Direct Shear Test

In the last annual report of this project, a procedure for conducting
direct shear tests in a horizontal plane in-situ was described. The
method used is shown in Figure 14. At the time the report was written,
only three tests had been run but subsequently, fifteen additional tests
were conducted to further evaluate the procedure and assess the repeatibility
of the results. The following discussion gives a summary of these experiments.

The tests consist simply of loading the flatjack with air or hydraulic
fluid until failure occurs at the base of the block. The shear strength is
then calculated assuming the stress to be uniform across the failure plane.
This is clearly not true, but is nevertheless the standard precedure in tests
of this type. Thus, if the dimensions of the jack are "a" and "b", and the
pressure at failure is "P", then the total force is Pab. This is assumed to
be equal to tcd, where "t" is the shear strength of the ice, and "c" and "4"
are the dimensions of the block outlined by the relief slots. In the tests
to date, ¢ and d have been set equal to b, so that t=(a/b) P. Note that one
criterion of validity of the test is that the results should agree for different
values of the ratio a/b. To date, tests have been run at only two ratio's, 1/2
and 1/3, and the values of T obtained are in reasonable agreement.

The results of all eighteen tests are shown in Table 1.

Tests in which square flatjacks were used (numbers 1, 3, 4, 5 and 6)
gave distinctly lower strength values than the remaining tests. Further, the
failure surfaces were smooth and wavy with only minor, scattered asperities,
and no cracks penetrating the adjacent ice. Thus, these tests were not satis-
factory, and should be interpreted perhaps as bending tests on thick cantilever

beams loaded uniformly along their lengths, rather than as shear tests.
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TABLE 1
SUMMARY OF DIRECT SHEAR' TEST RESULTS

FLATJACK TEMP -
TEST # DIMENTIONS °c) (Pa) Comments
(cM) "

1 15x15 4.48x105 Slow loading with hand pump

2 15x45 8.60x105 " " " " "

3 61x61 5.27x10° meoomm

4 15x15 -13 4.l4x105 Load rate approx. 14 kPa/Sec

5 15x15 " 2.76x105 " " " " "

Relief slots improperly cut

6 15x15 "o 4.27x105 Load rate approx. 14 kPa/Sec

7 15x30 "o 5.65x105 " " " " "

8 15%30 o 5.79x10° oo

9 15x30 " 6.55x105 Pressure held constant for 30 sec.

4 after each 210k Pa load increment

10 15x45 " 5.72x105 Load rate approx. 14 kPa/Sec

11 15x45 " 5.72x105 " " " " " "

12 15x30 -10 5.l7x105 " " " " " "

13 15%30 -7 8.27x105 " " " " " Extensive
shattering at base of block

14 15x%30 " 4.76x105 Load rate approx. 14 kPa/Sec

15 15x30 " 4.55%10° moom

16 15x45 " 6.07x105 " " " " " "

17 30x60 " 5.17x105 Pressure held at 20.69 MPa for 1 hr.
then increased to 1.03 MPa. Failure
occurred in 2 min.

18 60x122 4.07x105 Slow loading with hand pump.
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With the exception of test #18, in which the broken block was not removed
for examination, all of the remaining tests were verified to have failed in
shear. This is based upon interpretation of the mode of failure. In all cases,
the lower part of the block broke into irregular flat plates up to 1 cm in
thickness with the lowest few (i.e., 2-4) centimeters of the block completely
fragmented in this manner. An exception was test #13 which failed at a dis-
tinctly higher stress than usual. In this case, the shattered zone was about
twice the normal thickness, suggesting the release of more strain energy at
failure than in the remaining experiments.

The surface of the ice below the broken block typically showed irregular
linear, ''step" asperities oriented transverse to the direction of motion of
the failed block, with the riser of the step facing the loading direction.
Flat cracks extended into the ice from the base of each step, as evidenced
by a distinct gray color of the ice in these areas. The failure mode repre-
sented in these tests is thus similar to that of failure by coalescence of
interacting cracks which occurs during shear failure in uniaxial compression
tests on both ice and rocks. Therefore, it is reasonable to conclude that
the test does indeed produce failure in shear. However, the question posed
above regarding the distribution of stress across the failure plane still
remains.

In evaluating the repeatability of the tests, it should be noted that
tests 7, 8, 10 and 11 were conducted on adjacent sites within about two hours.
The test blocks had the same orientation, and salinity determinations from
three samples at the base of the blocks gave values of 3.6, 4.1 and 4.2 ppt.
The mean value of the shear strength for these tests is 5.72 MPa, with a

standard deviation of .06. Tests number 13, 14, 15 and 16 constitute a similar
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set, with only the temperature different from the conditions given above. Two
(#13) was noted above to have failed in an anomalous manner, but no explanation
is apparent for the variation of test 16. The other tests show a reasonable
trend from high to low values with temperature. However, these are all single
tests, and clearly, more data are needed to verify the trends.

Finally, test #9 was the loaded in increments of 2.1 MPa separated by 30
second pauses during which the pressure was held constant so that the ice
could creep. This sample showed a marked increase in strength, but other tests
are required to verify the result.

Several attempts were made to measure strain in the failure plane using
wire strain gauges embedded in the ice. These gave unsatisfactory results,
probably because of misalignment of the gauges. However, a load-displacement
curve for one block was obtained using a structure of aluminum rods frozen
into the block and adjacent stationary ice with one rod free to travel in a
horizontal plane. The gap between the end of this rod and a similar, but
stationary rod, was closed with a strain extensometer. The curve gives a
modulus of 1.52 GPd.

In summary, the results to date indicate that repeatable results
can be obtained from tests of the type described. However, there is
some question regarding the validity of the test because the stress
trajectories can curve around the lower edge of the flatjack, resulting
in high stress concentrations in that area. Methods of overcoming this

limitation have been devised and will be tested. In addition, a technique

for conducting shear tests in a vertical plane is under study.




D. Compressive strength tests

A short series of tests were conducted in order to evaluate techniques
and develop procedures through which the strength of sea ice can be measured
in uniaxial and biaxial compression. In all tests loading was done with a
hydraulic hand pump, and loading rates could not be controlled. Pressures
were read from a pressure gauge which, unfortunately, had too great a range
for accurate readings to be taken. This is an acceptable limitation, however,
because the primary purpose of the tests was to evaluate the mode of failure
of the ice.

In all but one of the tests the flatjacks used were in the form of equi-
lateral triangles 38 cm on a side. These were installed in facing pairs, 60 cm
apart, with one edge of each jack at the surface. 1In uniaxial tests a tri-
angular prism with a flatjack at each end was prepared by making chain saw cuts
at 60° from the horizontal along the boundaries of the block. These are parallel
to the edges of the flatjacks, and meet beneath the block forming the prism.

A variation of the above configuration was also used. 1In this case, the
flatjacks were installed as described above, but the relief slots were cut to
isolate a rectangular prism 23 x 40 cm on each face in the center of the block
between the jacks. One face of the prism was at the surface, so that it was
not centered between the jacks with respect to depth.

In all cases, the relief slots were cut just prior to testing, so that
disturbance to the ice by temperature changes and brine drainage were minimized.

Biaxial tests of two types were also run. In the first of these a pair
of triangular flatjacks, installed as described above, were loaded without
cutting relief slots, so that the ice provided the confining pressure. 1In
the second, a 15 x 15 x 46 cm block was broken out of the ice sheet, the hole

lined with plastic film, and the block replaced. 15 x 46 cm flatjacks were
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installed along the sides of the block to provide confining pressure, and
15 x 15 cm flatjacks at the ends provided the axial load.

Five uniaxial tests were run on the full~-size triangular prisms. The tests
were run at various orientations so that they cannot be grouped to accurately
assess repeatability. Temperatures during the first four tests were in the
range of -12°C to -15°C. The fifth test was run at -8°C,

All of the tests produced failure in extension with one primary crack
extending the length of the block close to the center line, and thus parallel
to the maximum principal stress. The cracks were inspected after the tests
by cutting vertical slabs through the blocks. These showed the cracks to be
vertical with a tendency to splay near the base of the block. Other cracks
with the same orientation were also formed. These originated at either jack
and did not extend over the entire length of the block.

Breaking strengths measured in these tests ranged from 2.8 MPa to 3.5 MPa.

Attempts were made to produce shear fractures in the blocks by reducing
the cross-section of the prism (i.e., "dog-boning" the test sample). These
were unsuccessful, because the ice always failed around the flatjacks before
fracture of the speciman occurred.

One uniaxial test was conducted using the reduced prism configuration
described above. The test was run at an ice temperature of -8°C. The sample
was loaded to about 4.1 MPa, but the pressure could not be increased beyond
that value, because the creep rate of the ice became too great to resist ex-—
pansion of the flatjack. At that time, the speciman showed a distinct whitish-
gray color which appeared to be due to pervasive small-scale fracturing along

planes oriented at 30° to 45° to the maximum principal stress direction. No

macrocracking was observed.




Following completion of this test, the speciman was left unloaded for
approximately 24 hours. It was then loaded again, until one of the flatjacks
failed at 5.2 MPa. As in the earlier test, no macrocracking was observed.

Two biaxial compression tests were also run, one using each of the con-
figurations described above. In the test involving the triangular jacks,
failure occurred by extension fracturing at a load of 4.8 MPa.

In the second biaxial test, a constant confining pressure of 0.3 MPa
was maintained along the sides of the speciman by loading the flatjacks with
compressed N2 gas through a pressure regulator. The flatjacks at the ends
of the speciman were loaded with a hand-operated hydraulic pump. The maximum
pressure reached was 6.21 MPa at which time the ice surrounding the ends of
the test block failed, so that the load could no longer be applied to the block.

The results above suggest that triangular flatjacks provide a simple tool
for measuring the uniaxial compressive strength of ice. Tests both with, and
without, relief slots should be run. In addition, the use of reduced triangular
prisms should be investigated further, particularly at colder temperatures, to
determine whether shear failure can be induced by that method. Finally, further
tests using confining pressure applied by flatjacks will require modification
to decrease the stresses in the ice around the test speciman so that the tests
can be run to completion.

E. Brazil Test

It was noted in the last annual report of this project that an indirect
tension or Brazil test had been run in-situ on a vertical cylinder of ice 59 cm
in diameter. In that test, loading was done using two 15 x 60 cm flatjacks
installed at opposite ends of a diameter of the cylinder, with their 15 cm edges

at the ice surface. When loaded, the cylinder failed with a single crack
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along the diameter, and secondary cracking near the jacks. The tensile strength
calculated for the test was .54 MPa, with a compressive stress along the loaded
diameter of 1.62 MPa.

In order to investigate the possibility of eliminating the secondary
cracking near the line of application of the load, the test was repeated using
curved flatjacks. Two such flatjacks were prepared from 46 cm lengths of 7.6 cm
diameter copper tubing. The tubing was flattened and then bent about the long
axis to a radius of curvature of 29.5 cm. The ends were then sealed by silver
soldering, and a threaded nipple installed at one end. Note that flatjacks of
the size produced are capable of exerting a load over 15° of the surface of
a test speciman of the above size.

The test was set up in the field as described above, and the relief slot,
which defines the boundary of the test sample, was cut to a depth of 76 cm,
or 30 cm deeper than the flatjacks extended into the ice. Loading was done by
a hand-operated, hydraulic pump.

Failure occurred at a pressure of 3.7 MPa, which corresponds to a tensile
strength of .47 MPa, with a compressive stress along the loaded diameter of
1.42 MPa. 1In contrast to the first test described above, failure in this test
occurred by formation of a single crack extending between the flatjacks. No
secondary cracking occurred. Further, following the test the block was
sectioned vertically, and the crack was observed to extend vertically down
with no indication of splaying or secondary cracking.

It can therefore be concluded that the technique of conducting the tests

is established, but further work must be done to assess the repeatability of

the results.




VI. ACTIVITIES DURING THE 8th Quarter

A. Results

Field work has been in progress since mid-February, but a series of
problems (see below) have slowed the rate of experimentation. However,
some preliminary results have been obtained:

A series of in-situ measurements of Young's modulus and Poisson's
ratio have been made on a sample 30 x 30 x 60 cm at the top of the ice
sheet. The block was broken loose from the ice sheet, the hole lined
with plastic sheeting, and the block then replaced and frozen back.

Flatjacks 30 x 60 cm in size were frozen along the sides of the block,

and were used to apply confining pressure. Note that the block was thus
confined even at zero pressure in the flatjacks. Axial loads were applied
through flatjacks placed at the ends of the block. Strain was measured
by strain gauges embedded in the ice.

The experiments were carried out over a two day period. The ice tempera-
tures on the first day ranged from -14°C at the surface of the block to -9°C
at the base. On the second day however they had changed to —l9°C and -12°C
respectively.

Axial loads and confining pressure were both applied using compressed
N2 gas through a pressure regulator and loading rates were about 6.9 k Pa/sec.

The value of Young's modulus for the first loading during which a con-
fining pressure of .1 kPa was maintained was 10 GPa, which is high in the
range of values of this parameter as determined by in-situ seismic methods
(Weeks and Assur, 1967). The value of Poissons ratio for this test was 0.31.
Subsequent loadings at various confining pressures up to 0.4 kPa produced
progressively lower values of both parameters over the two day test period,

with values for the tenth (and last) loading of 3.9 GPa and 0.19 for Young's
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Modulus and Poisson's ration respectively. This clearly indicates the effect
of strain softening.

A series of creep tests (2 - 3 stage tests and 1 - 2 stage tests)
were also conducted using the same array, to evaluate the affect of con-
fining pressure on creep rates. The results suggest little change in the
secondary creep rate for a given value of differential pressure up to
0.8 MPa and condining pressures to .2 MPa.

Loading rates during the creep tests were about 20 k Pa/sec. for the
initial loading as well as incremental loading during the tests. Values
of Young's modulus were determined for each rapid loading sequence, and the
resulting pattern of decreasing modulus with repeated loading was again
observed. The maximum value of Young's modulus measured during the series
of tests was 12.8 G Pa. Of interest also, is the fact that at the completion
of each creep test, all of the instantaneous elastic strain associated with
the loading phases of the test was recovered. This is in marked contrast to
the problem of apparent loss of elastic strain in laboratory tests.

In addition to the above experiments, an array of 6 test samples, each
60 x 60 x 120 cm has been installed in the ice. These are oriented with
2 parallel to the dominant c-axis orientation, 2 perpendicular, and 2 at 450.
An attempt was made to conduct experiments with these blocks, but this was
delayed as discussed below. In addition to these, several experiments to
determine stress—-strain curves during loading to failure in uniaxial com-
pression are set up, as well as test specimans for creep experiments on
small (i.e., 30 x 30 x 60 cm and 45 x 45 x 90 cm) blocks. These will be run
shortly.
B. Problems Encountered

1. Failure of a component of the strain recording system delayed the

start of the program for about 2 weeks.




2. TUnusually warm weather presisted in the area through February, so
that the ice thickness was only about 1lm when the program began, and ice
temperatures were several degrees above normal. This necessitated an
extensive revision in the test program, because the experiments could
not be conducted as designed under these conditions.

3. Installation of the 6 - sample array noted above required the
installation of long (about 75 m) cables from the test site to the record-
ing location. These are apparently acting as antennas, and are receiving
substantial noise from the local radio station. A solution to the problem

was found, but a delay of about one week was involved.
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I - SUMMARY OF OBJECTIVES

The primary objective of the project is to assemble available remote-
sensing data of the Alaskan outer continental shelf and to assist OCS in-
vestigators in the analysis and interpretation of these data to provide a
comprehensive assessment of the development and decay of fast ice, coastal
geomorphology and ecology, sediment plumes and offshore suspended sediment
patterns along the Alaskan coast from Yakutat to Demarcation Bay.

Four complementary approaches are used to achieve this objective. They
are, 1) the operation of a remote-sensing data library which acquires, cat-
alogs and disseminates satellite and aircraft remote-sensing data; 2) the
operation and maintenance of remote-sensing data processing facilities; 3)
the development of photographic and computer techniques for processing re-
mote sensing data; and 4) consultation and assistance to OCS investigators
in data processing and interpretation.

Thus, the project has primarily a support role for other OCS projects,
and in itself does not usually generate disciplinary conclusions and impli-
cations with respect to OCS o0il and gas development. Such results will be
generated by the various disciplinary 0CS projects, most of which are users
of remote-sensing data and services provided by our project. At this time
at least two dozen OCS projects are utilizing remote-sensing data routinely,
six of them (RU #88, 99, 248, 249, 257, 289A? almost exclusively. In addi-
tion, the availability of near-real-time remote-sensing data (NOAA satellite)
and delayed repetitive data (Landsat and aircraft) provides a continuous mon-
itoring of environmental conditions along the Alaskan continental shelf for
research and logistic support of the OCSEAP Program.

IT - INTRODUCTION

A. General Nature and Scope of Study

The outer continental shelf of Alaska is so vast and so varied that
conventional techniques, by themselves, are unlikely to provide the de-
tailed and comprehensive assessment of its environmental characteristics
which is required before the development of its resources is allowed to
proceed during the next few years. The utilization of remote-sensing
techniques, in conjunction with conventional techniques, provides a solu-
tion to this dilemna for many disciplinary investigations. Basically the
approach jnvolves the combined analysis of ground-based (or sea-based),
aircraft and satellite data by a technique known as multistage sampling.
In this technique, detailed data acquired over relatively small areas
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by ground surveys or sea cruises are correlated with aerial and space
photographs of the same areas. Then the satellite data, which extend

over a much larger area and provide repetitive coverage, are used to ex-
trapolate and update the results of the three-way correlations to the
entire satellite photograph. Thus, maximum advantage is taken of the syn-
optic and repetitive view of the satellite to minimize the coverage and
frequency of data which have to be obtained by conventional means.

B. Specific Objectives

The principal objective of the project is to make remote-sensing data,
processing facilities and interpretation techniques available to the 0CS
investigators so that the promising applications and cost effectiveness
of remote-sensing techniques can be incorporated in their disciplinary in-
vestigations. The specific objectives of the project are: 1) the acquisi-
tion, cataloging and dissemination of existing remote-sensing data ob-
tained by aircraft and satellites over the Alaskan outer continental shelf,
2) the operation and maintenance of University of Alaska facilities for
the photographic, optical and digital processing of remote-sensing data,

3) the development of photographic, optical and computer techniques for
processing remote-sensing data for OCS purposes and 4) the active inter-
action of the project with OCS users of remote-sensing data, including
consultation and assistance in disciplinary applications, data processing
and data interpretation.

C. Relevance to problems of petroleum development

The acquisition of remote-sensing data, specially satellite data,
has proved to be a cost-effective method of monitoring the environment
on a synoptic scale. Meteorological satellites have been used for over a
decade to study weather patterns and as an aid to weather forecasting. The
earth resources satellite program, initiated in 1972, offers a similar
promise to provide, at a higher ground resolution, synoptic information
and eventually forecasts of environmental conditions which are vital to
petroleum development on the continental shelf. For instance the morphol-
ogy and dynamics of sea-ice which are relevant to navigation and construc-
tion of offshore structures, the patterns of sediment transport and sea-
surface circulation which will aid to forecast trajectories of potential
0il spills and impact on fisheries, the nature of ecosystems in the near-
shore regions which can be changed by human activity, are among the criti-
cal development-related environmental parameters which can be studied, in
conjunction with appropriate field measurements, and eventually routinely
monitored by remote-sensing.

ITI - CURRENT STATE OF KNOWLEDGE

The utilization of remote-sensing techniques in environmental surveys
and resource inventories has made great strides during the last few years
with the development of advanced instruments carried by aircraft and sat-
ellites. The early meteorological satellites had a ground resolution of
a few miles and a broad-band spectral response which made them well-suited
to meteorological studies and forecasting but inadequate for environmental
surveys. The ground resolution of the sensors has been gradually much
improved over the years and thermal sensors were added for cloud and sea
temperature measurements, but generally the relatively Tow ground and
spectral resolution of the meteorological satellites is a limitation for

environmental surveys.

245




The initiation of a series of Earth Resources Technology Satellites
(now renamed Landsat) in July 1972 was intended to fill the need for syn-
optic and repetitive surveys of environmental conditions on the land and
the near-shore sea. With a ground resolution of about 80 meters and sen-
sitivity in four visible spectral bands, Landsat-1 and 2, have fulfilled
that promise beyond all expectations. Landsat-3, scheduled to be launched
in fall 1977 will have a higher ground resolution (40 meters for the RBV
system) and a thermal spectral band which will improve its capabilities
enormously. The Seasat satellite, to be launched in 1978, will have all
weather capabilities through the use of imaging radars and, as the name
implies, has been specially designed for environmental surveys of the sea.

The development of techniques for analyzing and interpreting Landsat
have proceeded at an even more rapid pace than the satellite hardware.
While in 1972 much of the Landsat data interpretation was done by visual
photointerpretation, the last four years have seen major developments in
photographic, optical and, in particular, digital techniques for processing
and interpreting the Landsat data. Some of these techniques, applicable to
0CS studies, will be discussed in section V and VI of this report.

Through the impetus provided by the national commitment to satellite
observations of the earth, the aircraft remote-sensing program has also
made great strides in the last few years. While in the early 1960's air-
borne platforms were mostly used for aerial photography, the late 1960's
saw the development of advanced multispectral scanners, thermal scanners,
side-Tooking radars and microwave radiometers, partly for the testing of
future satellite hardware and partly because the airborne observations
serve for middle-altitude observations between ground and satellite meas-
urements as part of the multistage sampling technique. Two philosophies
are apparent in the airborne remote-sensing program: the first, exempli-
fied by the NASA program as well as several universities and industrial
agencies, involves relatively large aircraft and sophisticated instrumen-
tation which produce vast quantities of data usually processed by computer
techniques. The costs of data acquisition and data processing are quite
high and for this reason this approach is usually applied to intensive,
non-repetitive surveys of relatively small areas. The second approach uses
airborne remote-sensing in a truly supporting role for ground-based or
satellite measurements. The aircraft are smaller and the instrumentation
usually consists of proven, simpler instruments such as aerial cameras,
single-band thermal scanners, and single wavelength side-looking radars
which usually generate data only in photogranhic format. The costs of
data acquisition and data processing, while they are not small, are suf-
ficiently low that the approach is often used for repetitive surveys of
relatively large areas. In our opinion the second approach fulfills best
the needs of the NOAA/OCSEAP program and we have been working very closely
with the NOAA Arctic Project Office toward the implementation of such a
remote-sensing program.

IV - STUDY AREA

The study area for the project includes the entire continental shelf
of Alaska, except for the southeastern Alaska panhandle. This area in-
cludes the Beaufort, Chukchi and Bering Sea and the Gulf of Alaska shelves
and coastal zone. Temporal coverage is year-around, although the data
coverage from November 1 to February 15 is limited owing to the very low
solar illumination prevailing at high Tlatitudes during winter.
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V - SOURCES, METHODS AND RATIONALE OF DATA COLLECTION

A remote-sensing data library and processing facility was estab-
Tished in 1972 on the Fairbanks campus of the University of Alaska as a
result of a NASA-funded program entitled "An interdisciplinary feasibility
study of the applications of ERTS-1 data to a survey of the Alaskan envir-
onment". This experimental program, which covered ten environmental dis-
ciplines and involved eight research institutes and academic departments
of the University, terminated in 1974, but the facility which it established
proved to be so useful to the statewide university and government agencies
that it has continued to operate on a minimal basis with partial funding
from a NASA grant and a USGS/EROS contract. In view of the large potential
demand of the OCS program on these facilities, a proposal was submitted to
NOAA in March 1975 for partial funding of the facility for OCS purposes.
This proposal resulted in a contract from NOAA on June 12, 1975, and the
work performed since that time is the basis for the present report.

As a result of the NASA-funded program, the remote-sensing data 1i-
brary had total cloud-free and repetitive coverage of Alaska by the ERTS-
now renamed Landsat-satellite from the date of launch (July 29, 1972) to
May 1974 (about 30,000 data products), 60 rolls of imagery acquired by
NASA aircraft (NP3 and U-2) some of which includes coverage of the Beau-
fort Sea, Cook Inlet and Prince William Sound, and substantial facilities
for photographic, optical and digital processing of these data. Through
a NOAA-funded pilot project, which studied applications of NOAA satellite
data in meteorology, hydrology, and oceanography, the remote-sensing data
Tibrary also had nearly compiete coverage of Alaska by the NOAA satellites
since February 1974.

A. Remote-Sensing Data Acquired for the OCS Program

1) Landsat data

At the initiation of the project we performed searches of the
EROS Data Center (EDC) data bank for Landsat and aircraft remote-sensing
data obtained over the four areas of interest to the OCSEAP program. From
the several thousand scenes so identified, we selected the scenes which
we did not have in our files and which had satisfactory quality and 30% or
Tess cloud cover. As a result of this search 566 Landsat scenes (2830 data
products) were ordered from the EROS Data Center in the following data formats:

-70mm positive transparencies of multispectral scanner (MSS)
spectral bands 4, 5 and 7

-70mm negative transparency of MSS spectral band 5

-9% inch print of MSS spectral band 6

During the first year of the project 265 additional cloud-free
scenes (1325 data products{ were acquired by the satellite and purchased
from EDC. Throughout the second year of the project (current reporting
period 1976-77) we continued to search the EDC data bank weekly for cloud-
free Landsat scenes of the OCS areas acquired in the intervening period.
As a result, 841 scenes were selected and ordered from EDC as of 31 March
1977.
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2) NOAA satellite data

With the termination of a NOAA pilot project, sponsored by NOAA/
NESS, in October 1975, our acquisition of NOAA satellite scenes stopped
after having accumulated 1320 images since February 1974. Following an
interim arrangement with the National Weather Service, which turned out to
be inconvenient for both parties, funding was provided by OCSEAP, starting
on 1 February 1976, to purchase NOAA satellite imagery directly from the
NOAA/NESS Satellite Data Acquisition Facility at Fairbanks. Under this pur-
chase order we are receiving two NOAA scenes daily from the Bering Sea pass of
the satellite (covering the Beaufort, Chukchi and Bering Seas) and one scene
daily from the interior Alaska pass (covering the Gulf of Alaska) in both
the visible and infrared spectral bands (6 images daily except in winter) for
a total of 1232 images received during the reporting period.

In addition we have made arrangements with the NOAA/NESS facility
to save digital tapes of the thermal infrared data, upon request and for the
cost of tape replacement, for scenes which are specially cloud-free or of
high interest to OCS investigators. These tapes allow the precise mapping
of sea-surface temperatures at locations and at times of special interest
to OCS investigators.

3) USGS/0CS aircraft remote-sensing data

In November 1975, we started receiving the remote-sensing data
acquired by USGS aircraft under a NOAA/OCS contract, along the Alaskan
arctic coast since July 1975. These data consist of six 250 ft rolls of
black and white aerial photography and 42 strips of side-looking radar
imagery. This program terminated in December 1975.

4) NASA aircraft remote-sensing data

Over the last few years the NASA Earth Resources Aircraft Program
has flown several missions over preselected test sites within Alaska. The
program is directed primarily at testing a variety of remote-sensing instru-
ments and techniques and to support NASA-sponsored investigatiens. However,
black and white and color-infrared aerial photography were obtained on most
missions and in particular during the May 1967, July 1972, June 1974, and
October 1976 missions which include flights over portions of the Alaskan
coast and coastal waters. We have acquired copies of these data from NASA.

The U-2 imagery of the Beaufort Sea obtained in June 1974 is of
particular interest to OCS investigators because it was obtained during
the sea-ice break-up period, it covers a large area (20x20 mi.) in a single
frame with good ground resolution (~10 ft), and nearly concurrent Landsat
data are avajlable. Similarly, the U-2 imagery of the northern Gulf of
Alaska and Prince Williams Sound, acauired in October 1976, is of excellent
quality.

We have a request pending with NASA for the U-2 aircraft to acquire
aerial photography of the entire Alaskan coastal zone (except the Seward
Peninsula), weather permitting, during June 1977.




5) NOS aircraft remote-sensing data

In spring 1976 we learned that the National Ocean Survey's (NOS)
Buffalo aircraft was scheduled to obtain aerial photographic coverage of
Shelikof during summer 1976. Knowing that this area is frequently covered
by clouds, we requested NOS to acquire aerial photography of other areas
of the Alaskan coastal zone on a non-interference basis with their primary
mission. NOS agreed to do so for the cost of the raw film. As a result
1316 frames of color aerial photography were acquired, covering the entire
coast from the Yukon delta to Cape Lisburne and several isolated areas in
the Gulf of Alaska. This aerial photography fills a serious gap in color
coverage of the Alaskan coastal zone; it is of excellent quality, and it
has been heavily used by 0CS investigators.

6) Army aircraft remote-sensing data

With the termination of the USGS/0CS remote-sensing data acquisi-
tion program in December 1975, an important need developed for all-weather
remote-sensing coverage of the Beaufort and Chukchi coasts during critical
periods (end of winter and end of summer). We worked closely with the
OCSEAP Arctic Project Office and with a major user (Dr. Cannon, RU #99) in
investigating various options culminating in a contractual arrangement with
the U.S. Army remote-sensing group at Ft. Huachuca, Arizona. Under this con-
tract an Army Mohaw aircraft equipped with an all-weather side-looking radar
(SLAR) flew two missions in Alaska in May and August 1976 resulting in com-
plete SLAR coverage (51 flights) of the Beaufort and Chukchi shelves during
the critical periods. These data have been heavily used, particularly by
OCSEAP RU #88 (Weeks) and RU #99 (Cannon).

Contractual and technical arrangements have been made for another
mission of the Army Mohawk aircraft in April 1977

7) Preparation and distribution of remote-sensing data catalogs

A1l the remote-sensing data available in our files for the Alaskan
continental shelf have been indexed and plotted on maps. Catalogs summarizing
the availability of these data and providing instructions for selecting and
ordering data have been prepared and distributed to all OCS investigators as
appendices to the series of Arctic Project Bulletins (Nos. 6, 9, 10 and 12).
In addition we have developed a file of catalogs and photo indices of aerial
photogranhy obtained by federal, state and industrial agencies in Alaska,
and we attempt to stay informed on plans for future aircraft photographic
missions.

B. Remote-Sensing Data Processing Facilities and Techniques

The facilities and equipment commonly used for remote-sensing data
processing are listed in Figure 1. Most of this equipment is not devoted
exclusively to remote-sensing data processing but arrangements have been
made to support the needs of the OCS investigators on a share-time and work-
order basis, and to take into account the needs of the OCS program in any
planned modifications or expansions.

The optical and photographic processing techniques developed for the
remote-sensing program are described in the flow diagram of figure 2.
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Photographic processing probably needs no further explanation. The
full range photographic Taboratory of the Geophysical Institute is well
adapted to the generation of custom, as distinct from production run,
photographic products. However the available equipment 1imits photographic
enlargements to 16x20" maximum size from 4x5" maximum size originals. Elec-
tronically dodged prints or transparencies are produced by contact print-
ing only.

Optical processing revolves around the use of specialized equipment
such as the multiformat photo-interpretation station, the zoom transfer
scope, the color additive viewer and the VP-8 image analyzer in addition
to conventional light tables, stereoscopes and a binocular zoom magnifier.

Multiformat Photo Interpretation Station - Analysis of aerial imagery
in roll form is a cumbersome task and is likely to damage the original
material even with careful handling if one uses ordinary reel holders and
a light table. With stereo coverage, it is impossible to achieve stereo
viewing with the frames appearing on the roll format unless one uses the
photo interpretation machine. It can accommodate either 5-inch or 9-inch
film formats and the film transport adjusts to permit stereo viewing with
varying amounts of forward lap between frames. The viewing turret includes
zoom binoculars with up to 5X magnification.

Zoom Transfer Scope - The time-consuming process of transferring in-
formation from images to maps is made considerably easier by the use of the
zoom transfer scope. This table-top instrument allows the operator to view
simultaneously both an image and a map of the same area. Simple controls
allow the matching of differences in scales (up to 14X) and provide other
optical corrections so that the image and the map appear superimposed.

In particular a unique one-directional stretch capability (up to 2X) allow
the matching of computer print-out "images" to a map or photograph.

Color Additive Viewer/projector/tracer - This instrument is primarily
intended for the false-color recomposition of Landsat images from 70mm
black and white transparencies and tracing information contained on these
images at scales of 1:1,000,000 and 1:500,000. However it has proved to
be very useful also for superimposing and color-coding Landsat images ac-
quired on different dates and looking for change or movement and for view-
ing any other enlarged image on 70mm film format.

VP-8 Image Analysis System - The VP-8 image analysis system provides
an electronic means of quantizing information contained in a photograph
when the sought information can be expressed in terms of density ranges.
It consists of:
-a light table having uniform brightness and a working surface of 15x22 inches
-a vidicon camera which transforms the photographic (transmittance) data
to electrical signals
-an electronic image analyser which quantizes and formats the vidicon signals
-a CRT oscilloscope
-a color television monitor as an output device
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The capabilities of the VP-8 image analysis system include:

~-density level slicing. This feature allows lines of uniform density
on the input image to be displayed as contours. These contours form
the boundaries of density bands which are displayed as up to 8 color
bands on the color television monitor. The base density levels and
the density range of the bands are individually as well as collectively
variable. An example and illustration of the density slicing technique
applied to coastal sedimentation studies was provided in the OCSEAP
Arctic Project Bulletin No. 7, Appendix C, "Environmental Assessment
of Resource Development in the Alaskan Coastal Zone based on Landsat
Imagery" by A.E. Belon et al, University of Alaska.

-single scan line display. Any single horizontal scan line of the
vidicon camera can be selected for display on the CRT oscilloscope
by positioning a horizontal cross-hair on the image. This display
of a single scan Tine is effectively a microdensitometer trace.

-digital read-out of point densities, selected by adjustable cursors
or of total area of the image having a given (color-coded) density
range. For instance the VP-8 image analysis system is well adapted
to the area measurement of sea-ice, newly refrozen ice, and open water
in any area of the Beaufort Sea imaged by Landsat.

-3-D display. This mode of operation allows a three-dimensional pres-
entation where the X and Y coordinates of the original image are displayed
in isometric projection and intensity information is shown as a ver-
tical deflection. Subtle features of the image, which are often lost
on level-sliced displays, become obvious in 3-D displays.

-5X magnification. This feature allows the expansion of a small part of
the image to full screen size.

The digital data processing equipment available to the OCS investigators
include the main University computer, a Honeywell model 66/20 with 1M bytes
of core memory, which has a remote time-share terminal at the Geophysical
Institute, a NOVA 820 data preprocessing computer as well as conventional
typewriter printers, plotters and digitizers. Most remote-sensed imagery
in digital format is reformatted, classified or otherwise processed on off-
line computing systems. An overall flow diagram of digital processing of
Landsat imagery is illustrated in figure 3 and discussed Tater in this report.
Once the digital data have been processed, they are displayed on two special-
ized systems availabe at the Geophysical Institute.

The CDU-200 digital color display system is described by the simplified
block diagram of figure 4. The CDU-200 performs three primary functions:

1) it orovides a capability, similar to the VP-8 image analysis sys-
tem for density slicing up to 3 bands of Landsat data in digital format.
The accuracy of digital density-slicing is greater and more reproduc-
ible than with the VP-8 system because digital Landsat data have a more
accurate radiometric calibration than photographic data and because up
to 127 Tevels of intensity can be sliced (in groups of 16). Further-
more three digital images can be stored at once on the disc of the
CDU-200 system and displayed sequentially for multispectral or multi-
date signature determination.

253




| RaW MULTISPECTRAL
DIGITAL DATA

MAXIMUM
LIKELIHOOD

CLASSIFICATION
INTO N CLASSES

GEOMETRIC
CORRECTION

¢ ASPECT RATIO
e SKEW
¢ ROTATION

TO SCALE

LINE PRINTER
CLASSIFIED MAP

* 118,661

* 1:24,000
* 1:63,360
e 1:250,000

SAMPLE SELECTION

* 2% RANDOM

e 5% RANDOM

o TRAINING SETS
¢ HYBRID

LIMITS DEFINITION

o ITERATIONS

o CATEGORIES

e STANDARD DEVIATION

e MEMBERS PER CATEGORY

UNSUPERVISED
CLUSTER ANALYSIS{

ACHIEVE
CLUSTER STATISTICS
FOR N
CATEGORIES

Figure 3.

.
CLASSIFIED
DIGITAL TAPE

COLOR AND CLASS
ASSIGNMENT

— ]

AND VERIFICATION

CLASS IDENTIFICATION

e GROUND TRUTH
e AERIAL PHOTOS
e FIELD SURVEYS

L

OUTPUT

COLOR CODED
CLASSIFICATION

OR THEMATIC MAPS

FLOW CHART FOR GENERATING ECOSYSTEM MAPS

Digital processing of Landsat imagery

Flow chart of the unsupervised classification algorithms used
for generating ecosystem maps of the Alaskan coastal zone from

Landsat digital imagery.

254




Kennedy 320 Tape Drive
with both Read and Write
capability, 9 tracks, 800 bpi

Xebec Tape Controller

Teletype ASR-33 Terminal PDP 11/05 Minicomputer Interface to
with paper tape with 4K Memory Picture
Reader/Punch Refresh Disk
Refresh Disk
3 channels each
with 512x512
picture elements,
4 bits per element
vpP-8
Fo- ST s s s TS Operator controls
VP-8 image and color circuits
S analyzer CD-16 Digital
£§ and color encoder
= digitizer AP-3 Analog Encoder

Aircraft or other

Photo Data
X-Y-Z CRT
Light Table Monitor
(3D etc.)

-—--—--c.-—-J

=~ e e e e -

_________ .

25 Inch Color CRT

Figure 4 - CDU-200 digital color display system and VP-8 image analyser

255




2) it provides a capability, similar to the color-additive viewer,
for registering and combining three black and white digital images
into a false-color image (displayed on the color television monitor)
which has a larger scale, spatial and intensity resolution than the
images displayed on the color-additive viewer.

3) it provides a capability to generate color-coded thematic displays
from the output of classification processing techniques performed by
off-Tine computer systems. An example of the application of the CDU-
200, as well as the digital color image recorder, to the mapping of
coastal zone ecosystems is provided in the OCSEAP Arctic Project Bulletin
No. 7, Appendix C.

The digital disk memory of the CDU-200 has required considerable
maintenance during the past year and it is still unreliable owing to de-
sign defects. Consequently we are currently utilizing the technical and
financial resources of several Geophysical Institute projects to replace
the disk memory with a random-access solid state memory which will pro-
vide greater reliability and, in conjunction with new electronic interfaces
and software, a much greater capability for interactive data processing.

Digital Color Image Recorder - it often is necessary to reconstitute
an image from the processed digital data in order to convey information in
the most suitable form to the human mind. Also, if one deals with multi-
spectral data it is impossible to convey the density of information re-
quired without the use of color. A digital image recorder with the capa-
bility of reconstituting color products was procured and installed during
the past year using State of Alaska funds appropriated to the University of
Alaska Geophysical Institute. Basically it is a rotating-drum film re-
corder which will produce four simultaneous standard images on film up to
8x10" in size. Density resolution is 64 levels of gray, and spatial resolu-
tion is 500 lines per inch and 500 samples per inch. Recording rate is 3
lines per second. Any combination of the four negatives so produced can
be registered and printed with suitable filters to produce a reconstituted
color negative which can be processed and enlarged photographically using
standard techniques.

Remote-Sensing Data Interpretation Techniques - the basic technigues
for remote sensing data reduction and interpretation are described in flow dia-
gram format in figure 2 (optical and photographic data processing) and fig-
ure 3 (digital data processing). The techniques for visual photointerpreta-
tion, as applied to sea-ice mapping; for density slicing, as applied to sea-
surface suspended sediment mapping and transport; and for digital data proc-
essing, as applied to ecosystem thematic mapping, are described in the OCSEAP
Arctic Project Bulletin No. 7,.in particular its Appendix C "Environmental
Assessment of Resource Development in the Alaskan Coastal Zone based on Land-
sat Imagery" by A.E. Belon, J.M. Miller and W.J. Stringer.

Variations of these techniques offer considerable promise of effective
applications to OCS studies, but are too numerous and varied to be discussed
in detail here. Usually they are developed in cooperation with individual
0CS investigators for application to a specific project. Therefore we refer
to the reports of other OCS investigators for detailed descriptions of appli-
cations of remote-sensing data to disciplinary studies.
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C. Consultation and Assistance to OCS Investigators

This activity may be subdivided into two parts: general assistance to
all 0CS investigators provided through the Arctic Project Bulletins, program
planning and negotiations and meetings/workshops; and individual assistance
through consultation, training sessions on the use of remote-sensing data
and equipment and cooperative data analyses.

1. General Assistance

In order to familiarize OCS investigators with the available remote-
sensing data, processing equipment, and interpretation techniques, we pre-
pared five substantial reports which were included as appendices to the
OCSEAP Arctic Project Bulletins Nos. 6, 7, 9, 10 and 12, and distributed to
all 0CS investigators active in studies of the Beaufort, Chukchi and Bering
Seas and the Gulf of Alaska.

The appendix to Arctic Project Bulletin No. 6 described the operation
of the remote-sensing data Tibrary, provided catalogs of Landsat and aircraft
data available in our files and provided instructions to OCS investigators
on the selection and ordering of these data.

The appendix to Arctic Project Bulletin No. 7 described the facil-
ities and techniques available for anlaysing remote-sensing data and included
a scientific report in which these facilities and techniques were used to
analyse and interpret remote-sensing data in three representative investi-
gations of the Alaskan continental shelf: sea-surface circulation and sed-
iment transport in the Alaskan coastal waters, studies of sea-ice morphology
and dynamics in the near-shore Beaufort Sea, and mapping of terrestrial
ecosystems along the Alaskan coastal zone.

The appendix to Arctic Project Bulletin No. 9 provided a cumulative
catalog of all available 0OCS remote-sensing data including Landsat and NOAA
satellite data, USGS/0CS aircraft data and NASA aircraft data.

Arctic Project Bulletin No. 10 provided a catalog of the SLAR (Side-
Tooking radar) imagery obtained bv the Army Mohawk remote-sensing aircraft in
May 1976.

The Appendix to Arctic Project Bulletin No. 12 provided an updated
catalog of satellite and aircraft remote-sensing data acquired since the issu-
ance of the cumulative catalog of Bulletin No. 9.

Although the existing remote-sensing data base is very useful in
supporting OCS disciplinary projects, there is also a vital need for an air-
borne remote-sensing data acquisition program dedicated to OCS purposes. To
this end we have worked very closely with the NOAA Arctic Project Office in
attempting to implement such a program. We participated in several meetings
at the Geophysical Institute and one at Barrow in an attempt to set the USGS/
0CS airborne remote-sensing data acquisition program on the right course, and
took over responsibility for cataloguing, reproducing and disseminating these
data. When this program failed and was terminated in January 1976, we studied
alternatives and recommended several options to NOAA, one of which was a con-
tractual arrangement with the U.S. Army remote-sensing squadron at Ft. Huachuca
Arizona. This recommendation was implemented, and two missions of the Army
Mohawk remote-sensing aircraft were conducted in May and August 1976, result-
ing in high quality SLAR imagery of the Beaufort, Chukchi and Gulf of Alaska
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shelves at critical period. Another mission is scheduled for April 1977.

In parallel with these activities we have negotiated with NASA for the ac-
quisition of high altitude (U-2, 65000 ft) aerial photography of the entire
Alaskan coastal zone. This program was approved by NASA at no cost (so far)
to NOAA/OCSEAP. The first attempt to acquire the requested data, in June
1975, failed because of prevailing heavy cloud cover during the 3 weeks the
U-2 aircraft was in Alaska. A second attempt, unfortunately delayed until
October 1976, was partially successful and acquired high quality aerial
photography of the Gulf of Alaska and Prince Williams Sound. A third at-
tempt is currently scheduled for June 1977, but NASA is considering a policy
requiring cost-reimbursement ($2800 per hour flight time) which would be pro-
hibitively expensive. We also participated in successful negotiations with
the National OCean Survey for acquisition of color aerial photography of the
Bering and Chukchi Sea coasts during a previously scheduled mission of their
Buffalo aircraft to Alaska in summer 1976. Excellent medium altitude photog-
raphy was acquired from the Yukon delta to Cape Lisburne, as well as isolated
areas of the Gulf of Alaska coast.

While the OCSEAP Arctic Project Office and our project have been
fairly successful in negotiating remote-sensing data acquisition by other
agencies on an irreqgular basis, such arrangements are not wholly satisfactor y
on a lTong-term basis because the type and format of the data vary from one mis-
sion to another and the frequency of data acquisition is insufficient to pro-
vide timely observations and good statistical information on coastal zone
conditions and processes. For this reason we have worked with the Arctic
Project Office on a plan which would utilize a Naval Arctic Research Labor-
atory (NARL) C-117 aircraft, remote-sensing equipment available from several
sources, and local processing of the data to provide more frequent and more
relevant data on a consistent format. Following this plan, the Arctic Project
Office has requested a proposal from NARL for a remote-sensing data acquisition
program, and from our project (RU #267) for the photographic processing of the
data acquired by NARL. 1In anticipation of the acceptance of these two proposals
the Cold Regions Research Laboratories (CRREL) is providing a Motorola side-
looking radar and a laser profilometer to NARL, and we have located and secured
approval for transfer of the following equipment from government laboratories
in Alaska, Nevada and Mississippi:

KC-6 aerial camera (9" focal Tength) value $120,000
KC-1B aerial camera (9" focal length) value $10,000

-72 aerial camera (5" focal length) value $25,000
I¢S multispectral camera (6" focal length)value $10,000
Versamat continuous processor (5" to 9%"film or paper) value $30,000
LogEtronic SP1070B strip printer (5" to 9%" film) value $25,000
LogEtronic Mark III step and repeat printer (5"to9%" film)  $35,000
Omega B+W and color enlarger (10"x10" film) value $10,000

ONOOT PR WN

We are confident that the availability of this equipment, and the
combined expertise and facilities of NARL and the Geophysical Institute will pro-
vide a good local capability for a remote-sensing data acquisition responsive
to OCS needs and at relatively small cost to NOAA/OCSEAP.

At the request of the Arctic Project Office the principal investigator
attended the OCSEAP Bird Investigator's Workshop in Anchorage on October 20-22,

258




1976 and presented a Tecture on remote-sensing applications and capabilities,
as part of a panel of physical scientists conyened for the purpose of discus-
sing data ad services available from meteorology, climatology, and remote-
sensing that can be of use to OCS bird investigators. An attempt was also
made to identify major environmental events or conditions that could have had
a bearing on bird phenology and reproductive success in summer 1976. (see
Arctic Project Bulletin No. 12 for a summary of the meeting). As a result of
general and individual discussions held at this meeting several OCSEAP bird biol-
ogists are now using remote-sensing data through the facilities provided by
our project. Three of the major users in this group are George Divoky and

his assistants (RU #196 and RU #330) who spent numerous hours analyzing re-
mote sensing data in our facility, Leonard Peyton (RU #458) who is using

NOS color aerial photography to map bird habitat in the Norton Bay region, and
George Hunt (RU #83) who requested our project to perform analyses of sea-
surface temperatures from NOAA satellite data, and ice-edge locations from
Landsat data in the vicinity of the Pribilof Islands. Arrangements have also
been made with George Hunt to perform similar analyses on suitable future

NOAA and Landsat data during the 1977 season. Discussions were also initiated
with Peter Myers (RU #172) concerning bird habitat mapping from Landsat digital
data.

At the request of the OCSEAP Arctic Project Office the principal investi-
gator of our project attended the Beaufort/Chukchi Sea Synthesis Meeting held
at NARL, Barrow on February 7-11, 1977 and participated in most sessions, but
particularly the disciplinary sessions on sea-ice morphology and dynamics and
the interdisciplinary sessions on the environmental effects of artificial off-
shore islands and causeways. Previously prepared Landsat mosaics of sea-ice
conditions and sea-surface suspended sediments on the Beaufort and Chukchi
Sea shelves (see figures 5-10), as well as selected sate}lite and aircraft
remote-sensing imagery contributed significantly to this highly successful
meeting. A report of the meeting is in preparation by the OCSEAP Arctic
Project Office.

2. Individual Assistance

Individual assistance to OCS investigators involves consultations
on the applicability of remote-sensing data to specific studies, data selec-
tion and ordering, preparation and supervision of work orders for custom
photographic products and data processing, training in the use of remote-
sensing data processing equipment and techniques, development of data anal-
ysis plansand sometimes participation in or performance of data analysis
and interpretation.

This individual assistance has gradually increased in number and
scope over the past year and we expect that it will continue to increase.
115 OCS investigators utilized our facilities during the past year, most
of them for several hours, and some. of them repeatedly. In addition num-
erous contacts occurred by mail or telephone correspondence. Therefore it
is not possible to describe in detail these individual activities, but their
scope is illustrated by listing the user projects: RU's nos. 3, 4, 31, 34,
81, 83, 88, 98, 99, 111, 140, 146, 149, 149, 172, 196, 205, 208, 231, 239,
244, 248, 249, 250, 251, 257, 258, 259, 289, 335, 337, 338, 339, 340, 341,
342, 343, 407, 458, 460, 461, 473, 483, 488. Of these about 20 projects are
using remote-sensing data routinely, and six of them (RU's nos. 99, 248, 249,
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257, 258, 289A) almost exclusively. The principal applications are sea-ice
morphology and dynamics, coastal geomorphology and geologic hazards, sea-
surface circulation and sedimentation, sea-mammals habitat, and bird habitat
mapping.

VI - RESULTS
The results of the project so far can be separated into two categories:
the operational results (establishment of a remote-sensing data facility)
and the research results (disciplinary applications of remote-sensing data
to 0CS studies).

A. Establishment of a Remote-sensing Facility for OCS STudies

The principal result of the project, as specified in the work statement
of the contract, is that there now exists at the University of Alaska an
operational facility for applications of remote-sensing data to OCS studies.
This facility and its functions have been described in detail in the previous
section of the report. Briefly it consists of:

1) A remote-sensing data library which routinely acquires, catalogs
and disseminates information on Landsat and NOAA satellite imagery and
aircraft imagery of the Alaskan continental shelf.

2) A remote-sensing data processing laboratory which provides spec-
ialized instrumentation for the photographic reproduction and optical
or digital analysis of remote-sensing data of various types and formats.

3) A team of specialists that generates and develops techniques of
remote-sensing data analysis and interpretation which appear to be
particularly well-suited for OCS studies.

4) A staff that is continually available to OCS investigators for
consultation and assistance in searching for, processing and inter-
preting remote-sensing data for their disciplinary investigations.

As a result of the establishment of the remote-sensing facility est-
ablished by our project, about twenty OCS projects are routinely using
remote-sensing data, six of them almost exclusively, and many more OCS
investigators are occasional users of remote-sensing data.

B. Disciplinary Results of the Applications of Remote-Sensing Data to
0CS Studies

In general, the results of applications of remote-sensing data to
0CS studies will be contained in the annual reports of the individual
projects and need not be repeated here. HOwever as part of our function
to develop techniques of remote-sensing data analysis and interpretation,
we did prepare a scientific report entitled "Environmental Assessment of
Resource Development in the Alaskan Coastal Zone based on Landsat Imagery"
which illustrates the applications of Landsat data to three important as-
pects of the OCSEAP program: studies of sea-surface circulation and sed-
iment transport in Alaskan coastal waters, studies of sea-ice morphology
and dynamics in the near-shore Beaufort Sea, and mapping of terrestrial
ecasystems in the Alaskan coastal zone. This report was presented at the
NASA Earth Resources Symposium, Houston, Texas, June 1975 where it was
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acclaimed as one of the best presentations. It was also distributed to
0CS investigators as part of Arctic Project Bulletin No. 7 and is now
out of print due to heavy demand in spite of the fact that 250 copies
were made.

VII, VIII + IX - DISCUSSION, CONCLUSIONS, AND NEEDS FOR FURTHER STUDY

The principal objective of the contract, as specified in its work
statement, has been achieved: a facility for applications of remote-
sensing data to outer continental shelf studies has been established at
the University of Alaska and is now fully operational.

The remote-sensing data library has acquired all available cloud-free
remote-sensing imagery of the Alaskan continental shelf, catalogued it and
provided information on its availability to all OCS investigators through
the series of Arctic Project Bulletins.

Existing instrumentation for analysing remote-sensing data has been
consolidated into a data processing laboratory and techniques for its use
have been developed with particular emphasis on the needs of the OCSEAP program.
New instrumentation is being acquired and new analytical techniques are con-
tinually being developed from this contract and other funding sources.

The staff of the project is interacting with a gradually increasing
number of OCS investigators, providing consultation and assistance in all
aspects of remote-sensing applications from data searches and ordering to
advanced analyses of the data in photographic and digital format. We have
also worked very closely with the NOAA Arctic Project Office in designing
an interim remote-sensing data acquisition program using contract and air-
craft missions by other agencies, as well as developing a plan in conjunction
with NARL for a remote-sensing data acquisition program dedicated to OCS needs.

At this time about twenty OCS projects are using remote-sensing data
and processing facilities routinely, some of them almost exclusively of
other research activities, and many more OCS investigators are occasional
users of remote-sensing data. The number of user projects has gradually
increased over the last year. We expect that this trend will continue,
specially as OCS investigators extend their localized intensive field
studies to a synoptic scale where the benefits and cost effectiveness of
remote-sensing attain their greatest impact.

It is clear from the foregoing discussions and from consultations
with OCS investigators, regarding their study plans for the next year,
that there will be a continuing need for the research support that our
project provides. We intend to submit a continuation proposal to NOAA
for this purpose.

X ~ SUMMARY OF FOURTH QUARTER OPERATIONS
This quarterly report covers the period January 1 to March 31, 1977

A.  Laboratory Activities During the Reporting Period

1. Operation of the remote-sensing data library
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We continued to search periodically for new Landsat imagery of the
Alaskan coastal zone entered in the EROS Data Center (EDC) data base. As a
result, 100 cloud-free Landsat scenes were selected and ordered from EDC at
a total cost of $732. The relatively small number of scenes ordered during
the period reflects the fact that the satellite does not acquire data of
Alaska during January and early February, owing to the very low solar illum-
ination.

We continued to receive three daily scenes from NOAA satellite for
a total of 367 images at a cost of $1926. Again, owing to the Tow solar
illumination during January and February, images in the visible spectral
band were not acquired by the satellite for the first six weeks, but the
thermal IR images which depend on emitted, rather than reflected radiation,
were received throughout the reporting period.

No new aircraft remote-senisng data were received in the reporting
period.

Thirty-five OCS investigators utilized our facilities during the
reporting period and thirteen of them placed orders for satellite and
aircraft remote-sensing data totalling $3440. Most of them also utilized
data available in our files and local data analysis equipment.

2. Operation of data processing facilities

A11 the data processing equipment (see section V.B of the annual
report) was kept operational during the reporting period, with the exception
of the CDU-200 Digital Color Display System which is undergoing substantial
modifications. The replacement of its troublesome digital disk memory with
a solid-state random access memory will improve greatly its reliability and,
in conjunction with new electronic interfaces and software, will substantially
increase its capabilities for digital data processing. Completion of the
basic system is expected to occur during the next reporting period.

3. Development of data analysis and interpretation techniques

No new photographic or optical technigues were developed during
the fourth quarter of the contract. However, existing techniques continue
to be improved as time allows.

Computer programs for cluster analysis and maximum 1likelihood
classification of multispectral satellite data (see figure 3 of annual
report) were acquired and converted for use on the University of Alaska's
Honeywell 66/20 computer. At present these programs are operational for
analysis of relatively small areas. We plan to acquire and convert other
programs (random sampling, geometric correction etc..) so.that applications
to Targe area mapping will be possible locally.

One of the OCS investigations (RU #172, Peter Myers) has identified
a need for bird habitat mapping which will require simultaneous multispectral
and multitemporal analysis of Landsat digital data with high location ac-
curacy. This will represent a major effort, but the technique appears to
have sufficiently wide applications to OCS studies that we are developing
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an analysis strategy which will probably have to use outside computing facil-
ities.

4. Consultation and assistance to OCS investigators

Thirty-five 0CS investigators requested our assistance in search-
ing for, obtaining or analysing remote-sensing data. RU's nos. 99, 248,
249, 257 and 289A continued to be very heavy users of our facilities. In
addition RU #83 (George Hunt) and RU #172 (Peter Myers - see above) requested
substantial assistance in digital analysis of NOAA and Landsat data for sea-
surface temperatures and bird habitat mapping, respectively.

At the request of the OCSEAP Arctic Project Office the principal
investigator of our project attended the Beaufort/Chukchi Sea Synthesis
Meeting held at NARL, Barrow on February 7-11, 1977 and participated in
most sessions, but particularly the disciplinary sessions on the environ-
mental effects of artificial off-shore islands and causeways. Previously
prepared Landsat mosaics of sea-ice conditions and sea-surface suspended
sediments on the Beaufort and Chukchi Sea shelves (see figures 5-11), as
well as selected satellite and aircraft remote-sensing imagery contributed
significantly to this highly successful meeting. A report of the meeting
is in preparation by the OCSEAP Arctic Project Office.

A plan was developed in cooperation with the OCSEAP Arctic Project
Office for a program of remote-sensing data acquisition utilizing a C-117
NARL aircraft, equipment obtained on loan from various government labora-
tories, and photographic processing facilities at the Geophysical Institute
(see section V.C.1 of annual report). As a result two companion proposals
by NARL and our project (amendment to RU #267), respectively, were submitted
to OCSEAP in January for implementation of the cooperative program.

B.  Problems Encountered/Recommended Changes

The proposals discussed above were submitted in February and
requested a starting date of March 1, 1977. A decision had not been made
by OCSEAP as of 31 March, 1977. If the decision is postponed beyond April,
it probably will not be possible to acquire the needed remote-sensing data
during the critical sea-ice break-up period (June/July).

C. Estimates of Funds Expended

Expenditures of the project were $5,341,58 in January 1977,
$10,976.79 in February, and an estimated $20,000 in March (including $14,000
in outstanding obligations for future purchases of remote-sensing data from
NOAA/NESS and the EROS Data Center) for a total of $36,317.
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I. SUMMARY OF OBJECTIVES, CONCLUSIONS AND IMPLICATIONS WITH RESPECT TO
OIL AND GAS DEVELOPMENT

The objectives of this study are to define the physical-chemical
environment, transports of pollutants and to establish the long-term moni-
toring of the physical-chemical environment in the Gulf of Alaska.

The main conclusion from this year's work is that the shelf region
around the Gulf of Alaska has many identifiable local circulation regimes,
that is, distinctions in shelf flow can be made from one location to
another. Four different regimes have been identified in the Northeast
Gulf of Alaska. The Western and Aleutian regimes comprise two additional
regimes for the western Gulf of Alaska. All of the regimes are connected
physically, but represent areas where the flow has different characteris-
tics. It has also been found that the areas of highest bilological acti-
vity are usually regions of small net transport. For example, the pro-
ductivity is relatively high to the west of Kayak Island, within Prince
William Sound and on the shelf east of Kodiak Island, all of which are
reglons of small net transport.

Apparently, the Alaska Current and Stream acts as a dynamic boundary
in the entire Gulf of Alaska. This allows the separation of shelf and
deep ocean circulation with less interaction between them than was pre-
viously assumed. In addition to the identification of this dynamic
boundary, it has been found that for the shelf area between Middleton
Island and somewhere to the west of Kodiak Island, the circulation is
characterized by eddies and counter currents, that is, to the northeast.
The time dependence of this flow is presently unclear but will be clari-

fied with further analysis.
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The implications of the findings of this research unit with respect
to 0il and gas development are that the shelf flows in the Gulf of Alaska
are spatially variable but yet interconnected. This variability allows
currents in excess of 2 knots to be found in the vicinity of counter
currents of low speed. ¥For example, the area west of Middleton Island
might retain pollutants for quite lengthy periods unless the pollutant
entered the coastal jet or the Alaska Current. The high probability
of flow into Prince William Sound has implication to development since
this is a region with high biological productivity. This inflow has been
implied by the hydrographic data gathered by this research unit and con-
firmed with the satellite tracked drifter study. Since regions of low
flow are often identified with high biological productivity and long
residence times, these represent especially critical region in terms

of oil and gas development.

II. INTRODUCTION

This study is devoted to determining the ocean transports in the
Gulf of Alaska and the distribution of water masses within the region. It
is concerned with both the steady state currents and shorter term vari-
ations such as seasonal changes. A specific objective is the acquisition of
hydrographic data both on the shelf and in nearby deep water to determine
the water mass distributions and density fields from which flows and
hence pollutant movement can be determined. Current meter data is being
gathered at selected sites for the proper evaluation of the flow field.
Satellite imagery 1s used to extend this study in both time and space. The

study is relevant to both the short term and chronic pollution problems
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posed by development of the natural resources of the region. 1t provides
input to numerical models which produce trajectories of surface water in
the Gulf of Alaska. Direct current meter measurements, water mass analy-

sils and satellite imagery are used to verify the model trajectories.

ITI. CURRENT STATE OF KNOWLEDGE

Prior works which summarize the knowledge of the physical oceanography
of the Gulf of Alaska include Dodimead, Favorite and Hirano (1963), Rover
(1975) and Galt and Royer (1975). 1In the past year, several new papers
on the gulf have been published. Hayes and Schumacher (1976), Royer and
Muench (1977) and Favorite, et al. (1976) discuss work conducted under OCS
sponsorship. In addition, Favorite, Dodimead and Nasu (1976), have up-
dated the previous report by Dodimead, Favorite and Hirano (1963). Reid
and Mantyla (1976) have discussed the use of sea level in the region for
the determination of current speeds. While this past knowledge gives the
general character of the physical processes in the region, the most impor-
tant source of information in the region are the present OCS investigators.
Broad generalizations to other coastal areas cannot be made until the
important forcing mechanisms in the Gulf of Alaska have been evaluated.

As mentioned previously, it is becoming apparent that these mechanisms dif-

fer from region to region in the Gulf of Alaska.

IV. STUDY AREA

The study area includes the continental shelf and adjacent deep waters

of the Gulf of Alaska from Yakutat to Unimak Pass (Figs. 1 and 2).
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V. SOURCES, METHODS, AND RATIONALE OF DATA COLLECTION

To obtaln seasonal description of transports, currents and water masses,
the sampling program must be carried out on a seasonal basis. A quarterly
sampling scheme is preferred. It is also necessary to obtain an adequate
spatial distribution of currents and water mass characteristics. To
achieve these goals, the grids in Figures 1 and 2 are occupied on a quarterly
basis. Both temperature and salinity versus depth are measured at each
grid point. The temperature and salinity value are recorded aboard ships
through the use of an STD or CTID system that electronically measures sali-
nity or conductiyity and temperature versus depth. The system is cali-
brated both in the laboratory and the field. The field calibration con-
sists of a comparison of the STD/CTD values with collected samples. These
collected sample values are in turn compared with international standards.
From these data both vertical and horizontal cross-sections are produced.
The density and geopotential fields are calculated from which the barocli-
nic (or density driven) flow field can be determined. These same hydro-
graphic data are being used by J, Galt at PMEL as input for his numerical
model. However, since the model uses data which are integrated to some
extent, with depth, these data contain a great deal more information than
is apparent in the model results. For example, while surface flows are
in one direction, subsurface flows can be in the opposite sense. In
addition to describing the dynamics, the hydrographic data can be used to
trace water masses throughout the region. A vivid example 1s the tracing
of Icy Bay and Cbpper River water to various positions 1n the western

Gulf of Alaska through their salinity and temperature characteristics.
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The rational for the various types of data gathering for estimating
currents was presented in the 1976 annual report but will be repeated
for emphasis at this point. TFofonoff (1962) presents the total current
as the sum of the baroclinic and barotropic geostrophic components and
the Ekman wind drift component. The baroclinic current field can be
determined from the density field which is derived from the hydrographic
measurements. The barotropic current field can be determined from the
sea level slope. A satisfactory method of measuring the sea level slope
over a large region is not yet developed. Instead, the barotropic
current must be estimated at a point with a current meter array. The
Ekman component is generally determined directly from the available surface
wind data.

A combination of wind measurements, hydrographic data and current
meter arrays is necessary for the complete description of currents in a
particular region. For example, the density field might indicate an east-
ward flow over a particular region but the barotropic flow might be west-
ward. Whether the net flow is eastward or westward is dependent on the
relative magnitude of these two components. TFor total transport the Ekman
wind drift must also be considered. Current meters are used to measure
this entire flow but they only evaluate it at single points., Lagrangian
drifters avoid this problem of point measurement but are difficult to
interpret properly. Careful analysis must be employed in combining the
various current components to yield the net flow. Such an analysis is
presented later in this report with the evaluation of flow near Kodiak
Island.

This year (April 1976-March 1977) STD/CTD data have been obtained for

the eastern grid GASSE once, a modified eastern grid twice, the western




grid (GASSO) four times and the Kodiak Island small scale grid three
times. A total of twelve cruises have been conducted for the GASSE grid
and six for the GASSO grid over the past three years. However, these
are not necessarily complete coverages of either grid. This is especi-
ally true of the western grid (GASSO) where complete occupation has only
occurred once because of the higher priority placed on the data in the
Kodiak Island region.

The cross-sections of salinity, temperature and demsity versus
depth for the complete grid for September 1975 are included in Appendix
I. The cross-sections for all other cruises through November 1976 are
avallable upon request. These data are to be incorporated into a tech-
nical report.

In addition to hydrographic data gathered by project personnel,
data from other sources such as NODC and the U.S. Coast Guard are being
used. The latter supplies information on the deep water properties in
the central Gulf of Alaska. Meteorological data from the U.S. Weather
Service are being used for local conditions. Regional wind fields are
determined from Bakun's work at the Fleet Numerical Weather Central in
Monterey, California. Data are now being received from the Middleton
Island weather station and EB-03 buoy on a continuing basis. The Middle-
ton data represent one of the few truly marine weather observations and
is of great importance in evaluating wind conditions west of Kayak
Island near the entrance to Prince William Sound. The EB-03 data are
valuable in providing a "ground truth" to the large scale wind field
computations by Bakum.

The Institute of Marine Science is both providing and using NOAA
4 and 5 satellite data. Part of the work involves the monitoring of all

NOAA visible and IR satellite data for the Alaskan coastline. Useable
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images are retained and provided to other 0CS investigatofs upon request.,
These data afford opportunities to map the distribution of sea surface

temperature over vast regions.

VI. RESULTS

One of the most important results of the year's study was the devel-
opment of the dynamic topography for the hydrographic data acquired in the
Gulf of Alaska. From the dynamic topography the baroclinic flow can be in-
ferred. These topographies are presented in Figures 3 to 8.6 The contours
can be used as streamlines with the speed dependent on contour spacing (see
insets). Regions of high and low speed flow are easily identified along
with seasonal changes.

An analysis of the hydrographic and current meter data to the west
of Kayak Island in the area of the Copper River has been conducted. This
analysis 1s presented in Appendix II.

Current meter data for the period April-November 1976 at GASSE 9
(Fig. 1) give evidence of flow reversals (west to east). In general,
there is southwesterly flow approximately along the direction of the shelf
break contours at all depths with the exception of the meter at 273 m (10
m above the bottom) which was generally directed off the shelf. However,
from about July to October the flow became irregular with significant flow
reversals. The progressive vector diagrams indicate trajectories of sev-
eral hundred kilometers to the northeast during this time (Fig. 9). Later,
the flow once again was directed to the southwest. Current speeds at this
mooring were extreme, greater than 100 cm/s (v2kts.) on several occasions.

The dynamic height gradients (Fig. 10) for stations 1-11 (Seward Line)

indicate the possibility of very low speed baroclinic flow with baroclinic
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reversals somewhere in the middle of the transect. Actual current meter
data were required on this line to confirm the actual current reversals.
Unusual oceanographic conditions existed in the deep water adjacent to
Seward and Kodiak in July 1976. It is not believed that these conditions
are responsible, however, for this reversal in flow. These offshore
conditions did result, though, in a dramatic increase in the baroclinic
flow in the Alaska Stream off Kodiak from the usual flow of about 7 Sv

1 Sv=106m3/s) to about 13 Sv (Fig. 11).

Numerical model experiments are presently being carried out using a non-
linear, n-layered two dimensional time dependent cross-sectional model of the
Seward line on the Alaskan Shelf. The model has been adapted from Great
Lakes work (Bennett, 1973; Niebauer, 1976) and includes Coriolis force,
vertical and horizontal viscosities and diffusivities, stratification and
bottom topography. Given the appropriate initial and boundary conditions,
the model generates temperature, salinity, and velocity fields in time and
space. These data allow direct comparison with the collected hydrographic
and current meter data. At present, the emphasis is on modeling "events"
of duration 7-10 days. The model is being used to evaluate the relative
importance of the forcing functions over the region, such as wind stress,
topography and runoff.

The results of a study using sea level to determine offshore currents
shows that the sea levels at Seward are directly related to the dynamic
height at GASSE 1. Also shown was the fact that the dynamic height vari-
ations at GASSE 1 are independent of the variations at GASSE 11 on a
seasonal basis. This indicates that the flow variations at the coast and
offshore are independent, that is shelf circulation is separable from deep

ocean circulation in the region of Seward.
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Those hydrographic data gathered primarily as input for J. CGalt's
numerical model have been briefly analyzed to evaluate flow around Kodiak
Island. These data appear to contain some information not fully utilized
in the modelling effort. For example, extreme baroclinic shears exist
in some of the data but are masked by a depth integration within the
model. Although, surface and subsurface flows have been occasionally
found to be in opposite directions, this fact will be hidden by the
model. The data show that most of the shelf area east of Kodiak Island
has very low speed baroclinic flow with possible reversals and/or
eddies. On the other hand, the Alaska Stream along the shelf break
i1s a swift (1-2 kts.) current flowing to the southwest and seems to
form a dynamic boundary.

In support of the main objectives of the satellite work, a background
archive has been set up to continually review all NOAA-VHRR daytime
passés covering the coast of Alaska. This archive is based on special
work, predominantly IR enhancements, completed during the experimental
Alaska environmental satellite research in 1974 and 1975. The archive
consists of negatives, contact prints and enlargements. The negatives
have been cataloged.* Unreleased specially enhanced negatives for 1976
are stored at Gilmore CDA station. Prints are filed in ring binders
that can easily be studied by other investigators without disturbing the
others. They contain the following main groups in chronological order

starting with 1974:
1. Arctic Ocean and Bering Sea
2. Gulf of Alaska to Aleutians

* A running catalog is also kept of the IR enhancements showing the tem-
perature ranges used.




The above areas are continually monitored. Enlargements and IR enhance-
ments are made of any features thought to be of interest. When ocean
areas are clear temperature enhancements of the IR grey scale are made
to emphasize surface currents, upwelling and ice cover.

During the course of the NOAA satellite project certain digitized
tapes containing data of special interest were saved by different inves-
tigators in the project. These tapes have been cataloged to show fea-
tures of interest, geographical coverage and location of storage.

When requested, assistance in Interpretation of the satellite data,
coples, selected temperature enhancements, and enlargements have been
supplied to other investigators. Minor projects have been undertaken to
provide answers to specific questions like: '"Why is there a delay in
bird migration to St. Paul Island as compared to nearby St. George Island
in the Pribilof Islands'. The interested investigator, upon request, has
been supplied with appropriate satellite data and comments.

Satellite images are being used to extend the hydrographic observa-
tions to define surface features (see Royer and Muench, 1977). They have
been used to help establish flow regimes in the Gulf of Alaska. For example,
they give indications of eddies or localized flows near Kodiak Island.

In addition to the routine processing of current meter and pressure
gauge data from our moorings, procedures are being established for the in-
tegration of these data with the hydrographic data. The baroclinic and
barotropic current components will be estimated from these data. This
includes the incorporation of sea level and atmospheric pressure data
with the pressure gauge data. The weather observations at EB-03 (58°W
147°W) are being compared with local observations at Middleton Island and

Kodiak for possible correlation. They are also being used as a "ground

295




truth" for the larger scale wind computations. The oceanographic data from

EB-03 and elsewhere will also be used to determine anomolous conditions.

VII. DISCUSSION

Hydrographic data are now available to other OCS principal investi-
gators in the Gulf of Alaska upon request. These are in the form of vertical
profiles for individual stations and cross-sections across the shelf.
Baroclinic currents and transports are also available.

A major accomplishment of this study during the past year has been
the identification of flow regimes for various regions in the Gulf of Alaska.
These regimes are (Figs. 1, 2):

.  Yakutat

Central

Copper River

Prince William Sound

Western
Aleutian

HEHUOOW >

The Yakutat regime is characterized by small net transports with possible
eddies and reversals. The Central regime has consistant flow and is
under considerable influence of the Alaska Stream offshore and fresh
water sources along the coast. Near Kayak Island, the flow on the shelf
separates with part entering the gyre west of Kayak Island and part
flowing along the shelf break south of Middleton Island. Beyond this
point, the Alaska Stream is characterized by a fresh water filament at
the surface as it flows along the shelf break. The other portion of

the flow around Kayak Island passes to the north of Middleton Island with
some unknown percentage entering Prince William Sound as evidenced by

the satellite tracked Lagrangian drifter study. The Copper River regime

is found between Kayak Island and Hinchinbrook Entrance and it is discussed




in detail in Appendix II. The Prince William Sound regime is discussed
in a recent work by Schmidt (1977). West of Middleton Island there is a
baroclinic coastal jet, weak midshelf flow with reversals, and an outer
dynamic boundary formed by the Alaska Stream. This 1s the Western regime.
It extends from Middleton Island to the west beyond Kodiak Island. The
point at which the flow once again becomes a uniform longshore flow is
not clear. However, the Aleutian regime has characteristics similar to
that of the Central regime where there is influence from the Alaska Stream
and fresh water outflow along the coast. This results in a uniform long-
shore flow over the shelf. Apparently, the Alaska Stream forms an outer
boundary for all of these regions but most directly influences the shelf
circulation in the Central and Aleutian areas. Local effects over the
shelf are probably more important in areas other than the Central and
Aleutian regimes.

The fact that flow is continuous between these regions should be
emphasized. Water and/or pollutants in one region will be found in 'down-
stream" regimes. The residence time will vary from regime to regime with
the Central and Aleutian regions having the shortest residence time.
Prince William Sound or the Western regime might have the longest resi-
dence time. It also might be possible that Prince William Sound is
occasionally '"downstream'" from Kodiak Island.

Other ramifications of this continuity of flow are that the outflow
from Icy Bay is found with the Alaska stream off Kodiak Island and that
the Copper River outflow is contained in the coastal jet which flows ad-
jacent to the coast. Sediments from the Copper River are found in Cook
Inlet. Fresh water added to the coastal current forces the sediment-laden

Copper River water to disappear from the surface between Prince William

Sound and Cook Inlet.
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The Western regime appears to be very complex and deserves more
attention. It has two strong westward flows with a region of variable,
low velocity flow between them. It is not expected that the entire shelf
flow in the Western regime reverses as might be interpreted from current
meter data at GASSE 9. Instead, the circulation is probably characterized
by filaments of reverse flow. The data may show a north-south movement of
a boundary between east and west flow when the current reverses at CASSE 9.
This would allow reverse flow at all times of the year. It should be pos-
sible to determine the validity of this assumption with the data at hand.

Another aspect of the division of the region into various flow regimes
is that the annual changes in the water mass properties on the Seward line
might be typical only of that regime. Once again, evaluation of the existing
data will be used to answer thils question. Wind stress probably has a
relatively large influence in these regions of low flow and the results
of the numerical modelling should be able to evaluate the effects of wind
stress on the ocean over this region.

Evaluation of seasonal changes in the currents in the Gulf of Alaska
is being done in this program. The absence of a strong‘seasonal trend in
the baroclinic flow in the Alaska Stream was a surprising result. There 1is,
however, a large seasonal cycle in dynamic height at the coastline. This
indicates that the maximum flow in the coastal jet occurs in October or Nov-

ember. However, the midshelf flow does not have as strong a seasonal signal

as the coastal area.

VIITI. CONCLUSIONS

The circulation over the continental shelf region in the northern

Gulf of Alaska from Yakutat to Unimak Pass can be divided into at least six
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regimes (seven if Cook Inlet is included). These regimes are characterized
by different transports and driving mechanisms. That the area can be divi-
ded into regimes is a reasonably firm conclusion, though the boundaries and
the important driving mechanisms are tentative. Strong evidence exists to
support the concept of long residence times in the Copper River, Prince
William Sound and possibly the Western regimes., Of all the regimes, the
least is known about the circulation of Prince William Sound, because little
data is avallable for this region. It is also probably the most likely
area to be impacted by oll and gas development. Evidence for a coastal
jet from the Copper River area to Cook Inlet 1s reasonably strong. The
circulation in the area of the gulf east of Middleton Island is probably
known well enough to forego further field efforts at this point. The
possibility of eastward flow in the Western regime links the Kodiak lease
area with Prince William Sound. This must be stated as a very tentatilve
conclusion until further data analysis is accomplished. However, strong
evidence exists for slow currents on the shelf east of Kodiak Island
with numerous baroclinic eddies in the system,

The movement of drifters into Prince William Sound must be viewed
wilth reservations. The drifters would lead one to believe that nearly
all flow goes through the sound after remaining behind Kayak Island for
several weeks. We know that this 1s not possible. However, the need
for better information of flow into and out of Prince William Sound
1s obvious, expecially in light of the expected long residence times.
The coastal jet in this vicinity could rapidly carry pollutant not
entering the sound to the western Gulf.

The knowledge of‘flow near Kodiak is limited. The weak baroclinic

flow with possible reversals can be masked entirely if one assumes a large
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enough barotropic component. An overestimate of the barotropic current to
the southwest would give an improper conclusion that all transports are
toward the southwest.

The research in circulation and water masses of this region has reached
the point where interactions with other disciplines can be mutually bene-
ficial. For example, since the water masses are nearly continuous around
the Gulf of Alaska, highly productive regions might represent areas of low
net flow where organisms are not swept out of the area. The biologists
could help the physical oceanographers identify low velocity regions by
defining high productivity areas. Of course, other factors in some cases
might be more important than low velocities alone. Finally, input from
geologists has been helpful in strengthening the coastal jet concept

through the tracing of sediments.

IX. NEEDS FOR FURTHER STUDY

Of primary importance are detailed studies of the Kodiak Island shelf
region and Prince William Sound. Both studies require direct current
measurements and hydrographic work. The inflow and outflow of Prince
William Sound should be monitored along with identification of the water
masses entering and leaving the sound. The baroclinic flow on the shelf
east of Kodiak Island should be monitored on a seasonal basis and these
data combined with direct current measurements from arrays. In both of
these detailed studies it will be necessary to measure the local winds.
The duration of these studies should be at least one year. The Kodiak
Island study should be combined with a general study of the circulation
of the Aleutian region for which insufficient data is now available.

This particular study will allow the better definition of the boundaries
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of regimes as mentioned previously in this report. In order to determine
the regimes boundaries and to monitor flow reversals between the NE Gulf

of Alaska and the Kodiak Island region, the Seward transect should con-
tinue to be occupied on a seasonal basis. The Seward transect data is the
longest hydrographic time series for the regioﬂ and 1s of value 1in detecting
anomalous conditions.

Attempts should be made in the following year to integrate the
physical oceanography between regions. It is apparent that the lease area
boundaries do not represent flow regimes and the interaction between
regions 1s extremely important. In this sense, care should be taken
not to ignore regions between lease areas such as the northwest Gulf of
Alaska. Also, the Aleutian area should be connected with the Bering Sea

leases since it possibly represents an upstream region.
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X. SUMMARY OF 4th QUARTER OPERATIONS

Ship Activities

1. Ship schedule
27 March-1 April 1977, Miller Freeman, NOAA

2, Scientific Party
William Kopplin, IMS, University of Alaska

3. Methods - Standard CTD sampling

4. Ship tracklines - occupied Seward and Cook Inlet lines and recovered
the current meter array at IMS9 (58°41'N, 148°21.6W).

5. Data collected - (Unknown at the time of this writing, but will
be included in next quarterly report.)

6. Milestone chart

Problems Encountered

The funding delay for thils project has caused some serious delays
in producing some of our data products. The primary effect was a delay
in the purchase of a graphics terminal and the development of the associ-
ated software. We are at about six months behind our original schedule.
The graphic products for the Annual Report are therefore more limited than
originally planned.

There is considerable concern over the role of project personnel
aboard the NOAA vessels. The concern is brought about by the use of PMC
CTD manual and an apparent change in the chief scientist position as reflected
in the recent ship project instructions. We have forwarded a critique of
the manual but have had no feedback nor have we seen a copy of the revised
manual. While it may be agreed upon at some point in the future that

the NOAA ships could gather the CID data without project personnel aboard,
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this change in policy should come from the participiants. The entire
program 1s based on data whose quality must be defended by the Prin-
cipal Investigator. The data control has now been removed from the PI
without relieving him of the responsibility for its quality.

Delays are continually encountered in receiving current meter data
from PMEL. Neither printout nor magnteic tapes of the current meter
data sent to PMEL in August 1976 have been received. This is in contrast
to the data from the mooring recovered in November 1976, for which data
was received prior to 1 January 1977. The latter tapes were sent to

Aanderaa in British Columbia for processing since it was correctly anti-

cilpated that the results would be important to the NEGOA synthesis meeting.




XI. APPENDIX T

CROSS SECTIONS OF SALINITY, TEMPERATURE AND DENSITY VERSUS DEPTH
FOR THE GULF OF ALASKA, SEPTEMBER 1975
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