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ABSTRACT
Winter and.spring near~sh§re ice conditions have been analyzéd
for the Beaufort Sea 1973-1977, aad the Chukchi Sea 1973-1976. f&he
chief objective of this analysis was to assess hazards related to

activities associated with offshore petroleum developmeutsf

boy! Landsat imagery has been utilized to map major ice features relatad

to regional ice morphology. Following this, significant features from
individual Landsat image maps have been combined to yield regional maps
of major ice ridge systems for eaéh veaxr of study and maps of flaw lead
systems for representative seasons during each year of study. These
regional maps bave, in turn, been used to prepare seasonal ice morphology
maps.

The seasonal ice morphology maps show, in terms of a zonal analysis,
regions of statistically uniform ice behavior. The behavorial characteristics
of each zone have been described in terms of coastal processes and
bathymetric configuration.

Based on the combined seasonal morphologies, a zonal analysis of
potential hazards related to offshore petroleum development has been
made for the Chukchi and Beaufort seas. The hazards addressed are:
safety of field personpnel performing offshore geologic recomnaissance,
large~scale displacement or deformation of fast ice sheet, the probability
of formation of large ice ridge systems which could bring large forces
to bear on offshore structures, and the péssible fate of an under-

ice oil spill.
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I. Introduction

A. Definition of the Problem

i 1. Exploratory and development pressures gg‘nearshére areas.
Environmental'CGnQErns stémming:from'the_poséibility of petroleum-. -

?" ' ' related development on the Alaskan Contineatal Shelf have brought about

| éfeét interest in Alaskan coastal processes. The distinctive feature of = i5
the’ arctlc coasts of Alaska is that for a significant portion of the
vyear these caastal waters are-covered by ice. Clearly, an.understand1ng~

of the dynamlc.morphology of ice in near shore areas is essential to an

'assessment of envmronmental and personnel risks imposed by offshore

petroleum deVelopments. ;he goal of thls project has been to develop a

synoptzc*plcture of ice behavorial ﬁatterns along the Alaskan coast and

E ; »toAdgscribe this mo:gholdgy in sﬁ;h a w;y_;hat the enviropmental and 23
'é human risks caﬁ be i&énﬁifﬁéd. | ﬁ?

i‘ % Obviously the greatest ice-related influence on envirommental ‘E
. . hazards arising froﬁ petroleum devélopment in ice-fregquented waters '?

- arises from containment of petroleum under or within the ice. For this E?

é reason, it ié necessary to dévelop a'morthIOgy of near shore icé ;f?
'_; -.characterlstlcs and address thls problem through those characterzstlcs.' ‘i
A second hazard.related to ice, although not env1rcnmental is the. ﬁé;

hazé:qjgéxsonngl'aﬁd eqpipment-axevsubjectedtto.when using ice as a platform

in exploratory work.  This risk can be evaluated,thrbughrdetermination'

- .
i .

_of persistence of ice sufficiently stable to act as an exploration:.
platform.

ﬂ.fThéipbséibiIiﬁﬁfdffdépb%itidﬁ“ofgpétroleumjothEE%UHEErsurface.of,“.

‘arctic 1ce, 1ts 90551b1e toxie effécts and the ultlmate fafe of such a{ S "{

_'dg9051;10nfshgu;d-be-cogslﬂ3zea¢ ﬂe prablems 1nvolved 1nclude'
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1) entrapmgﬁt of light, water-soluable fractions of petroleum

undexr the ice barrier with xésgultifngz..prglopged high con-

centration of these known toxic agents,
-2) difficulty in detection' and delineation of the extent of

the spill,

' (”;" ' 3y poésible.transPdrt Qf’petrnlgum.bgneath_the ice or with

ice during dynamic events, and

st it fanread

4) 'cleanrupndifficulties céused"by combinations of 1 through ”ﬁf

& et AR T b mmet i SRS o

3 and possible danger to personnel and équipment during

' dynamic ice events.

2. General ice conditions in mear shore areas

Ice conditions vary significantly depending on season and geo-

i R ERPREnE el
O T T P T T v Ly

] | graphic 10cation."Althdugh'the-morphélogy presenigd later will be more

St

complex, for the sake of this introduction two major zomes of ice in 33
: near shore areas need be considered. These are:

1) The “"fast ice zome", the area generally shoreward of the

.. 20-metex isdbath with quite stable ice much of the ice year.

e b R mem e

kb
(December through June. } : S - R _%}

2) The "shear ZQne“, the-atea‘gengra;ly extending sdmg-distance-‘
beyond -the:20-meter isobath. . In.this zone the ice potentially .

can vndergo shear to the point of failure and move with respect

-THg

(s
i
vh

to the fast ice at any time.
Within each zone the year c¢an be broken into several behavorial .

- periods. - These are: . ...
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| Month

OCt,

Nov.
Dec,
Jan..

Feb.

Mar.
Apr.
May.

. June

July

Aug. -

Sept.

~ Fast Zone Period

Ireeze-ug Ice freezes in
place or is driven into near
shore aréas and piled.
Grounded ridges formed ont

to the Z20~metar isobath.

The result is a stable sheet

of fast ice.

Stable: Ice within zone is
stable with few leads result-
ing from shear. Cracks cam .

occur resulting from temper-

ature-related temsion ‘
and tidal processes. Opening
and closing of these cracks -
can cause micro-ridging.

Ice grows in thickness
approaching 3 meters by end

of period.

Decay and break-up: Solar
flux sufficiently great to
initiate melting. Grounded
ridges break up,; fast ice
melts close to shore,
breaks up aund melts farther
offshore. .

dce ¥ree: Area genmerally
free of ice except for

- grounded remnants and blown-

in pack ice.

‘Freeze-up: Complex process with s

Semi-stablé: = Static ice can.

.beyond fast ice for- several weeks

. displacement resultlng from.currents

S

S !*E:‘J"
A o e L S

Shear Zone Period

At x

‘periods” p0551bly"1nclud1ng pack
ice, new ice pans; open water, etc
Result is nearly’complete covering
of ocean with ice not stable and
subject ‘to motion. :

extend several tens of km seaward

at a time. Tce can fall in shear
at any time.

Shearing and refreezing: Ice more - -
prone to shearing events and failure
adjacent to edge of grounded ridges.
However, after failure with cessation
of motion, tendency for ice cover - i 3
to be reestablished by freezing. ‘

Close pack: successive shearing

events break-up ice into pans of
various size. Refreezing does not G
take place. Ice subject to significant &'}

and winds.

Ice Free: Area generally free of ice
except for blown-in pack ice

aad grounded features including ice
islands.
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3. Relevance of Ice Hazards to Operational Phases of Petroleum

Industry

The rélevaﬁce of ice-related environmental hazards to petroleum

development shouid'be considered in terms of four major'phases of petroleum- -

'reléted-éctivities: Exploration I, Exploration II, Development and
Production. Each of these phaseé ﬁas particulaf ice-relatéd problems.

aJ"I'EXPioration I. 'Thié actiVity is mainly geologic
mapping'by seismic crews. Currently seismic mapping is being_carried
out in the Beaufort Sea using fast iﬁe as an operational platform rather
than using boats during the relatively short and undependable open water
season. Although few, if any,.eﬁﬁironmeutal hazards are created by this
activity, hazards are impqsed on the crews performing such work. The
ice morphdlogy.develéped‘hére has ﬁeen interpreted in terms of persistence
ofjvarious ice zones and the period (if any) that exploration activities
can be cﬁrxigd”out.frqm the ice within these zomes.

'b.  Exploration II. During thiS'phase, test wells are
drilled--very likely from temporary structures including man-made gravel
islands, anchored drill ships, movable platforms, etc. The choice of
temporary strocture used will depend in part on the morphological be-
havior of the ice in the location where a test well is desired. For

instance, areas with a high incidence of hummock fields and shear ridging

uAwbﬁld:beﬂpodr“1QCétionéifbr-anCHoréd”dri11~sﬁips“andfmight require
arfifici§l3iSiand§;i A'pb6£'choi@éfﬁéfermight result'in.higher explo~-
- ratiom costs and possibly environmental risk resulting from petroleun

products—spiilédf5§tdaﬁéged7explorafiﬁﬁueqﬁimeQtf\"

bl

L
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c. Development. During this phase, permanent structures
are constructed for drilling of permanent wells and extraction facilities.
Collector pipelines are laid and other permanent facilities are coastructed.
The considerations inveolved 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 here will obviously yield information
about ice piling and the probability of bottom plowing. Through the
morphology of near shore ice including the dynmamics of ice behavior near
natural obstructions to ice motions, descriptive models of the impact of
the creation of man-made islands on the morphology of near shore ice can
be developed. This can then in turn be related to impact on near shore
habitats.

d. Produnction. This phase of petroleum~related activities
would take place over a span of many years. Consideration has to be
given to the probability of adverse ice conditions over a period as long
as twenty years and how these conditions relate to structures designed
to support pumping and piping of crude petroleum, Within this period
the greatest eavironmental hazards would arise from the possibility of a
large oil spill. Because of the ice cover on the sCean most of the
year, there is a great probability that a spill will become aSSOC1ated | N
with the ice.. In addltlﬂﬂ the presence of'lce mey ‘even enhance the : o
probability of a petroleum spill durlng the ice season. The ice morphology
presented in this report has been 1nterpreted in terms of the fate of an
oil spill created at a time when it could become 1ncorporated 1nto the

ice and at times when Spllled 011 would become trapped under the ice:




— -

e T R TS R s, e s e kTR S A e e k12 e ot s

| s

Lt

what transport might take place, how much spreading might occur, how

long entrappment might last, and when release might occur. Also based on
the morphology developed, consideration has been given to favorable
locations for production facilities and teo anticipation of techniques
which may be used to deal with specific spills through prediction of the
ice behavior to be expected within statistically-determined zones of
uniform bekhavior of ice. TFinally, consideration has beem given to
possible destruction of underwater facilities as a result of ocean-floor
plowing by grounded sea ice features within each statistically-determined

zone of uniform ice behavior.

14
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B, Background

1. Geographic area. The area of this study inclu&es the
near shore regions of thg Beaufort and Chukchi Seas, extending from
Demarcation.foin£ in ﬁhe éastefn.Beaufbrt Sea to mee on the South side
of the Seward Peninmsula. _This,a;éa encompasses approximately 2500
kilometers of coastline, extending‘f#om,appr@xiﬁaﬁely 141° to 169° west
lengitude and 64°30' to 71°30' north latitude. The coastline is ir-
regular in shape, consisting of numerous bays, points, capes, and lagoons.
The lagoons are bordered on the seavard side by long, narrow islands
léss than 4 meters elevatiom.

There is little huwan habhitation in the region, especially along

the Beaufort Sea coast. Nome, Kotzebue, ‘Barrow, and Prudhoe Bay are the
major population centets-witﬁ.pﬁfﬁlations'of 3000, 4000; and 1000 respecti-
vely. There is one year-round native village with a popullation of
approximately 200 along the Beaufort Sea coast east of Barrow, located
in the Coleville Delta. The only permanent human habitations along this
coast are three military Distant-Barly-Warniug stations at Lomely,
Cliktok Point ahd'B&rter Island aﬁd the oil fields at-Prudhoe'Bay;
However, there are several native villages along the coast between

Barrow and Nome, most having populations less than 100 persons.

2. Physical setting. The bathymetry variez significantly in the

area of study. In the Beaufort Sea the 80-meter iscbath is approxi-
mately 70 kilometers offshore from Barrow to Demarcation Point and is
the approximate edge ofvthe continental shelf. The sea floor drops off
very sharply from there to depths of 4009 meters.

The bathymetry of the Chukchi Sea is quite‘different frdm that of

the Beaufort Sea. The maximum‘depth of the Chukghi“Sea is agprqximately.,

=

S =, R s i i |
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70 meters. However, for most of the Beaufort and Chukchi Seas the
bathymetry is not known accurately, especially the shelf areas of the
Beaufort Sea.

The Pacific Gyre and the Bering Strait current are the major
currents in the Beaufort and Chukchi Seas. The Pacific Gyre is a large
clockwise flow of water that dominates the water currents in the Western
Arctic Ocean. It results in an east-to-west flow of water in the Beaufort
Sea. The Pacific Gyre does not directly affect the flow of water in the
Chukchi Sea. The Chukchi currents are dominated by the northerly flow
of water through the Bering Strait and into the Arctic Ocean.

The amount of tidal fluctuvation varied significantly throughout the
study area. At Point Barrow the range of the diurnal tide (the difference
between mean higher high water and meaP lower low water) is 12 centimeters
(0.4 feet) along the entire Beaufort Sea coast from Barrow to Demarcation
Point. However, the tides in the southern part of the Chukchi Sea are

much greater; the diurnal range at Kiwalik in Kotzebue Sound is approxi-

mately 80 centimeters (2.7 feet) and at Nome is approximately 50 centimeters

(1.7 feet). These are still relatively small fluctuations but they may
measurably affect the ice conditions along the coast. The size of the
tidal fluctuations is a function of the latitude; the tides generally
decrease in size with increasing latitude.

The amount of daylight, i.e., the pexriod from sunrise to suuset,
undergees large seasonal variations at high latitudes. At Barrow, the
northern most point of land im this study, the sun does not set during
the summer months from late May to late July, while the sun is below the
horizon from approximately late November to late January. The conditions

at Nome, the most southerly point in the study area, are similar although

not as extreme.
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3. Climate. The climatic conditioms along the Beaufort Sea coast

are relatively uniform from Barrow to Barter Island. The mean annual

" temperature at Barrow is -12.6°C with a record maximum of +26°C and a

record minimum of -49°C. The normal yearly water equivalent precipi-
tation at Barrow is 12.4 centimeters with an average yearly humidity of
80 percent. The mean yearly snowfall is 72.6 centimeters. The average
windspeed at Barrow is 18.9 km/hr from the east; the maximum wind
velocity was 93 km/hr from the west. The prevailing wind directions are
from the east-northeast to east-southeast.

The weather condiftions at Barter Island are similar to those at
Barrow. The Barter Island mean annual temperature is -12°C with a
maximum of +26°C and a record low of -51°C. The normal yearly water
equivalent precipitation is 17.9 centimeters with a pormal yearly snow-
fall of 113 centimeters, The humidity at Barter Island averages 80
percent, The average windspeed is 21.0 km/hr with a record maximum of
130 km/br. The prevailing winds are from the west from January through
April and from the east from May through December.

The climate along the Chukchi Sea coast from Barrow to Nome is
warmer, wetter, and somewhat more variable than along the Beanfort Sea
coast. The climatic conditions at Kntzebue are similar to those alogg
the Beaufort coast. However, Kotzebue, being farther south, is somewhat
warmer with a mean annual temperature of -6.2°C. The record maximum and
minimum temperatures are +20°C and -47°C, respectively. Xotzebue receives
slightly more precipitation than Barter Island, 22.3 cm water equivglent
per year and 120 cm of snowfall per year. However, the humidity is
slightly lower at Kotzahue, averazging 78 percent. The yearly average

windspeed is 20.8 km/hr from the east with a maximum recorded windspeed

B P T TPr U



of 149 km/hr from the southeast.- The prevailing winds are from the west
from May through August and out of the east the remainder of the year.

Nome is on the Bering Sea side of the Seward Peninsula and therefore
has weather somewhat different than that of the areas described above.
The mean annual temperature at Nome is -5.1°C with a record high of

o +25°C and a record low of =-39°C. The precipitation at Nome is nearly

twice as great as at anywhere in the Chukchi or Beaufort Seas. The

normal yearly water equivalent precipitation at Nome is 41.8 centimeters.

j However, the amount of smowfall is 137 centimeters, only slightly greater
{ than at Barter Island and Kotzebue; a larger percentage of the precipi-

tation occurs in the form of rain. Despite the higher precipitation,

S R K
e ; K

the average yearly humidity at Nome is 72 percent, considerably less

than at Kotzebue or Barrow. The average windspeed at Nome is 17.3 km/hr ;g

from the north, off the hills of the Seward Peninsula. The maximum

recorded windspeed at Nome was 88 km/hr from the southwest. Although
the average yearly prevailing winds are from the north, the monthly

averages are more variable. From December through March the winds are

from the east, from the noxth April through May, from the west~-southwest
from June throungh August, and from September through November are again

{ from the north.

C ey

SA—- WL S

10




A T T TR oy

g L TP I S T U D o i v e Sk PR L R T SR

II. Data Acquisition and Analysis

A. Selection of Scenes for Analysis
The primary sources of data for this study were Landsat I and
Landsat IT baznd-7 imagery. Landsat acquired images of the same 160
kilometer square area once every eighteen days. In the high latitudes
of the Beaufort and Chukchi Seas, overlap of succeeding days' images of

up to 80 percent occurs. In the Beaufort Sea, a given area may be

imaged up te four days in a row., In the Chukchi Sea the overlap decreases

with decreasing latitude so that in the Nome vicinity, an area will be
imaged up to three days in a row. Twelve days' images are required for
continuous coverage from Demarcaiion Point to Point Barrow. A minimum
of six days' images are required to comtinunously cover the Chukchi Sea
coast line from Point Barrow to Nome.

Each eighteen-day Landsat cycle was used as a data set. Depending

on the availability of the images, several cycles of images were mapped

for each year from 1973 through 1976 for the Chukchi Sea and 1973 through

1877 for the Beaufort Sea. Landsat does not obtain imagery from
approximately mid-November to early February in the Beaufort and
Chukchi Seas because the sun does not rise above the horizon at those
latitudes during that time. Comsequently, February is the earliest that
images are available for these areas. Cycles of Landsat images were
mapped for the following periods, depending on availability of images:
Gl),midwinper:(mid—tpjlgte;Feb:qary to-gaxlysﬂarch); (2) late winter

(mid-to-late M?rth); 3) eérlY'spring (late March to late April); (4)

late spring (May to mid-June); (5) summer (late June to mieruly); (6}_;.

late summer (late July to mid-August); and CY) late fall to early winter

”(late October'to mldéﬂovember)

The-ch01ce:of-ﬁandsat cycles used for this study depended primarily

ceries ‘of each cycle and the number 6f -
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images available. Some Landsat scemnes were not available from NASA due
to dense cloud cover. Other images with up to eighty parcent cloud
cover were obtained from NASA but not used. The usefulness of the
images in a cycle was determined on an image-by-image basis. Two criteria
were used. TWirst, there needed to be enough coastline showing on the
image to match a coastline overlay to the image. Generally, if even a
sm.ll section of the coastline or coastal river was visible on the
image, the image could be lined up with the overlay, using the latitnde
and longitude marks onm the image. The latitude and longitude marks were
not usable by themselves due to the difference in projections of the
Landsat image and the Lambert conic conformal map overlay. The second
criteria. required that significant ice detail be visible through the
cloud cover. "Significant" ice detail varied from scene to scene. For
example, a low-contrast scene with moderate cloud cover but showing open
leads in the ice has informational value whereas a scene with the szme
cloud conditions but not showing open leads may be useless for ice
mapping. Generally, Landsat cycles with fewer than five usable scenes
were not considered for detailed analysis. EBExceptions included scenes
used in stationary ice and open water maps (see below).

The Landsat cycles used in this study are shown in Figures II-1
through II-31 for the Beaufort Sea, and Figures II-32 through IT-48 for the
Chukchi Sea. The location, area and extent of each scene and thg scene
identification nnmbers are shown.

B. Mapping Tecﬁniqné

The images chosen for analysis were obtained at a scale of

1:500,000 from the EROS Data Center, Sioux Falls, South Dakota. The

EROS Data Center produces 1:1,000,000 scale, 1:500,0600 scale and 1:250,000

RE
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scale black and white prints of available Landsat imagery as standard
products. The 1:1,000,000 scale images were too small to accﬁrately_map
details while the 1:250,000 scale imagery was too expencive. Therefore,
the 1:500,000 scale imagery was chosen as a compromise betwesn cost and
resolution of detail.
. General overlays of the Beaufort Sea and Chukchi Sea caastlinés
including the major rivers were drawn in ink om clear acetate. The base
i maps used for the overlays were the 1:500,000 scale sectional aercnautical
charts of Point Barrow, Cape Lisburne and Nome. These maps are published
by the U.S5. Dapartment of Commerce using the Lambart conformal conic
projection (standard parallels 49°20' and 54%40'). This projéction is

the closest to the Landsat projection found. The error in locating

points on the Landsat image using the base map overlay is approximately
a kilometer. o
; The technique used in mapping the ice on each Landsat image is as
follows. First, the base map overlay was placed onto the image and the
two were lipned-up as closely as possible. Then a blank sheet of clear
acetate was placed over the base map overlay. The coastline and rivers
% were drawn onto the blank acetate. Then the ice features were also e

drawn onto this acetate from the Landsat image. Finally, the bathymetry

obtained from National Ocean Survey (formerly Coast and Geodetic Survey)

oy
3
H

= nautical charts was drawn onto the map.
The initial interpretation was made using a blue-line copy of the
acetate map. The distinguishable jce features, such'as flaw leads, S

rizige systems, areas of smooth ice, etc:, were identified primarily from.

ettt g e e e o § P S A g e

Landsat image but other data (see below) were also ised. The iﬁterpreted

reéulté'wafe then transfarred to a copy of the original acﬁ@?he:iq%,map,
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in the form of labeling nomenclature which was then reduced to page size
(approximately I,OQ0,0ﬁO scale) for pubiication. These annotated ice
maps of each lLandsat image were the preliminary data products.

c. Creation of Composite Data Preducts

The preliminary ice maps of the individual Landsat scenes were

used to create secondary, composite data preducts. The first generation
of composite data products consisted of maps of edge of contignous ice
and of ridge systems for the Beaufort and Chukchi Seas.

A composite map showing the edge of contiguous ice, defined as the
seaward boundary of the currently statiomary ice was made for each

Landsat cycle. The composite for each cycle was prepared by making a

mosaic of the maps of the scenmes in the cycles and ocutlining the contiguous

ice edge. When the ice conditions were rapidly changing the significant
changes in the edge of contiguous ice were observed from one day to the
next, the edge of ice on the latest image was used in the composite map.
The mosaic was then transferred te mylar, drawing in the contiguous ice
edge, the 20-meter isobath, the coastline and the major rivers. Each
composite map of contiguous ice edges contained either the data of all
of the cycles for each year studied or the data for each season for all
the years studied. Three seasons were differentiated, winter, early
spring, and late spring =« early summer. For the Chukchi Sea a map
showing the average icé edge.and the variation from the average was
made for each season. Froﬁ these, the averages of the three seasons

were combined on one map to show the seasonal migration of the ice edge.

All the above maps are discussed in Section IV of this report.

14
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Yearly composite maps of the ridge systems visible on the Landsat
imagery were made using the same method used for making the contiguous
ice edge maps. One composité map was made for each ice year. Then
all composite maps were compiled into one map of "all-time"
ridge systems. These maps are discussed in Sectiom IV.

The second generation of data products utilizing the preliminary
and composite ice maps consists of ridge density maps, sea ice morphology
maps- and ice hazard maps for the Beaufort and Chukchi Seas. The ridge
density maps were prepared from the all-time ridge system maps by visually
delineating the areas of differing ridge density. The sea ice morphology
maps were prepared from various sources including contiguous ice edge
composite maps, ice ridge demsity maps and other data listad below.
Morphology maps were prepared for the late fall to early winter ice
season (approximately October to early March) and the midwinter to late
spring ice season (approximately mid-March to late May - early June).

The morphology maps contain information om the various ice conditions
such as average edge of ice, fast ice, ridge occurrences, areas of
smooth ice, fast-moving ice, hummock fields, etc. (see Section IV). The
ice hazard maps used all of the above sources of data for determining
the type and location of ice conditions that may be hazardous to offshore
structures and ship traffic. The hazards include areas of heavy ridging,
continuously changing ice conditions, ice islands, etc. The ice hazard
maps are discussed in detail in Section IV of this report.

Otﬁer data products, compiled directly from Landéat imagery, included
maps of stationary ice and open water for the Beanfort Sea. The term
"stationary ice" as used here defines ice that was observed to have

remained unmoved by wind and currents during breakup of the near shore

15
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jice from one Landsat cycle to the next. Stationary ice is either grounded

or attached to grounded ice. The stationary-ice maps were prepared by
superimposing two images of the same location, but acquired at different
times, on a viewing screen. The ice which had not moved during the

time interval between the two images was mapped by placing a sheet of
mylar over the viewing screen and tracing the outlines of the statiomary
ice onto the mylar. One such map was made for each year from 1873
through 1976 (see Section IV for the Beaufort Sea only). Due to lack

of 1977 summer images, no 1877 stationary ice map was made,

The Beaufort open-water maps show the progressive increase in open

water occurring in the near shorxe areas from the start of the melt season

until the end of summer for the years 1973 through 1977. The open-water
maps were prepared by overlaying a sheet of mylar on each Landsat

image and tracing the outline of the extent of the open water. Data
from all available imagery were used. The Beaufort Coastline was mapped
in three sections for each year, showing the annual migration of the

edge of the open water. The maps are discussed further in Section IV.
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D.  Ground Truth

This project has conducted numerous aerial reconnaissances
along the Beaufort and Chukchi coasts with the objective of relating
ice conditions and features with pattexns observed on Landsat images.
This effort was always placed at a disadvantage because of the six-week
to two~month delay between Landsat data acquisition and the availability
of hard copy imagery for reconnaissance purposes, Hence, only the most
stable ice could be compared directly with imagery; In areaS’of unSﬁéble
ice it was necessary to note and photograph ice conditipﬁs during ﬁhe.

reconnaissance and wait two months for the comparison process. The

difficulty with this was that nearly always the reconnaissance overlooked

a feature of apparent significance on the Landsat imagery..

In general, it was found that while major ice.features (for instance,
ridge systems 50 m wide and 10 km long) can nearly always be identified
on Landsat imagery, smaller features cannot be identified with any
degrea of regularxity. The chief parameters here were found to be solar
elavation angle, degree of snow cover and haze. It is not always apparent
upon inspection of a single Landsat image that haze, for instance, is
diminishing detectability of ice features. Often this only became
apparent upon inspection of two overlapping images ﬁrom-sucﬁessive days.

Perhaps the most useful ground truth.information,wag obtained in
June of 1974 when we obtained 1:20,000 scale pénehrcmaéic photbgrapﬁy.
along a several hundred km flight Iine in the Beaﬁfdrt Sea, followed a
few-&éys later by a NASA U-2 flight obtaining 1:120,000 scale calor
infrared photography and the acquisition of a good-guality Landsat image
a few days later. On this data, it'WaSIPOSSiﬁle.tO édnclusiﬁely relate

measurable ice features with patterns identified on Landsat imagery.
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E. Applicability of Techniques Developed to Other Places Where
Near Shoré Ice is a Hazard.

vThe-éhief utility of Landsat data was found to be the

'déﬁéqtibn ¢£>1a:gé fidgg'systems and lead openings by direct observation

and‘observaﬁion ofjibe'piligg and sheéring events largely by inference.
The analysis of the_icé_ﬁazgrds»dgpendsAon the gathering of sufficient
data t§ make poSsiBle the developmenilof a synoptic picture of ice
conditions. This, in turn, depends on two fatuoré; the commitment of
tha spacecraft for data acquisition and a sufficiently adeguate number
of cloud and haze free occasions when data could be obtained.

Other than data availability two other facto;s need be considered:
the nature of the hazard and the size of the area under comsideration.

The techniques used here have been developed to determine rather large

zones of somewhat broad hazard description.
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III. Results
A, Interpretation of Ice Maps

1. Selection of ice features pertinent to morphology. The

individual maps of each Landsat scene were examined and annotated in
terms of ice conditions observed on the sequence of images to which the
individvual image belonged. This exercise served to develop a historical
perspective of ice behavior along that portion of coast. Descriptive
histories, even with associated maps do not in themselves constitute a
morphological description of ice behavior. In particular, the salient
features of several year's ice dynamics must be compared to determine
the patterns of ice behavior.

In order to accomplish this task, the maps which had been prepared
were examined to find the mapped characteristics which could be compared
from season-to-season and year-to-year.

One obvious class of characteristics found was large ridge systems.
Ground truth exercises, described in section IID, had shown that maps
based on Landsat imagery could be expected to show the locations of
large ridge systems with a good degree of confidence.

A second class of characteristic found useful for development of a
near shore ice morphology was the location of the seaward edge of con-
tiguous ice. The term "contiguous ice" is used raﬁher than "fast ice'
because of the widespread useage of the term "fast ice" by various
auﬁhars to describe a variety of conditions related to near shore ice.
"Contiguous ice" means ice contiguous with the shore and contimunous to

the first break. Often the first break is the flaw lead. However, it

could be the edge of open ocean or a polynya. For brevity these maps

are labled "ice edge maps."
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These two classes of features, recorded on as frequent a schedule
as possible were found to be a suitable basis for formulating a near
shore ice morphology related to hazardous conditions., Their utility is
discussed in the next two sections.

2. Edge of contiguous ice. The edge of contiguous ice is

often the boundary between "pack ice" and "shore fast ice.” However, it
should be realized that within a short period of time, the edge of
contiguous ice can vary by tens of kilometers. This is particulary true
off the Beaufort coast where the edge of contiguous ice has been observed
to range from the 20-meter isobath to a point 30 to 40 km seaward. The
cause of these extensions dppears to be an absence of sufficient winds,
currents and interval forces within the ice sheet to keep individual

paﬁs within the pack ice from freezing together. This condition can
persist for several wesks before sufficient forces exist for failure to
take place along lines considerably closer to shore.

When observing conditions similar to theze, some observers define
the "fast ice" as being defined by the ice called "contiguous" here.
Others insist that the true "fast ice" is defined by the ice which would
remain adjacent to shore after a major shearing event and subsequent
failure of the ice sheet. Those who use the latter definition_generally
associate well-grounded ridge systems aﬁd_othﬂr ice features with this
st;blg edge oﬁ ice. Our :esults have shown sufficignt exceptions to

this association te cause us to not use this defimition except in the

most general sense and develop ice descriptions for each zone which can

be identified to have uniform ice behavior.
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i 3. Ridge system maps. Ridge system maps are useful in ;é
% several ways 1eadiﬁg to development of a near shore ice morphology. '%
gf Ridges located within the existing contiguous ice sheet observed on the :3
%I earliest available Landsat images each year, serve as a record of earlier, i
; unobserved, ice event. Where they are grounded, ridges oftea~-but not }g
? ; \ always~-serve as anchoring points for the near shore ice sheet. By :%
i ; wapping ridges created for each year and comparing year-to-vear it is f
E % possible to determine variability of dynamic ice events from one year to :f:
L
: % the next. Compilation of several years’' ridge data omto one map shows f
%A ! the persistent locations of .this type of feature, at the same time
t : 3
& j implying year-to-year persistence of the conditions responsible for fﬁ

ridge creation.
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B.  BEAUFORT SEA RESULTS

1. Contiguous Ice Edge Maps

l a. Yearly Ice Edge Maps: ZFor each year of study a single
map has been prepared showing the edge of contiguous ice for each Land-
sat cycle yielding useful data. Throughout these maps it should be
noted that generally the contiguous ice edge is not mapped for late
spring. This is often becaunse near shore flooding and meltiag occured,
destroying the contiguous aspect of the near shore ice although vast
areas remain in place. These vast areas of ice have been mapped under
the heading; "stranded ice."
1). 1973 (Figure III-1)
i.  2-19 March Landsat cycle. During this time the
edge of contiguous ice was quite far off shore. The individual Landsat
image maps drawn for these dates merely indicate that the edge of ice is
beyond their boundaries. This information is indicated here in terms of
a series of lines indicating that the edge of ice was no closer to
shore than these lines.
ii. 31 May--17 June. Where it could be identified
the edge of coatiguous ice has beaen mépped.
2). 1974 (Figure III-2)
i. 25 February--l4 March. Shown by a dashed line,
the edge of ice is never far from the 20~meter isobath except in the
vicinity of Camden Bay. Compare this edge with the edge for 2-19 March

the previous year.
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ii. 15 March--3 April. Indicated by the dotted
line, the edge of ice has remained very nearly constant except" for the
eastern Beaufort where it is now considerably closer to shore.

iii. 20 April~-~8 May. Indicated by alternating dots
and dashes, contiguous ice was well off shore dering this period and
only the shoreward limit is shown here for much of the Beaufort Sea.

iv. 13-30 June. Shown by a line consisting of two
dashes followed by a single dot, the edge of ice shows some agreemeat lﬁl
with earlier ice edges but also indications of the advanced season and
decay of ice in Harrison Bay.

3). 1975 (Figure III-3) . 3
i. 20 February~--10 March. Only one good Landsat
cycle was found for this year showing the edge of contiguous ice.
During this time there is an indication that the edge of ice had been -f;
considerably farther off shore until just recently and was now nearly
coincident with the 20-meter isobath for much of the Beavnfort coast.
4). 1976 (Figure III-4)
i. 22 October=--8 Nuvember. This ice edge, shown
by a dashed line is the only extensive ice edge data obtained in the
fall season during the entire study. It shows the edge of contiguous ;
ice roughly coincident with the 20-meter isobath along the western

Beaufort and significantly seaward of that line east of Harrison Bay.

ii. 6-23 February. This ice edge is indicated by

a dotted line. For most of the Beaufort coast, the edge cf contiguous

St B T

ice is beyond the area mapped by the individual Landsat images. Only in

the vicinity of Barrow is the actual ice edge mapped.
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iii.  24-12 March. This ice edge is shown by a

oo B

sequence of dots and dashes. TFor a good portion of the Beaufort coast
this line is nearly parallel to the 20-meter iscbath--tending however,
to bridge over indentations in this contour.

iv. 31 March--17 April. The observed edge of
contiguous ice for this date is shown by a line consisting of a dash
followed by two dots. The data indicate that during this Landsat cycle
the edge of contiguous ice moved considerably shoreward., The earlier

images obtained in the eastern Beaufort show the edge of contiguous ice

far off shore while the later images show the ice edge much closer to
its normal position. Comparison of data obtained on March 12 and 14

show this to actually be the case in the central portion of the Beaufort

Sea.

1). 1977 (Figure III-3)

i. 12 February--9 March. This Landsat cycle yielded ii
o
ice edge data between February 26 and March 9 across the eastern and -%é
western portions of the Alaskan Beaufort Coast. It is interesting to ;;
note that except at Barrow, this ice edge is sigpnificantly seaward of
the 20-meter isobath. It appears reasonably safe to assume that the ice
edge for these dates extends across the unobserved area directly linking

the two observed portions. At Barrow the ice edge does coincide with By

the 20-meter iscbath.
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ii. : 9 26 March. Data.lndlcates that the contlguous

1ce edge for these dates even.further from shore than. urlng

'prev10us Landsat cycle Wlth the,exceptlon of the Barrow VLc1n1ty'whera'ﬁ '

the 1ce edge is 1n the same locatlon.v'

iii. 27 Harch--14 Aprll. Thlu Landsat cycle ylelded

- data. from Barter Island to eastern‘Harrlson Bay and from Barrow eastward

to Smlth Bay Thareasternsportlonrls-con51derably"sho;ewardaof:prev1ous'

ice edges and néa:riy ébiﬁﬁi&és” with the 20-meter 3iS‘dﬁath; Off Barrow

" the ice edge has remalned cnmncmdant wrth the 20-meter 1sobath waever,

to the east of Barrow, the edge of contmguous 1ce now curves around
P01nt Barrow shoreward of’the 20-fathom lsobath to a 1ocat10n that
remalns constant throughout the ice year.

iv. 14 April--1 May. Data for this Landsat cycle
hegins opposite the Caauiﬁg River and coutinues beyond Barrow. Now, the
edge of contiguous ice is nearly coincident with the 20-meter isobath
along the.entira coast.. |

v. 2 May«-30 June. The adge of contigupus ice was

observed during this period across the ceatral Beaufort coast. During

this time it was again locatad significantly seaward of the 20-meter

isobath.

vi. 25 June-=~15 July. Data for this Landsat qycle
exists between July 6 and July 8. During this time the ice edge was
observed off the Béaufort coast between the Canaingﬁand Colville Rivers.

On July 7 the ice edge was again found far off shore. Shortly following

that, on the 6th it was again located along the 20-meter isobath.
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vii. 31 March-~17 April. The observed edge of
contiguous ice for this date is shown by a line conmisting of a dash
followed by two dots. The data indicate that during this Landsat cycle
the edge of contiguous ice moved considerably shoreward. The earlier
images obtained in the eastern Beaufort show the edge of contiguous ice
far off shore while the later images show the ice edge much closer to
its normal position. Comparison of‘data obtained on March 12 and 14
show this to actually be the case in the ceatral portion of the Beaufort
Sea.

b. Seasonal Ice Edge Maps: The data representing the various
edges of contiguous ice have been recompiled for each season yielding

sufficient information to warrant amalysis: late winter (February-

March), early spring (June-July) and late spring--early summer (June-
July). The reason for these groupings is obvious; to determine whether
each season can be characterized by a single, generalized ice edge
representing that season. The results of this analysis will be discnssed

in ordexr of season.

1). Late Winter Ice Edge. Data from the following Land-

sat cycles are utilized: 2-1¢ March 1973, 25 February-~14 March 1974,

20 February--10 March 1975, 24 February~~12 March 1976, and 19 February--
9 March 1977. These ice edges, with the exception of the 1973 data show

a good degree of similarity--running parallel and off shore from the 20~

meter isobath, and bridging across landward indentations of the 20-meter

isobath. The 1973 ice edge has been discussed previously--it was located

very far off shore, well beyond the near shore area (Figure III-6).

I
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2). -'E'arly' Spring Ice Edge. Data from the following

:£°Landsat cycles were utlllzed 15 Marchﬁ-S Aprll 1974 31 March-~- =

17 Aprll 1976 and 27 Marchr-lﬁ Aprll 197?. The early sprlng 1ce edge is '

s:mllar to- the late wznter ice edge.‘ The most st rlklng deviation is in

'the Western Beaufort Where the 1976 data show the 1ce edge closer to the

20-meter 1sobath,than any'other.data—-lndlcatlng that durmng early

sprlng-at least a degree of varlablllty in ice edge in this reglon
CFlgure III 7)

3). Late Spring~-Early Summer Ice Edge. The-following

Landsat cycles were utlllzed' 31 May--l? June 19?3 13-30 Jhne 1974 and
17-30 Jﬁne~1977; It is worth notlng that the 31 Mayﬂ~17 June data
cqineide.withythe>zg—mete:-lsobathsxn“the Western~Beeg£ort._-Th;s lqcetipn,

is somewhat landward of the bulk of‘other ice edge data in this region

‘but it does ndt'tEpzesent.a highly sigmificant deviation. _East of

Harrison Bay the 1973 data strike significantly seaward. However, this
is.not:considered-to'be a seasonal morphological feature; other deta

have shown that this phenomenon can occur in any season. What this does
show, tokeﬁer, is‘tﬁét'thisaéeﬁ occur even this late in the ice season.

Theqﬁideune 1974 data are the only ice edge information repre-

senting‘ 'con'tigiious iéé‘w‘hi‘ch show the decay of near shore ice to points

' w1ll W1th1n the 20-meter 1sobath Tﬁis is'only true fbr mid Harrison

Bay to p01nts westward To the east of Harrlson Bay the edge of conﬂ

' tlguous ice is agaln located roughly along the 20wmeter 1sobath (Flgure

:III-B) .
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2. Ridge System.ﬁags

a. Yearly Ridge System Maps: Z¥or each year of study a
single map of the Beaﬁfort coast hés been prepared from the individual
Landsat image maps showing the ridges observed during that year. No
attempt has been made here to identify the date of formation of each
ridge. The object of this mapping_exercise was to identify those locations
where ridging does occur in order to relate this phenomemon with bathy-
metric features including depth and isobath configuration. Mapping on
a yearly basis was performed in order to provide information regarding
vyear-to~year persistance in location and severity.

1). 1973 Ridge System Map: This map shows a cluster of

major ridgés offshore between Prudhoe Bay and Harrison Bay and a few
ridges very close to shore in the western Canadian Beaufort. The ridges
mapped well inside Harrison Bay are located in shallow waters and were

very likely created at time of freeze-up (Figure III-9),

2}. 1?74 Ridge System Map: Here ridges were found
throughout the length of the Beaufort coazst. Of particular note are two
prominent hummock fields in outer Harrison Bay where the complex of
ridge ice have been represented by a series of dots COVEriﬁg the area of
the hummock field. Alsc worthy of note is the fan~shaped focus of
ridges centered on the headland just east of Camden Bay (Figure ITI-10).

3). 1975 Ridge System Map: Not many ridges were mapped

for this year. However, in consistency with the previous two years, the
greatest density of ridging occurs well offshore between Prudhoe and

Harrison Bay (Figure III-11).
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1nterest1ng to note these rldges are almost entlrely located beyond the

4). 1976-Ridge.3ystem _EE' Again, as in 1974, major

.rldges were found throughout.the length of the Beaufort coast. It is

20-meter zsobath Thls 1s a qtrong 1nd1cat1on that these ..dg-s‘wgre .
formed after early winter. Again, as in previous years, the greatest
ridge density occurs offshore between Harrison and Erpdhoe Bays. Again,

the fan-shaped assembly of ridges occurs in Camden Bay (Figure ITI-12).

'5).“1977'RidgErSystem'§gQ: --A_largér»vqlume of‘data.was{gg
used inm the compilation of the 197? Ridgé System Hap thaﬁ in‘pre#ioﬁs :ﬁ
maps. Hot seen:in_previoué*yéars'.&a;&-afs-thg large-nuﬁbgr'of ridges
north of Camden Bay located 100 kilometers or more offshore. The area

of hummocked ice can again be seen north of Harrison Bay. Generally,

the pattern of ridging is the same as that observed in previous years

Sueioay L

(Fignre ITI-13).

b. Composite Ridge System Map: This map shows the combined ki
ridge systems for 1973, 1974, 1975, 1976 and 1977. Here ridge density

trends noted on the yearly ridge maps become more clear (Figure ITI-14):

1). The greatest demsity along the Beaufort coast is
found far offshore betweea Harrison and Prudhoe Bay.

2). A secondary maximum ridge density occurs in a fan-

shaped pattern in eastern Camden Bay.
3). ?heré is an indented area across inner Harrison Bay'jf

with a moderate tendency toward ridging.

4). A cluster of ridges occurs seaward of Midway and
Cross Islands with a tendency toward greater density between the islands

and the 20-meter isobath.

o
i
wd

- 5). The focus of the fan-shaped ridge cluster in eastern.

Camden Bay is located significantly landward from the 20-metexr isobath.
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C. RIDGE DENSITY MAP: (Figure III-15) Psingéihe cqmposite Ridge
Density Map as a;gggde, the near shore Beanfort Sea éééion has been delineated - :
into regions of i;w to heavy ridge density. ATheAridge density map is then
used when preparing maps of morphological ice behavior by combining informatio@;
from several sources. It should be recognized that the ridge density map !
is based on several vear's data and rather than predicting what density of
ridging should be expected in any one year, should be thought of as showing

the probability of ridging in any one year.

by
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3. Stationary Ice Maps

a, Statiopary vs. Contiguous Ice

During winter along the Beaufort Sea coast, large ridges form in a
zone parallel to the shore. These ridges have keel depths sufficient to
cause grounding out to approximately the 20-meter bathymetric contour.
This zone of grounded ridges. varies between a few kilometers and many
tens of kilometers in width and effectively shields the smoother ice
inshore from the effects of pack ice motion. The zone of immobile ice
is usually referred to as the "fast ice zone."

When summer break up occurs, these grounded ridges are often the
last ice forms to dislodge. These areas were not mapped in terms of

adge of contiguous ice because they are not contiguous with the shore.

Yet the ice does remaizn bottom fast and is an important part of the near

shore ice regime. Three guestions need to be answered regarding these

stationary ice areas. 1) Where are these zreas located? 2) Do they
occur in the same locations each year? and 3) How long do they last in
the summer?
b. Method of Analysis

The data base used in this study of stationary ice was Landsat
band=-7, 70 mm imagery projected onto a screen at 1:500,000 scale. The
projection device used was an International Imaging Systems additive
colorviewer. In order to determine which ice was stationary, two images
taken at different times of the same area were projected simultaneously
onto a screen. The two images were lined up by matching cosstal fea-
tures visible on both images. A tramsparent cverlay with the coastline
and major rivers drawn in was them 1aid on the screen. The areas where

the ice had not moved were then traced onto the overlay.

31




LA e

c. Problems of Analysis

Images of the Beaufort Sea are not readily available in the mid and
late summer because the area is often covered by clouds. As a conse-
quence, only two or three sets of images for each year were available,
This made repeat coverage from year to year not generally possible.

There were also problems determining which was stationmary ice and
which ice had moved. Because the margin of error due to the difference
in projection of the Landsat image and the overlay maps was approxi-
mately 1 km, ice that appeared to move less than 1 km was generally
considered to be stationary.

The time period between images was also important. Generally, if
the images were one Landsat cycle (18 days) apart, the ice could be
considered stationary if it had not moved. However, occasionally the
only sequence of images available were only a day or two apart. Small
drift rates during these times were difficult to observe.

d. Composite Stationary Ice Map (Figure III-16).

Four years' data were analyzed for stationary ice - 1973, 1974,
1975, and 1976. The data were combired on one map extending from Point
Barrow to Herschel Island. The smallest stationary ice object plotted
was ap-oximately a kilometer in diameter. Apalysis of this map shows
that:

1). Stationary ice is generally located inshore of the
20-meter bathymetric contour. Inshore areas that are generally clear of
stationary ice include the majority of Harrison Bay and the immediate

river mouth vicinities.

.
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2). Areas where stationary ice recurs were difficult
determine because of insufficient data. One area where it recurs and

seems to last most of the summer is along the 20-meter contour north of

the Colville River in Harrison Bay. Each year a large hummock field -
forms, caunsing a seaward bulge in the edge of the fast ice that persists
until late summer. Another area where stationary ice was seen to recur
was between Oliktok Point and the Sagavomirktok River, extending from
shore to the 20-meter contour.

3). In 1976, stationary ice was last seen to exist om 2
August only in a small area west of Harrisonm Bay. The next image of the
area wrs not obtaimed until 20 August (one Landsat cycle later). By

vhet, the stationary ice had disappeared completely. Therefore, it can

be concluded that stationary ice is generally gone by mid-sugust. One
exception to this was seen in 1974. A large piece of a ridge system
north of Oliktok point was observed to remain throughout the summer of
1974 and was still there in the spring of 1975. However, it did not

remain as stationary ice in 1975.

4. Ice Island Observations and Frequency

a. Ice Islands - background
For approximately thirty years the existence of "ice islands" in
the Arctic Ocean~~-particularly in the Pacific Gyre has been established.
These features are tabular floes of freshwater ice ranging in size from

dimensions on the order of km downwards. Their thickness can be as
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great as 35 m. It has been reasonably well established that they ori-
ginate from the Ellesmere Ice sheet. The number and size distribution
of these features are not known. The Ellesmere Ice sheet does not calve
continuously and it is possible that all existing ice islands were
created in a small number of calving events. Ice islands ablate at the
exposed surface and could be expected to possess a relatively long
lifetime. However, there have been several observations of grounded ice
islands along the Beaufort coast having broken into several pieces.
Further, at least one large ice island has been observed to exit the
gyre and enter the Atlantic Ocean.

Ice islands have been cunsidered to constitute a threat to offshore
facilities because their bulk is capable of obtaining a momer tum many
times greater than any conventional floe. ZFYor this re;son it would be
very useful to be able to develop statistical data representing their
number, size distribution, and frequency of occurrence in nearshore
Beaufort waters.

b. Results of Analysis of Imagery for Ice Island Data

Because of the potential wvalue derived from determining statistical
information concerning ice islands, each Landsat image used was examined
explicitly for evidence of ice islands. It was thought that even if no
ice islands could be observed directly, large ice islands would drift
differentially from pack ice because of their deep draft and leave an
identifiying wake in their trail.

Unfortunately, no ice islands were observed directly or indirectly

on the Landsat imagery. On two occasions stranded and broken-up ice
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islands were observed along the Beaufort coast during aerial reconnais-
sance operations. In both cases the broken-up island was approximately

300 m in diameter.

Attempts were made to identify these ice features om Landsat imagery.

Positive identification could not be made in either case. In the first
case, the ice island was cbserved well inside the contiguous ice between
Admiralty and Smith Bays (1974). The exact position was difficult to
determine however, because of rather poor navigation equipment on the
aircraft used. The second ice island was observed during a 1976 photo- ;;
graphic reconnaissance trip. It was located well by mavigational equip-
ment on board the aircraft and also by its location with respect to
other ice features in the vicipity. Both grounded ice islands were
located in water om the order of 20 ﬁ in depth. (These results are ;i

discussed in Section VC.)

C. Chukchi Sea Results

1.  Comtiguous Ice Edge Maps

a. Yearly Ice Edge Maps: ¥or each year of study a single
map has been prepared showing the edge of contiguous ice for each Land-

sat cycle yielding useful data.

1). 1973 (Figure ITI-17). .

i. 2-19 March. Available data is shown by a

this date to be rather unusuval in the outer Kotzebue Sound region.

d
dashed line., Later seasonal ice maps will show the ice edge data for i
{
Usvally on this date the edge of contiguous ice is located well off j
i
]
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shore--bridging across the mouth of the Sound as far west as Shismaref.
Here the edge of ice appears to cross the mouth at Cape Krusenstern. It
should also be noted that betweenr Point Hope and Cape Lisburne there is
a portion of coast where the edge of contiguous ice coincides with the
shore.

ii. 7-24 April. Available data is shown by a
series of dots. Again as will be seen later, the edge of ice is con-
siderably landward of its noxrmal location in Kotzebue Sound during this
period. Again, although in a slight¥y different location, the edge of
contiguous ice coincides with the shore line in the vicinity of Cape
Lisburne.

iii. 31 May-17 June. These data are shown by a line
of dots and dashes. Note that by ti's time much of Kotzebue Sound is
free of ice and several less protected areas are also free of ice.

2). 1974 (Figure III-18).

i. 25 February~--14 March. Contiguous ice edge
data for this date are shown as a series of dashes. Note how far out
into outer Kotzebue Sound this ice edge is found, yet it nearly touches
the shore south of Point Hope and again apprcaches the shore near Cape
Lisburne. Beyond Cape Lisburne this ice edge remains far off shore
until it reaches Cape Franklin.

ii. 2-19 April. Ice edge data for these dates are
shown as a series of dots. Generally closer to shore, the ice edge for
this date follows the shoreline configuration more closely than did the
earlier ice edge. Note that at Cape Lisburne this ice edge does meet

the coast.
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iii. 26 May--12 June. Represented by alternating
dots and dashes, the ice edge on this date is generally closer to shore
than the dotted line representing the April ice edge. In some places,
however, the contiguous ice edge even for this late date can be found
seaward of the earlier edge-~indicating that the edge of ice does not
merely retreat with advancing season.

iv. 13-30 June. Contigunous ice edge data for this

date are represented by a sequence consisting of two dots and a dash.
Note that this ice edge is the most seaward of the four plotted for this
year in the region just southeast of Point Hope. This ice is most
likely pans which have been driven into this location and compacted
somewhat. Farther north, the ice edge for this date can be seen to be
quite close to shore except at Pt. Franklin where the April ice edge was
actually cleser to shore.

3). 1975. Note the unusually close similarity between
the ice edges shown for this year (Figure III-19).

i. 20 February--9 March. Data for this period are
represented by a series of dashes. Again, as in previous years, this
earliest ice edge extends farthest seaward in outer Kotzebue Sound and
off Cape Lisburne.

ii. 28 March--14 April. The contiguous ice edge
for this Landsat cycle is indicated by a line of two dots follawed by
two dashes. Note that north of Wales, the edge of contiguous ice now
extends farther seaward then previously. This occurred as a result of

s-ridge build-up of a large hummock field in this location. This ice
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edge becomes adjacent to the coast south of Point Hope~-~as do all other
ice edges for this year. (None was recorded for late June as was shown
for the previous year.) This ice edge also coincides with the coast at
Cape Lisburne as March ice edges have done in previous years.

iii. %6-23 April. Ice edge data for this date are
shown by a series of dots. This ice edge is similar to the previous ice
edge except on the exposed sides of the Seward Peninsula and Cape

Lisburne. In both cases the ice edge now extends considerably farther

seaward.

iv. 30 May--16 June. Data are shown for this date

by a dot-dash sequence. Where these data were available they did not
differ greatly from the previous ica edge data.
4). 1976 (Figure III-20).

i. 6-23 February. Shown by a dashed line, this
ice edge differs significantly from cther winter ice edges which have
been mapped for this period: This ice edge indents far into Kotzebue
Sound while previously for this date the edge of ice has been far
seaward, well into outer Kotzebue Sound.

ii. 24 February-=-12 March. Shown by a dot-dash
sequence, this ice edge appears similar to ice edges drawn for the same
date on previous years. Note that at Cape Lisburne it indicates no ice
adjacent to the coast for a comnsiderable distance. To the north, this
ice edge generally resembles ice edges drawn for previous years during

this period.
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iii. 14-31 March. These ice edge data are shown by

a sequence of two dots followed by two dashes. While this ice edge

resembles others for this period in the vicinity of the Seward Peninsula

and Kotzebue Sound it differs somewhat to the north where it is unusually

distant from the shore in the wvicinity of Cape Thompson and Cape Lis-
burne. Farther north, between Icy Cape and Pt. Frainklin this ice edge
advances unusually far seaward followed by a rapid coastward motiomn.
North of Pt. Franklin this behavior is repeated somewhat.

iv. 19 April--6 May. Shown by a series of
dots, the coantiguous ice edge data for this date are as unusual as the
data shown for 6-23 February: Here, instead of indenting toward and
into Kotzebue Sound, this ice edge actuzlly bridges across out Kotzebue
Sound. Tt would seem that the winter and spring data were interchanged.
Farther to the morth, the springtime data continues to exhibit this
unnsual behavior--remaining far seaward.

b. Seasonal Composite Maps

1). Late Winter. Shown here are the ice edge data for

late winter (February-March) Landsat cycles, 1973 through 1976. These
data indicate some interesting trends showing areas tending toward a
high degree of variability in ice edge location. While one might
expect a focusing of ice edge locations at exposed headlands (Wales,
Point Hope, Cape Lisburne, Pt. Frapklin, and Barrow), Pt. Lay is not
similarly exposed but yet the ice edge data thare also exhibit this

behavior pattern (Figure III-21).
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2). Mid-Spring. Shown here are the ice edge data for
mid-spring (April-May) Landsat cycles, 1973 through 1976. Again as with
the late winter data there are zomes of great location stability and
other areas with a high degree of variability. Generally while there
appears to be a greater overall uniformity of ice edge location here,
less stability is indicated off Point Hope and Point Lay (Figure III-

|

22).

3). Late Spring--Early Summer. Shown here are the ice

edge data for late spring and early summer (May-June) 1973 through 1976.
These data show that in some regions (Kotzebue Sound, for irstance)
there can be a high degree of variability at this time while other
locations exhibit a tendency toward more uniform ice edge behavior.
Because of the absence of data from each year in scme locations,; some
indicated trends--particularly thoses toward uniformity should not be
considered as particularly strong (Figure I[II-23).
‘¢.  Average Seasonal Ice Edges

The composite maps of section b have been analyzed to produce a
single average ice edge for eaci season. In addition, the greatest and
least bounds of observed ice edge have also been shown ir order to
document the reliability of the average ice edge for use in merpho-
logical modeling and hazard analysis.

1}. Late Winter. The average ice edge for February-

March passes close to shore at Bering Strait and proceeds toward Kotzebue
Sound at a great distance from shore, bridging across the mouth of outer

Kotzebue Sound. North of Kotzebue Sound, the average edge is consider-
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ably closer to shore than south of the Sound, fipally passing just a few
km off Pt. Hope and Cape Lisburne. North of Cape Lisburne the average

ice edge follows the coastline at some distance until reaching Pt.

Franklin, where again the average edge is quite close to shere. The
average edge bridges across the coastal indentation between Pt. Franklin
and Barrow, passing that point at a distance of approximately 10 km
(Figure III-24).

2). Mid-Spring. The average ice edge for this period
does not differ a great deal from the average ice edge for late winter
except for a tendency to lie closer to shore in some locatioms. It is

interesting to note that the envelope of greatest and least bounds is

much smaller during this season than during late winter--indicating

perhaps a steady-state condition during this period. However, the

variability in outer Kotzebue Sound is still quite large during this

season (Figure III-25).

3). Late Spring--Early Summer. The average ice edge for

this season is generally closer to shore than the previous season's
average ice edge. The envelope of maximum and minimum coutiéuous ice
edge loactions during this period is gemerally narrow except for the
vicinities of large embayments. For instance, in Kotzebue Sound the
envelope is large just as it has been in other seasons--only now it is

located even farther inshore (Figure III-26).

~

d. Migration of Average Seasonal Edge of Contiguous Ice

This map shows the three seasonal average ice edges described in

section ¢ plotted together so that the possibility of a systematic

change in ice edge location can be investigated. When considering the
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relationship between these ice edges, the envelope oxX maximum and minimum
ice edge location must be borne in mind. ¥or instance, both in Kotzebue
Sound and north of Cape Lisburne, there is a wide seasonal spatial
variation in average ice edge location and the immediate conclusion
might well be to consider any apparent seasonal motion of ice edge more
significant than opposite Icy Cape where the spatial variationm is smaller.
However, in Kotzebue Sound the wariation envelopes are all quite large
so that seasonal average ice edges located relatiyely close together
(late winter and mid-spring for instance) do not indicate a significant
variation. North of Cape Lisburne the envelopes are generzlly small so
that some credibility may be given to the mid-spring ice edge being
found more seaward then the late winter ice edge. At Icy Cape the
variation envelbpes are small so that despite the proximity of the
average ice edges the seasonal progression shown may have statistical
significance.

Bearing these qualifications in mind the following observations can
be made from this map (Figure III-27).

1). At Wales, Point Thompson, Point Hope, Cape

Lisburne, and Point Franklin there are at least small stretches of coast
where the average ice edge remains at the same distance from shore
throughout the three seasons. The mechanisms responsible for the agree-
ment of these average ice edges will be discussed in the development of
the Chukchi coastal morphology. It should be noted that at Wales, Point

Hope, and Cape Lisburne and Point Franklin the variation envelopes
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are fairly large indicating that the ice edge varies in location during
each season. The agreement in average location at Pt. Thomﬁson between
each season indicates that no seasonal trend is to be found in the
varying location of ice edge here.

2). VNorth of Cape Lisburne there are significant reaches
of coast where the sequence of average ice edge distance from shore
varies uniformly with season. That is, late winter is furthest from
shore, mid-spring is intermediate, and late spring--early rummer is
closest to shore.

3). Immediately north of both the Seward Peninsula and
Cape Lisburne the ice edge sequence for winter and spring is reversed.

4). The winter and spring sequence are reversed in
Kotzebue Sound. However, this trend would not appear if the 6-23 Februnary
1976 data were removed from the late winter data set. This could only
be done if some valid justification can be found. The datz here should
be taken to indicate a high degree of variability of contiguous ice edge
in this =zone.

d. Chukchi Sea Ice Ridge Systems

1). Yearly Ridge System. These maps show locations of
ridge systems which could be recognized on Landsat imagery clearly as
ridge systems. The ridges identified are generally s-ridges which are
several km long.

i. 1873. Ridges were mapped in only a few locatioms

this year. It is interesting to note that they were found in locations
adjacent to headlands in all cases. These headlands were: the tip of

the Seward Peninsula at Wales, Point Lay and Point Franklin (Figure III-28).
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ii. 1974. The ridge pattern mapped for 1974 is
significantly different from the 1973 pattern. There appears to be a
tendency for ridges to be located on the south side of major embayments.
The large "V" shaped ridge northeast of Cape Lisburne was formed when
ice was driven southward toward the coast. It is interesting to note
that although the forces creating this ridge system were compressional
the ridges formed under shear failure (Figure III-29).

iii.  1975. Ridge systems mapped for 1975 were even
fewer than previous years. WNo particular pattern was observed. In the
embayment between Barrow and Pt. Franklin a ridge was observed to follow
the coast in a way resembling the pattern fouand between Point Franklin
and Icy Cape the previous year. Off Cape Lisburme a long ridge system
was found in a position indicating flow of ice across Cape Lisburne.

Ridges in this location were not seen previously (Figure III-30).

iv. 1976. Three ridge systems were ooserved this
year north of Bering Strait. They have an interesting similarity in
that they all lie "porth" of the three major headlands; Seward Peminsula,
Cape Lisburne, and Icy Cape (Figure III-31).

2). Ridge System Composite (Figure III-32)

All ridge systems observed and discussed previously are plotted
together on this map. There are two objects of this exercise: The
first is to indicate where, over a long time period, ridging occurs.
The second is to determine whether, when seen together, the individual

yearly ridging patterns fit into a single morphological pattern.
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The first objective is reflected in the general morphological and
hazard maps produced where long term average behaviér is under con~-
sideration. The second objective will help determine the year-to-year
i reliability of the morphological picture developed. TUnder this second
category we should note upon examing the ridge systems drawn for each
year that the following behavorial patterns emexrge:

i. Generally, the 1976 ridges are the most seaward

in all locatious.

ii. The 1973 ridges are the most landward in all

locations .
Nevertheless,

i.  All the ridges north of the Seward Peninsula
form a single pattern as do the ridges off Pt. Lay and Icy Cape and the
ridges south of Barrow indicating that although they occurred in different
vears, they represent a single morphological pattern. .

ii. The possible eXception to this uniformity is
found at Cape Lisburne where three year's data appear to indicate three
distinct patterns.

The general over-all pattern which emerges is that of streamlining
along the coast from Barrow Lo Point Lay with an abrupt seaward shift at

that location to a new flowing pattern across the tip of Cape Lisburme

followed by a similar pattern across the tip of the Seward Peninsula.
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IV. Conclusions

A. Beaufort Sea

In this section, the results described in Section III are

interpreted in terms of seasonal morphologies of the Beaufort Sea near
shore ice regime. Then, based on these morphologies, an assessment of
relative hazards has been made for the Beaufort nearshore area.

The development of a complete near shore morphology should be based
on an analysis of statistical data from several years where average

conditions and deviations from average conditions have heen determined,

followed by detailed analysis of specific individual events to test the

validity of the conclusions drawn on the basis of the statistical analysis.

In the Beaufort Sea five years' statistical data has been compiled and
related to specific ice events observed during the period of study.
Rather than being considered a completed product, this amalysis should
be considered a starting point for further study.

The ice year has been broken into two periods: Tate fall to early
winter, and mid-winter to late spring. A map has been prepared for each
season showing areas of relatively uniform behavioral characteristics
which can then be described for each area. These two periods include
the times when ice hazards appear to be greatest. The division was
based on splitting the period of formation of the most stable ice from
the later period when this ice is essentially static.

1. Beaufort Sea Near Shore Ice Morphology

a. Late fall to Early Winter Morphology: This period
includes the time of freeze-up to the establishment of stable ice within

the nearshore area. This period roughly corresponds to early November
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through late January. Unfortunately, very few direct observations of
ice conditions during this period are available; in late fall cloudy
conditions prevail and between late November and early February no
Landsat data is normally obtained because solar depression angles less
than 6° generally deo not provide good imagery. However, this project
was able to arrange with NASA to obtain imagery at solar depression
angles down to 0° dvring fall, 1976. These images were found quite
useful even at 0° solar elevation angle.

Other than interpretation of the few fall images which were obtaired,
the construction of the late fall-early winter morphology was based
largely upon inference from later imagery and observation of processes
occurring at other times. This morphology is presented in the form of a
map of the Beaufort Sea nearshore area showing areas having statistically
uniform morphology conditioﬁs. These conditions are described in the

legend to the map (Figure IV-1).

47




T

Legend -~ Late Fall to Early Winter Morphology Map

This zone contains generally smooth ice located in water less
than 10 meters deep. This ice is often formed in place but it can
consist of floes of recently formed ice rafted into lecation and
surrounded by a matrix of younger ice. In the latter case, rough-
ness is not uncommon, espcially around the rims of these floes.
Leads have often been opened in this area and subsequently frozen
over, providing long, broad avenues of smooth ice. These frozen-
over leads have often been subjected to compressive forces which
have formed pressure ridges within them. The ice within this zone
is completely formed by early Jamuary; it would be very unusual for
lead openings, other than tidal or tension cracks, to occur after
this date.

Shear ridging appears to be at a minimum within this zone,
principally because sufficient anchoring mechanisms occur at the
edge of this zone, causing stress concentration at outer leccatioms.
Because of their large draft, multiyear floes do not penetrate into
this zone but tend to pile up along the l0-meter isobath where they

ground and become anchors for ice located shoreward.

ITa<«h. These areas are the active shear zone as soon as the anchor-

ing floes are establisbed along the 10~meter isobath. S-ridges
form within this =zome, adding strength to the newly formed ice
sheet. The sheet quickly builds seaward through growth of new ice,
attachment of floes, construction of new ridges and grounding of
multiyear floes. The dashed line represents the mean seaward

boundary of this activity. However, it shouid be recognized that
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in the absence of disturbance, ice contiguous with the shore can
extend over 100 kv ssaward, remaining in place for weeks at a time.
On the other hand, uantil the ice in this zone is well stabilized,
leads can open and ridging or shear deformation can take place at
almost any location within it.

Pack ice motion is usuazlly from east to west. When forces act
to cause compression along the line of contact between moving and
stationary ice, s-ridges are formed. This ridging activity appears

to be greater in some areas than in others. Details of ridging i

activity are given in the following subsections.
ITa. This rather large area strectching from Cape Halkett to Barrow
i
has rather low ridging activity, although lead formation appears to ;
i

be rather frequent. This would suggest a relative absence of f

compressive forces along this portion of the coast.

ITb. Moderate ridging occurs in this area early in the ice
year as a result of ice being driven into Harrison Bay from the
east. This activity soon ceases as & result of the increased
strength created in the ice. Thereafter, coastal ice motions are
deflected along zone llc.

Ilc. This zone of moderate ridging is created after the increased

strength of ice in zome 1lb halts motions into Harrison Bay from

the east. Because of shoals just shoreward of the 20-meter isobath,
large draft multiyear floes act as anchoring mechanisms for the

sheet of ice to the shoreward (Zome III). Ridges created in this %
zone during early winter have a high probability of remaining in

place the entire ice year.
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Ild.

Iie.

11f.

Iig.

This zone of high ridging frequency begins approximately
at the 20-meter isobath and exteﬁds seaward to the vicinity of the
40-meter isobath. Ridges in this zone are not well grounded and
can be severed by lead formation. However, following such an
event, there is a2 high probability of new s~ridge formation along
the boundary of the opened lead. All along this zone, from Mikkelson
Bay to a point off Cape Halkett, long highly identifiable s~ridges
can be formed by the combination of motionm of pack ice toward the
west and by compressive forces as it is held agaiunst the fast ice.

This is a zone of moderate ridge formatiom extending from the
west side of Camden Bay to Mikkelson Bay. It is presumed that,
although westward slippage of seaward ice takes place here similar
to Zones llc and 11d, compressive forces are not as great along
this section of coast. As a result, s-ridging is less prenounced.

This is a zone of high ridging frequency formed largely by
compression of pack ice against fast ice as the ice moves either
east or west. The compression is created when the moving pack ice
encounters ice held fast against the large headland in this vicinity.
Note that the zone of high ridging frequency extends considerably
shoreward of the 20-meter isobath. It is of interest to note that
the prevailing wind at Barter Island shifts from east in November
to west in December, returning to east in January and then back to
west in February. Hence, these ridges could be created by ice
motion in either direction.

This area has a low frequency of ridging. One possible
explanation for this phenomena is that when winds are from the
east, if ice motion in this vicinity takes place, it simply fails

in tension and pulls away from the shore with the result that no
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IIh.

ITi.

compressive components exists to form large s-ridges. If, on the
other hand, the wind is from the east, the ice piles in compression
here and fails in shear to the north, forming Zome 11f. The com-
pression piles are not as visible as s-ridges hence the area is
mapped as having a low frequency of ridging.

Ridging frequency is increased in this zone as a result of the
shoreline being more nearly parallel to the direction of ice motiom
with the result that east winds can cause creation of s-ridges.

This is an area of low ridgimg frequency in the middle of
outer Harrison Bay. It apparently forms because shoals to the
seaward cause grounding of multiyear ice features and pressure
ridges. As a consequence large s-ridges form to the seaward of the

shoals, providing additional protectiomn.
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b. Mid-winter to Late Spring Morphology: The morphology
of nearshore ice during this period has been determined by direct
observation through Landsat imagery. Many areas with considerable ice
activity during the previous period are now static with very little
chance of violent deformation. However, temsion and tidal cracks appear
and "work" as conditions change. Other areas are now static and have
very little chance of major failure resulting in s-ridging but have been
observed to develop crack patterns suggesting failure under shear. In
general, during this period the active edge of ice often moves further
from shore than the 60-meter isobath and then returms te that vicinity
during dynamic ice events.

The morphology of nearshore ice during this period has been
summarized in map form (Figure IV-2). Based on the statistical data,
zones have been delineated which can be described in terms of a uniform
ice behavorial pattern within each zone. The behavorial patterns have

been described in the following legend.
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Legend - Mid-Winter to Late Spring Morphology Map

Ia.

Ib.

Ic.

Id.

Stable fast ice. The ire within this classification is usually
well formed by the beginning of February. With one possible exception
{denoted Ib), the ice in this category is sufficiently stable that
flaw leads form to the seaward throughout this period (somewhere
within category II). Hence, except for opening and closing of
tidal and tension cracks, the ice within this zone is static during
this period. The following subdivisions within this zone are based
on statistical occurrence of major ridges.

Zone of light ridging. Generally overlying shallow waters,
this ice is free from major ridges. Often large expanses of very
smooth ice can be found.

Zone of moderate ridging. A variety of conditions can be
encountered reflecting conditions during time of freeze-up. Multi-
year floes may be encased in a matrix of new ice. Large floes of
worked, first year ice may be brokemn by smooth, frozen~over lead
systems. Pressure ridging can be expected in these areas. There
is also a moderate probability of encountering am S-ridge creaﬁed
some time during freeze-up.

Zone of intermediate ridging. Ice conditions are similar to
those described for zone Id. However, the probability of large S-
ridges is considerably increased.

~ Zone of severe ridging. The ice in these areas is likely
to be first year pack ice and multiyear floes - obviously nre..
formed in their present location. A great deal of ridging and
pressuring has taken place, creating large grounded hummock fields

in some areas, Note that these areas occur along the seaward
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I11.

Ila.

ITb

IIc.

IId.

Ile,

IIE.

boundary of stable fast ice and often at points of inflection of
this boundary. These areas are the main anchors of the fast ice
systen. j

Zone of mid-winter -~ late spring flaw lead formation. The
areas within this classification are prone to flaw lead formation
at any time during this period. Following flaw lead formation, S-
ridging may occur, the lead may freeze over and remain static for
weeks at a time, the recently frozen lead may close, creating S-
and P-ridges, or the leads may open yet again. However, it is also
possible to have an extensive sheet of stable, uabroken fast ice
for long periods of time within this zone. Flaw lead formation
probability is low at the shoreward boundary of this =zone, increases
seaward to a maximum probability, then begins to decrease further
from shore. The variability of ridge density is the major criteriom
for the subdivisions within the zone.

Zoune of moderate ridging with a high probability of flaw lead
formation. Ice behavior is related more to the Chukchi Sea morphology
than to the Beaufort Sea.

Zone of relatively low ridging probability, butiprone to flaw
lead and polynya formation during this period.

Zone of moderate ridging, prone to flaw lead formation during
this period.

Zone of intermediate ridging, pronre to flaw lead formation.

Zone of flaw ;ead formation with greatest probability of ridge
formation. Very oftem long S-ridges can be observed running the
length of this zone.

Zone of flaw lead formatier with intermediate ridge formation

frequency.
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I1g.

ITh.
ITi.

I1j.

III.

Zone of low probability of flaw lead formation with moderate
probability of major ridge formation. (Flaw leads are more likely
to be formed shoreward of this zone).

Zone of flaw lead formation with moderate ridge probability.

Zone of flaw lead formation with low ridge probability.

Zone of low probability of flaw lead formatiom with low ridge

probability

Generally zone of pack ice. Usually a flaw lead or recently
active flaw lead (currently thinly frozen over) can be found between
this zone and zome I. P-ridging is a frequeant phenomenon in this
zone and S~ridging can occur but the probability is much lower than

in the I1 zones.
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2. Hazards Resulting From Beaufort Sea Ice Morphology

Based on the Beaufort S=a seasonal morphologies, an
assessment of relative hazard during the several phases of offshore
petroleun development has been made. The hazards identified are, of
course, related only to those aspects of the general over-all ice morphologies
identified here. These hazards include: 1) The relative safety of
field crews operating on the ice, 2) Possible ice motion endangering .
drilling operations from temporary structures (amchored drill ships, ice
structures, pile structures, etc.), 3) The probability of ice piling
events posing obstruction to rapid surface evacuation from potentially
hazardous sitnations, 4) The potential for ice piling events and subsequent
damage to under sea structures from the subsurface structure of the
piled ice, and 5) The potential for increased bearing load against
bottom-founded structure.r as a result of piled ice.

Figure IV-3 shows thé Beaufort coast with several major hazard
zones delineated. The hazard zones have been chosen on the basis of a
rather uniform hazard potential within each zone. The zones have been
grouped into 5 major zomes based largely on probability of ice edge
occurrence and subdivided further largely on the basis of ridging pro-
bability. In the caption for Figure IV-3 each major zone is described

followed by descriptions of the subzones.
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Caption - Beaufort Sea Ice Hazard Map

This zone represents the most stable ice along the Beaufort
coast. After December it is extremely safe for surface travel,
(with one possible exception noted later) it has not been observed
to fail in shear between December and June (therefore deformations
are generally small), and ice piling is at a minimum.

Actually, this zone contains two subzones not shown here
determined almost entirely by depth of water. The first subzone
consists of water less than two meters in depth. The significance
of this zone is that by late winter, the ocean freezes to this
depth hence after that date this subzone should be very stable.
The second subzone consists of the balance of Zone I and contains
depths as great as 10 meters. These two subzones have not been
differentiated because the relative hazard between the two has not
been considered extremely great.

The greatest source of hazard observed to occur in this zone
was the mid-winter formation of thermal tension cracks. These
cracks occur generally during very cold temperatures.in December
and open to a width of 2 to 3 m. Often the new ice formed in the
crack is drifted over with snow with the result that it does not
equal the thickness of the surrounding ice. On one occasion in
Prudhoe Bay a lurge piece of equipment and its driver were lost
when an attempt was made to merely drive across a frozen-over
tension crack. There appears to be some repetition from year-to-
year of these cracks; one major tension rcrack appears between

Thetis Island and Oliktok Point annually.
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Ridging occurs within this zone only early within the ice I
season with the participating floes generally on the order of 30-40
cm in thickness. Major ocean floor plowing should not be expected
from these events. After December and January the active edge of
ice is well seaward of this zone. No ice failure events have been
observed to occur which indicate deformation within this zcne
between the end of January and the end of May. It is estimated
that an event resulting im 20 m aeformation would have been obser-
vable by the techniques utilized here.

IT. Like Zone I, this zone comsists of stable fast ice during
late winter and early spring. However, the relative hazards
related to this zone are somewhat greater than those related to
Zone I. During the five year observation period reported here,
failure to the point of large scale displacement (10 km) was not
observed within this =zone.

The zone has been subdivided generally in terms of ridge

density although not entirely with respect to that attribute.

Generally the zone is safe for surface travel during winter and
spring. Structures are subjected to varying amounts of ridging,

and varying amounts of displacement can take place. However, this
is still within the zone of "stable fast ice" generally held in
place by grounded ice features along its seaward edges. O0il spilled
under this zone should enccunter a relatively smooth undersurface
and might spread significantly. This process would be aided by
lunar and barometric pumping of water in the confines between the

ocean fleor and bottem of the ice.
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ITa.

This zone is adjacent to Zone I and parallels the coast from
Barrow to Barter Island. 1Its chief distinction from Zomne I is that
within it there is a greater ridging density. During winter and
spring few hazards should be encountered by surface operations.

The probability of deformation in this zone is greater than in Zone
I. During the five-year observation period reported here, failure
under apparent shear was observed on only a few occasions within
this zorz. The failure resulted in crack formation in a stress
release pattern with displacements on the order of a kilometer.
Complete failure accompanied by s~ridge or lead formation was
observed on one occasion and has led to the distinction between
Zones 1Xa and ITh. The probability of lead formation is low and
the probability of encountering major obstructions during an
attempt to escape lead-forming events is not extremely great.

This zone does contain the shallow zreas just seaward of the
Barrier Islands, however, and is often seaward of the l0-meter
isobath, although generally contained by the 20-meter isobath. The
ridge density was observed to be greater than in Zone I and con~
sequently ice piling events by older and thicker ice than in Zone I
are likely.

0il spilled in this zone would eancounter a somewhat rough
under ice surface and therefore would spread less than in Zone I.
Clean~-up operations, however, would be hampered by the ice surface

roughness.
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I7b. This has been designated a separate hazard area from Zone Ila

because of one lead-forming event occurring along the dotted line

v

distinguishing these two zones. It is interesting to note that
were Zone IIb not recognized, this would be the only significant

area in Zone IIa seaward of the 20-meter isobath. However, the one

lead-forming event observed indicates that this area is not as ;5
stable as the balance of Zone IIa and should be distinguished.

Within this zome then, there is greater hazard to surface parties
through the possibility of ice failure.

ITec. This is an area of relatively smcoth ice surrounded by ice
which is statistically rougher in terms of major ridge systems. It
has often been found to contain floes of varying ages surrounded by
younger ice. Generally, however, both are aanual ice., This has
been determined to be a zone of relatively low hazard to surface
travel. Dynamic ice events appear to be at a local minimum.
Deformation and lead formation has not been observed during winter
and spring. 0il spilled uader this ice might spread but could well
be channeled by the smcoth undersurface of the newer ice surrounding
the older floes.

IId. and Ile. These are areas of heavy and moderate ridging respectively,
located inshore from the average location of flaw leads. Although
ridging occurs here, these areas are quite stable and often contain
large areas of grounded ridge systems. The chief hazard to personnel
performing surface operations comes from the probability of lead

formation, compounded by the difficulty imposed on attempts at
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rapid escape by the great surface roughness. Clearly in late fall
massive ridge-forming events occur here and at least once, an ice
island fragment was observed grounded in this vicinity. It would
appear, thenm, that structures placed in these zomes could bear the
load of ice piled from several metexrs above the sea surface all the
way to the ccean floor.

0il spilled under this surface would most likely become
trapped in many deep pools located between ridge keels and as a
result spread less than in other areas.

This is a large zone of moderate ridging located largely
inshore from the average edge of winter and spring contiguous ice.
Hazards to crews performing surface operations vary somewhat da-
pending on proximity to the average location of flaw leads whexre
there is the greatest chance of deformation or lead opening. One
arm of this zone extends well into inner Harrison Bay where surface
conditions are more stable than at the zones' seaward edge. Some
deformation and accompanying displacement has been observed in this
region during winter and spring. However, the ice has not been
observed to the point of creatioﬁ of an edge of contiguous ice
through flaw lead formation.

Structures placed in this region could be confronted with
massive ice piles and, in fact, large hummock fields have been
observed in this zone. O0il spilled under this zone wonld encounter
fairly significant resistance to ité spreading as a result of the

under surface roughness of this zone.
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Ilg. This is a zoae of severe ridging located shoreward of the
shoreward limit of the observed envelope of flaw leads. Located
northwest of Cross Island, it is often the site of massive s-ridges
formed in November and early December. Many of these ridges are
apparently well-grounded and remain in place well into summer. ¥
Cracks have been observed here in mid-winter, but the ice has not
failed to the point of major lead formation and followed by dis-
placement along tue lead.

; Surface operations in this area would involve an element of
risk related to the chance of lead formation and the relative :
impediment to surface travel presented by the ice surface. Struc-
tures could very well have massive ice piles adjacent to them and

available to exert relatively large forces against them.

An o0il spill would tend to pool under this ice and have its
spread thus retarded.

ITh. This zone is the east end of an area of severe ridging. This
portion lies shoreward of the flaw lead zone. Hazards in this zone
are essentially the same as those described for Zone Ilg.

IIi. This is a rather large zone of moderate ridge density lying
shoreward of the shoreward edge of winter and spring contiguous
ice. In two places this zone is shoreward of areas of more severe
ridging between it and the shoreward edge of contiguous ice while a
large area actually borders this edge. A good portion of this zone

lies seaward of the 20-meter isobath. This circumstance might

raise a guestion concerning the stability of that portion. Cer~
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ITj.

ITk.

0il spilled under this.ice could be expected to pool somewhat
because of the moderately rough undersurface.

An additional hazard in this subzone not encountered by other’
subzones in the II group is the possibility of ice island occur~
rences because of the large area with water depths greater tham 20
meters.

This is a sone of severe ridging located shoreward of the flaw
lead zopne. Because this zone lies seaward of the 20-meter iscobath,
its stability should be held in question. However, the flaw lead
has consistently been observed along its seaward edge. Hence,
while surface operations might be performed, precautions should be
made to make certain that evacuation could be made gquickly.

Structures placed in this zone would not only be endangered by
the possibility of major ridge-building events but also by the
possibility of fce island transects across the zone during open
water and freeze-up periods.

An under ice oil spill located here would probably not spread
greatly as a result of the enhanced underwater topography.

This is a zone of moderate ridging lying to the east of
Barter Island. Like Zone IIj, much of this zone lies seaward of
the 20-meter isobath. Hazards described for this zone are essenti-
ally the same as those described for IIj except that the probability
of a major ridge confronting a structure is diminished and the

pooling effect of an underwater oil spill is similarly decreased..

ORIGINAL PAGE I8
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This major zone is defined by the statistical envelope of
observed flaw leads. During mid-winter flaw leads quickly freeze
over after formation while during late spring they tend to freeze
much more slowly and as a result remain active much longer. During
the mid-winter periods when the Beanfort flaw lead has frozem in
this vicinity, a vast area seaward of this area is often constituted
of contiguous ice. The term "flaw lead" looses its significance
during this period. However, when a flaw lead does appear it has
the greatest probability of ocecnrring within Zome ITI.

Hazards in Zone III are significantly greater than in Zone II
because of the flaw lead probability and because this zone lies
almost entirely seaward of the 20-meter isobath making visits of
ice islands and other deep-draft ice features very possible. Under
ice oil spills located within this zone face a high probability of
exposure to the water surface throngh the creation of flaw leads.

It should be noted that whereas Zome II could be thought of
as having a good probability of remaining static throughout winter
and spring, with the result that large ridge probabilities could be
thought of as ind cating stability through grounding and consequent
anchoring of ice, a high ridge probability in this region indicates
a high probability of instability through flaw lead formation and
ridge-building events.

Major ice displacements are possible in this zone at any time
associated with lead-formating events and ice deformation. This

possibility is found throughout this zone and should be kept in

mind in terms of the subzones defined below.
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IiTa. This zone rounds Pt. Barrow joining the Beaufort and Chukchi

Seas. It represents an area of moderate ridging and a very narrow
forus of flaw lead location. It should be considered extremely
hazardous for surface operations. Structures placed in this zone
would be confronted by almost constant ridge~building events. An

0il spill located here would be pooled significantly by the ice

bottom topography but would also face a high probability of exposure
to the water surface and incorporatioan within the ice over a large
area through lead and ridge activity.

ITTh. This is an area of high probability of flaw lead formation
with a low probability of ridging. During winter and spring there
is often new ice being formed in this vicinity. It should be
considered egtremely hazardous for surface operatioms. Structures
placed in this zone may very well have a high prob.bility of escaping
major ridge-building events. However, their interaction with the
often newly-created ice within this zone should be considered

carefully. Further, the probability of ice island visits may be

enhanced by coastal configuration here. 0il spilled within this
zone would have a high probability of incorporation into new ice
and transport with pack ice motion.

IITc. This is a large area of low probability of major ridging
oriented parallel to the coast and located far beyond the 20-meter
isobath. It should be considered significantly hazardous for
surface operations. A structure placed in this zone would have a

low probability of encountering a major ridging event but ice

65




ITId.

11Ie.

IITf.

island visits would be quite possible. 0il spilled under this zone
would not be pooled by major ridges and would have a large probability
of incorporation into the pack ice through lead formation.

This zone runs parallel to the coast for much of the length

of the Alaskan Beaufort Sea. It possesses a moderate probability

of ridge building events, few impediments to ice island visits and

a good chance of being located seaward of the flaw lead. For L

these reasons the zone should be considered hazardous for each of
the activities considered here under "hazards".

This is a relatively small zone of moderate probability
of major ridging located inshore of Zone 1IIf (described next}
possessing a high probability of major ridging. It is generally
somewhat - stable but flaw leads have cut across it. FPresuming

suitable precautions are taken, surface operations could be per-

formed in this zone. Structures placed here could well be con-
fronted by by major ridge-building events while there is a small
probability that becaunse of the bathometric configuration, some
protection from ice island visits may be afforded. O0il spilled
under this zone would very likely be pooled by the bottomside ice
configuration.

This is a large zone of great probability of major ridging
running parallel to the coast from Harrison Bay to Flaxman Island.
This zone alsoc has a great probability of containing the f£law lead.

And, becanse it is largely located over waters deeper than 20

meters, there is a good chance of an ice island visit.




I11g.

IIIh.

Surface operations in this zone should be considered fairly
ﬁazardous due to the compounding effect of great ridge density and
probability of lead formation events. Structures placed in this
zone would be subject to major ridge-building events and at least
the potential for ice island visits. 0il spilled under this zone
would very likely be pooled significantly by the underside con-~
figuration of the ice. However, there would also be a great pro-
bability of near future oil incorporation into ice piles through
lead formation and ridge-creating events.

This is a narrow zone of light ridging located beyond Zone
IIId. The hazards related to this zone are essentially the same as
the hazards in Zome IIId except that the probability of flaw lead
formation between this zone and shore is even greater, and the
possibility of an ice island visit is enhanced while the probability
of major ridging is decreased.

This is a zone of low probability of major ridge building
events but with little obstruction to ice island visits. The
probability of a flaw lead formation between a point located in
this zone and shore is very great. During lead-forming events
there is a good chance that field crews could flee dangerous situations
to nearby points but not escape to shore by surface tranmsportation.
Structures, while largely free from major ridge-building events
could very well be confronted by ice islands. An under ice oil
spill would probably spread significantly and soon be introduced

into the pack ice.
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ITIj. This zone possesses a low ridging probability and a high
probability that flaw leads are located to the shoreward. Hazards
are essentially the same as Zome IIIh.

Iv. This zone contains ice with a moderate probability of major
ridge formation as a result of ice interaction with the shore, yet
there is a high probability that flaw leads will be found shoreward
of this zone. Because of the shore~linked aspect of its morphology
and hazards, it has been differentiated from Zone V which is

; essentially pack ice.

Suxface operations in this zone should not be performed without
provisions for non-surface evacuation. Structures placed in this
zone will be subject to at least a finite probability of major
ridge formation, while ice island and Ffloeberg visitations are
entirely possible. O0il spilled under this zone would tend to be

pooled significantly by major ridges but be subject to introduction

to the ocean surface during lead~forming events.

V. This zone is essentially the pack ice zone. Here, influence
of shore on ice morphology and hazards has been reduced to regiomal
influences. In the region north of the Beaufort Sea there are
periods of stable ice extending up to six weeks duration. During
that time, fi=ld operations could be carried out here subject to
the provision for non-surface evacuation if necessary. However,
the relative danger is actnally diminished from that in Zones III

and IV because of the smaller chance for major shear deformation in

this zone. It is very unlikely structures will ever be placed in
this zone. An under ice oil spill would essentially be a spill

into pack ice,
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B. Chukchi Sea
In this section, the results described in Section III are
interpreted in terms of seasonal morphologies of the Chukchi Sea near
shore ice regime. Then based on these morphologies, an assessment of
relative hazards has been made for the Chukchi nearshore area.

1. Chukchi Sea Morphology

The ice year has been broken into three periods: mid-
winter, early spring and late spring. The morphology of the Chukchi Sea
ice is much more dynamic than the Beaufort Sea morphology. While the
Beaufort Sea exhibits a vast area of static ice with an occasional much
larger area attached, there is an almost constantly active flaw lead
along the Chukchi coast with new ice being formed, detached, piled, and
transported almost constantly. For that reason the morphology of
Chukchi ice has been described in a somewhat different way from the
morphology of Beaufort Sea ice.

Figures IV-3, IV-4 and IV-5 contain the morphological description
of Chukchi Sea ice behavior. Two fundamental ice features have been
utilized to construct these maps: The edge of contiguous ice which
essentially coincides with the flaw lead, and large massive ridge systems.
In some respects these two ice features are independent of one another;

the edge of contiguous ice is, in general, controlled by season--being

farther off shore during winter and advancing toward shore with advancing

season while the location of large ridge systems appears to be controlled

maialy by bathymetric configurat-ion.

Because of this relative independence, the major influence or

change in the near shore morphology will be seen to be the changing
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location of the edge of contiguous ice. Lest this seem an over simpli-

; fication of the near shore morphological processes, it should be pointed
out that at some places a direct relationship has been noted. In

; particular, north of Bering Strait s-ridges have been observed to build
seaward extending the edge of contiguous ice in that direction while
elsewhere the edge of contiguous ice is retreating toward shore.

! The Chukchi Sea Ice Morphology Maps have a much different appearance
} than do the Beaufort Sea Maps. One major reason for this is the oppor-
tunity for ice to move out 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 the coast. Increasingly
as one travels to the south, the edge of contiguous ice between headlands
iz 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 Lisburme.

Just south of Cape Lisburne and north of Point Hope is am area with

a constantly reformed polynya.
South of Point Hope the effect of ice motion out Bering Strait is

even more promiment. Another recurring polynya occurs just southeast of

Point Hope formed by southward ice motion. KXotzebue Sound is generally
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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 uastable.
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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.

2. Hazards Resulting From Chukchi Sea Morphology

Based on the Chukchi Sea morphology described in the

previous section, the question of hazards related to offshore petroleum

development has been addressed. Map IV-7 shows a number of hazard
descriptor areas having sufficiently uniform conditions within each area
that a hazard description could be written for each area.

The hazards addressed include: the safety of crews and equipment
used to perform surface exploratory operatiouns, an assessment of the
possible load-bearing ice surface imposed on structures resulting from
ice piling events, the possible plowing of the ocean floor by ice piling
events, and the possible fate of petroleum spilled in each descriptor
area.

The following table describes the hazards related to each of the

descriptor areas defined om map IV-7.
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Zone

1.

CHUKCHI SEA ICE HAZARDS

Description of Hazards

This is am arsa generally safe for travel from January through
early June. Depending on conditions at freeze-up, ice seaward of
the islands can vary from smooth to very rough. In front of
Barrow, this zone narrows to a strip 200 m wide.

This is nmot an area of major ridging and surface structures
would be subjected to a minimum of hazards resulting from ice
piling or keel plowing of the ocean £floor.

Fall and early winter oil spills could be transported away
or incorporated into permanent ice. From early winter till breakup,
under ice spills would remain tripped except for tramsport through
occasional temsion and tidal cracks.

An area of moderate ridging formed early in the ice year,
this area is gemerally safe for surface travel from January through
early June. Chances of seaward lead formation increase with
the advance of the season. There is also moderate hazard to structures
resulting from ice piling and keel plowing.

Fall and early winter oil spills are very likely to be trans-
ported away with ice motion. ILater spills are likely to be trapped
under the ice and pooled between ridge keels until spring when
thawing and breakup of the ice would cause lead pumping and trans-

port of the oil.
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Apn area of moderate ridging formed early in the ice year
is subject to lead formation with low probability from January
through March. Lead formation is very likely after that date.
Surface travel is least hazardous during January through March and
moderately hazardous at other times. Because of dynamic ice events
in this region, this area should not be considered for the location
of camps.

Surface and subsurface structures are subject to damage by
modexate ridging and keel plowing of the sea ice at almost any time
during the ice year.

0il spills would be subject to transport or incorporation into
piled ice at any time during the ice season. The longest period
during which an oil spill would not be subject to ice motiﬁn is on
the order of two to three weeks.

This is an area subject to moderate ridging activity at any
time during the ice season. Since lead formation is frequent
during the ice season as well, surface travel is extremely dangerous
at any Lime and is actually less hazardous farther ofishore.

Surface and subsurface structures are subject to damage by
ice piling and plowing during the entire ice season.

0il spilled in this region during the ice season would soon
become subject to lead pumping and incorporation into ice piles and
ridges. There would be a high probability of transport within cne
week of the spill. Clean-up attempts would be made difficult by

the possibility of ice motiom.
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An area of severe ridging seaward of the normal edge of stable

ice at any time during the ice season, this is an extremely hazardous

area for exploration activities. In addition, surface structures
would be comstantly subjected to piling events and damage by ice
keel plowing.

0il spilled in this region would very likely be incorporated
into piled ice, pumped onto the surface by lead activity and
incorporated into newly-forming ice within leads.

An area of severe ridging just shoreward of the mid-winter
edge of fast ice, this region should not be considered stable.
However, during mid-winter, ice here might remain in place two to
three weeks at a time. By mid-spring, the boundary of fast ice is
located along the shoreward edge of this zomne.

The safety of surface operations in this zone is similar to
that of Zone 4 except that the increased ridging in Zone 6 would
make retreats to safer ice more difficult in case of dangerous ice
conditions, and the increased piling in this area increases the
probability of parties being caught in truly hazardous situations.
Camps should not be established in this areas.

Surface and subsurface structures would be subjected to damage
by great amounts of ice piling and plowing --- perhaps as severe as
any place along the Beaufort/Chukchi coast.

0il spills generally would be located under mobile ice
subject to piling events most of the ice year. However, during
mid-winter spills might be trapped under stationary ice for as long
as six weeks. Lead formation is a possibility at any time during

the ice year.

74

Tk
o m—C




B e

v et Y

B O e

This is an area of severe ridging just offshore from the
springtime edge of stable ice. It is geperally stable from mid-
winter to mid-spring. But because the configuration of Point
Barrow exposes ice to the possibility of occasional dynamic ridging
events, even this area shounld be considered hazardous for prolenged
surface activity. (See description of Zonme 6). The hazards
associated with this zone are similar to Zone 6 except that there
is a longer period - up to two to three months - when the ice may
not be subject to motion.

This area is subject to severe ridging offshore of the late
spring edge of comtiguous ice yet inshore of the early spring edge
of stable ice. The ridges in this zone are formed early in the ice
year and generally remain in place until the melt season. Surface
exploration activities are not extremely hazardous. However,
because of the wide variation in location of the springtime edge of
fast ice, the relative safety of this =zone is not as great as its
counterpart along the Beaufort coast.

Surface and subsurface structures would be subject to damage
by ridging and plowing events generally only at the beginning
{November-December) and end (June-July) of the ice season.

0il spills in this zone during November and December could be
transported away with near shore ice motion or incorporated into
ice piles in the near shore area (within this zone or even inshore

of this zone). From December until early June, an under-ice oil
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spill would most likely remain trapped under the ice in this area.
After June sufficient leads and cracks exist that the oil could be i
pumped to the surface by ice activity.

9. An area of moderate ridging formed early in the ice year,

this area is located offshore of the late spring ice edge but

inshore of the early spring ice edge. This zone is similar to Zone

2 on the other side of Barrow in terms of hazard, and is generally

T PP T

safe for surface travel from January through June. Chances of

seaward lead formation increase with the advance of the ice season.

o
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Moderate hazérd to structures exist resulting from ice piling and
ice keel plowing.

Fall and ear}y winter oil spills would probably be trans-
ported awaj with any ice motion. Later spills are likely to be
trapped under the ice and pooled between ridge keels until spring.

10. This is an area generally free from major ridges running from

south of Barrow to near Pt. Franklin and is located seaward of the

late spring ice edge but shoreward of the early spring ice edge.

Because of the great statistical variation of the ice edge in this

region, the description of this area and Zone 11 should not be
considered entirely accurate. One reason for the wide variation of
behavior here is the location of these areas in waters considerably
deeper than 20 meters, and hence, the absence of significant grounded
ice features to provide anchoring mechanisms for fast ice. This
situation is reversed on headlands (Pt. Barrow, Pt. Franklin, Icy
Cape, etc.) where many of the identified near shore zomes are

located within the 20-~meter isobath.
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This area tends to be free of lead activity from mid-winter
until mid-spring. However, surface travel should be considered !

hazardous even at those times because of the wide wvariation in

behavior mentioned above. %f
Surface and subsurface structures are relatively free from ?ﬂ

hazards due to major piling and plowing events. Subsurface oil é;

spills may be pooled under statiomary ice for up te a month at a %

time but lead activity and ice motion would eventually result in {

the pools of o0il breaking up and being redistributed. $~f

11. This area, generally free from majoer ridges, runs from south
of Pt. Barrow to north of Pt. Franklin and is located seaward of il

the early spring ice edge but shoreward of the mid-winter ice edge.
Because of the reasons described for Zome 10, the boundaries of

this zone are not well defined. The hazards described for Zore 10 b

also apply to this zone. However, the probability of stationmary

ice here is even less than in Zone 10 and the possibility is generally

restricted to the period December-February.

12. This is a broad zome subject to moderate ridging runping from

Barrow to Pt. Franklin and located shorewzrd of the late spring ice
edge. Although this is a gererally stable zone with some grounded
ice feztures, the relative hazard to surface travel increases as
one progresses seaward. BSome lead activity has occurred here
during winter months although, statistically, this area is con-

sidered stable from December through late June.




13.

Under-ice ¢il spills would be trapped under geperally stable
ice from December through June with a low probability of transport
or major pumping onto the surface by lead activity.

Surface and subsurface structures would be subjected to
hazards due to moderate ice piling and plowing events early (Novem-
ber-December) and late (Juae-July) in the ice season.

This zone of ice extends from shore to the area of moderate
ridging and is entirely within the late spring edge of ice, being
wide in areas of embayment and marrow across headlands. Although
this zonme extends along the entire coast it has been divided into
smaller zones because some characteristics of the ice change from
place to place.

Ice topography ip this zone is dependent on conditions at
the time of final freeze-up, which usually has occurred by the end
of December. The ice surface topography will vary from locatiom to
location and from year-to-year. The surface can at times be suffi-
ciently smooth for the operation of wheeled vehicles. At other
times it consists of a jumbled pile of small plates of ice about 30
cm thick and 2-3 m across presenting a major obstacle for even foot
travel. Ridging generally does net occur in this zone and, in
fact, usually forms the seaward boundary of this zone.

Structures placed in this zoue would be subject to relatively
hazardous conditions due to piling and plowing. By the end of the
ice year most first year ice is on the order of 2 m thick and as a

result considerable expanses of the ice in this zoms .11 be frozen
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14.

15.

to and into the bottom. This is particularly true in lagoon areas such

as Pt. Franklin. Because of this and the long life of the ice zone,
under-ice oil spills could spread considerable distances along this
zZone.

This zone adjacent to Pt. Fran!l? o appears to exhibit ice
behavioral characteristics somewhat di:ferent from ice zones
adjacent to other headlapnds. Very little ridging appears to occur
here and the edge of contiguous ice varies little from season to
season. This behavior appears to be explained by the fact that the
ocean floor profile drops off rapidly to 20 meters along this
section of coast and the szme profile is maintained much of the
length of this region. Hence, ridging resulting from differential
motion under compression ("shear ridging") is confined to a very
narrow zone and may not be of sufficier extent to be observable on
a Landsat image. This zone may be quite narrow and consist of 1
single shear ridge perhbaps 50 m wide.

Nbvionsly this zone is hazardous for surface travel because
of the high degree of activity within it and structures would be
endangered by the constant ice motion.

This is a broad zone of moderate ridging located seaward of
the late spring edge of contiguous ice but shoreward of the mid-
winter ice edge. The statistical variation of the edge of this
zone is relatively small, hence, the boundaries of this zone should
be considered fairly well defined.

Surface travel in this zone should be relatively safe
from December through late March, with increasing risk toward the

seaward side. Structures placed here would be exposed to moderate
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16.

17.

18.

ridging before December and after March. Underwater oil spills
would be contained under the ice from December through March and
subject to transport at other times.

This is a zope of moderate ridging inshore of the late spring
edge of ice and located between Pt. Franklin and Icy Cape. This
zone is generally stable from December through late March and could
be used for surface exploration with a reascnable degree of safety
during this period. Structures are subject to ice motion, piling
and plowing before December and afiter April. Under-ice oil spilis
could be expected to be trapped under the ice.

This is a continuation of Zomes 13 and 1. Though this zone
may be free of ridging, the surface can vary considerably from
place~to~place and from year-to-year. (See description of Zone
13).

This zone of relatively stable ice between December and
Febrnary has a high prebability of spatial variation. It is located
off Icy Cape and seaward of a zone of moderate ridging. While £rom
time-to-time stable contiguous ice exists here, its suitability for
surface travel is very poor. It is subject to being broken off at
almost any time to join the adjacent pack ice.

This area is subject to ice motions at any time during the ice
year with stable ice perhaps two weeks at a time between December
and March.

0il spills under this region would soon be introduced into

the pack ice.
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19.

20.

This is an area of severe ridging located between the early
épring and late spring boundaries of contiguous ice. This zone
lying off Icy Cape is located over Blossom Shoals with water depths
on the order of six meters. Early in the ice year ice grounds on
these shoals and remains stranded until the edge of contiguous ice
migrates across the shoals with the advance of the ice season.
This particular zone includes the stranded piled ice which is
broken free between March and May-June.

Under normal conditions surface travel on this zome would
be relatively safe between late December and May. Obviously
structures located here would be subjected to severe ice piling
events during November and December, but after that time structures
would be ipmsunlated from piling events. |

0il spilled under this region would be trapped under the ice
between December and May and would very likely be pooled in many
small chambers beneath the piled ice.

The variation in boundary location of this zone is on the
order of half the width of the zone itself. Hence while the zone
is statistically meaningful the precise position of the zone can
vary oun the order of its own width.

This zone is a region of severe ridging located inshore of
the late spring edge of fast ice. This zone is similar to Zone 19.
In terms of hazards, the hazard to surface travel in this zone is
considerably less tham in Zﬁne 19 although during most years the

ridging might make travel difficult.
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21,22, This is a region of moderate ridging with an adjacent zone of

23.

24,

severe ridging located between the mid-winter and early spring
edges of ice. This is an active area during the entire ice year
with perhaps the exception of a few weeks between December and
March. However, the statistical variation of the location of these
zones is sufficiently large so that their precise positions cannot
be reliably determined. Also, depending on ice activity, ridges
created in these two areas may be broken away to drift with the
pack ice.

Benerally, these two areas are extremely hazardous for surface
traval. Also, structures located within these zones would be
subjected to nearly constant pilipg and plowing except for perhaps
ope or two periods of several weeks in mid-winter,

0il spilled under these two regions would soon be transported
into the pack ice.

A zone of modorate ridging located between the early spring
and late spring edges of fast ice, this zone is similar to the
adjacent Zone 19 except for ridge density (see description of Zone
19).

A zone of mid-winter contiguous ice extending from Iey Carz to
Point Lay, this zone lies between the wmid-winter and early spring
edges of fast ice. However, along this section of the coast the
variation of the mid-winter edge of ice is large and the width of
this region can vary considerably. For this reason, the existence

of this zone should not be depended upon for surface travel.

82

[
PP an AN -y i s e e Sl Dk

AN A e e .




25.

26.

Structures located in this region would generally be free
from ice piling and plowing events. O0il leaked under this area
would socon be tramsported into the pack ice region.

This is a zone of reasonably stable contiguous ice located
between the early and late spring boundaries of contiguous ice.
The statistical variation of the positions of these boundaries is
on the order of the width of the zone and hence, its width and
precise location can vary from year-to-year. The ice within this
zone is generally relatively smooth and free from major ridges. It
is formed during early winter (November-December) and is broken up
by late spring (April-May).

This area is moderately safe for surface travel in mid-winter
with ducreasing safety toward the seaward boundary. Structures in
general would not De subject to major piling and plowing although
this section of coast should not be comnsidered entirely free from
ridging activity. Subsurface oil spills within this zone would
generally remain trapped between December and April-May and,
bacause of the lack of ridged ice in this area, might spread con-
siderable distances beneath the ice.

This zone is composed of generally ridge-~free ice located
inshore from the late spring edge of ice and is actually an ex-
tension of Zones 13 and 17 farther to the north. However, it
widens out in this vicinity and has a somewhat different morphology

than Zones 13 and 17.
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This zone consists of two sub-zones: ice within the barrier
islands and ice outside the barrier islands. Within the barrier
islands the ice is essentially lagoon ice. It is gemerally formed
early (November) in the ice year and often melts earlier than ice
just seaward of the barrier islands. It is ridge~free but often
has working tension and tidal cracks, and in areas less than two
meters deep, it is often frozen to the bottom. Because of these
characteristics, structures are subject to a minimum of piling and
plowing while under water oil spills would remain in place under
the ice for great lengths of time, working to the surface through
the tension and tidal cracks. Obviously surface travel in this
portion of Zone 26 is quite safe until the ice melts or overflows
with melt water.

The portion of Zone 26 outside the barrier islands is generally
ridge~free and remains in place until May-June. The statistical
variation of its outer boundary is quite large and hence the exact
width of this zons measured from the barrier islands will vary from
vear~to-year. This zone is formed early im the ice year and is
generally free of major ridges. Lead activity does not occur until
late spring (May-June). The area is generally safe for surface
travel with hazard increasing significantly after early spring and
with distance from shore. Structures placed in this zone would be
subjected to relatively small ridging and plowing events. However,
it is very likely that one or more small shear ridges may become
frozen into the zone’during its time of formation. 0:l spilled

under this zone is likely to remain until May or June.
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27.

28.

This is a zone of moderate ridging located between the early
and late spring edges of ice. The early and late spring edges of
ice converge along this sertion of coast off Pt. Lay while the mid-
winter edge of ice remains much farther offshore. Also, the shore-
ward statistical variation of the mid-winter edge of ice is quite
broad here, generally coinciding with the combined edge of early
and late spring fast ice. This small zone is reasonably safe for
surface travel until early spring but increasingly hazardous after
that time. Structures would be exposed to a moderate amount of
ridging and plowing. Underwater oil spills would most likely be
trapped under ice here until mid-spring when lead-forming activity
would introduce the 0il into the pack ice.

This zone of moderate ridging is located inshoxre from the
combined early and late spring edges of fast ice. {See description
for Zone 27.) This zone is formed during November and December and
usually lasts until mid=-spring. Early and late spring data show
that variations in the boundaries of this zone can cause it to be
very narrow with flow leads guite close to shore.

This area should be safe for surface travel from December
through early March but with increasing probability of lead for-
mation following that date. Structures placed in this =zone are
exposed to ice piling and plowing events during November and
December. 0il spilled under the surface in this 2one would normally
remain in place until May when it would be introduced inte the pack

ice due to breakup of the ice.
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29.

30.

This is a zone of moderate ridging just seaward of the combined
edge of early and late spring contiguous ice. This zone is subject
to lead formation gemerally after early March but the data show
that lead formation has occurred at earlier dates. For this reasom,
surface travel in this area is somewhat dangerous between December
and March and increasingly so after that date. The relative danger
of surface travel is increased by the occurrence of moderate ridging
in the area making rapid travel away from developing hazards diffi-
cult.

Structures placed in this area are subject to damage due to
ice piling and plowing at nearly all times during the ice season.
0il leaked under this area would be introduced into the pack ice
through lead opening activity.

This zone of gemerally ridge-free ice is located inshore from
the late spring edge of ice and extends from Pt. Lay to Cape
Lisburpe. This zone is actunally an extension of Zone 26 but is
much broader and has a somewhat different morphology. Occasionally,
ridge~-building events can occur within this zone (see Zone 36) but
long shear ridges are‘brobably unnsual.

This zone should be relatively safe for surface travel between
December and April-May except that during severe conditions ice
Piling can occur within the area. Structures placed in this avea
would be relatively free from ice piling events and bottom plowing
appears to Ye at a minimum. Under-ice oil spills would normally be

trapped under the ice between December and April.




31, 32. These are zones of moderate and severe ridging resulting

33.

34.

from motion of ice past Cape Lisburne. Both are located seaward of
the mid-winter edge of fast ice and, therefore, not part of the
near shore regime. However, these zones have been included in this
analysis to help explain the morphology of the near shore ice.

This zone of moderate ridging is located between the mid-
winter and early spring edges of fast ice. The variation in width
of this zone is on the order of the width of the zome, and therefore,
even between mid-winter and early spring the stabiiity of fast ice
in this area is uncertain. Therefore, this area is only marginaly
safe for surface travel. Examination of individual cases shows
that the flaw lead is often located within this zone.

Because of water depths in this zone, it is unlikely that
structures attached to the bottom would be constructed. However,
it appears that any structure located within this area would rarely
be free from ice motion for more than two to three weeks. Similarly,
0il leaked under the ice in this zone would soon be incorporated
into the moving pack ice.

This two-part zone of ice, relatively free from ridging is
located between the early and late spring edges of contigucus ice.
The zoue is broken into two subzones by Zone 35. Exzmination of
the statistical variation of both boundaries of this zone indicates
that the zone is reasonably significant statistically. Hence,

between December and *arch this area should be reasonably safe for
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surface travel with the hazard increasing after that time. Structures
located in this area should be relatively free from the effects of
ice motion from December through March and only flaw lead activity
after that time. O0il leaked under the ice in this zone would

spread due to the absence of major ridges and be incorporated into

flaw leads after March.

35, 36. These two zones are areas of moderate ridging intruding

37.

into Zones 30 and 34 and are basically the same. The formation of
Zones 35 and 36 decrease the utility of these areas as avenues for
surface travel. The mechapism for the creation of this zone isg
somewhat different from the mechanism responsible for other near
shore areas of ridging: while most other ridges in the near shore
area are shear ridges, the ridges im this\area are better classified
as pressure ridges which are due to ice moving down the Chukchi
coast and being driven into the near shore ice.

This is ap area of severe ridging located in the ficinity of
shoals off Cape Lisburne. This zone is inshore from the average
edge of mid-winter contiguous ice but within the range of boundary
variation of this zone. Hence, this area should be considered to
be the location of early winter ridging with moderate stability
from mid-winter to early spring. After that date the edge of
contiguous ice generally moves shoreward.

This area could possibly be safe for surface travel trom mid-
winter to early spring. However, the safety resulting from the
relative stability of this ice is negated somewhat by the presence

of many ridges which makes rapid surface travel very difficult.
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38.

39.

40.

Structures placed in this area would be subject to a great
deal of ice piling and bottom plowing eveunts. O0il spilled under
the ice in this area would be incorporated into the piled ice and
later into the pack ice or introduced into the pack ice via flaw
lead activity.

This is a zone of moderate ridging located in pack ice and is
included in this analysis for completeness.

This is a2 zone of moderate ridging located offshore from the
mid-winter edge of contiguous ice and within the boundary of a
recurring polynya. The ice within this zome is quite unstable.
Surface travel wonld be very hazardous at anytime. Structures
wouiu be constantly subject to moving ice and piling events.

Bottom plowing by ice keels should be fregquent. 0il spilled under
the ice in this zone would rapidly be incorporated into the pack
ice.

This small zone just off Cape Lisburne is subject to both
ridging and polynya formation. It should be considered extremely
hazardous for surface operations and structures. Petroleum spilled
under this zone would soon be incorporated into new ice, subject to

transport with pack ice.

41, 42. These are zones of nearly constant production of new ice.

This area along with Zones 39 and 40 is documented more completely
in Appendix A. The ice within this zone is almost constantly
moving seaward, leaving a polynya adjacent to Cape Lisburne over

which new ice continuously forms. The average edge of mid-winter
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43,

44,

45.

ice runs across this area dividing it into two zones as a result of
the very rapid formation of new ice during that period. The shore-
ward variation of the mid-winter ice riums very close to the shore
as do the early and late spring average contiguous ice edges.

This area is particnlarly unsafe for surface travel at all
times. However, there is the interesting possibility that struc~-
tures placed here might be subject to at least a minimum of ice
hazards. 0il spilled here would quickly be incorporated iato
newly~forming ice and be traasported seaward into the pack ice.

This zone of moderately stable ice is located just north of
Point Hope, over relatively shallow water and within a reasonably
stable portion of the late spring edge of contiguous ice. This
area shounld be safe from ridging events and significant bottom
plowing. 0il spilled under this zone could be expected to spread
a relatively great distance and then remain at that location between
December and May.

A zone of intermediately safe ice located between the early
spring and late spring edges of contiguons ice. Because of the
variation of the boundaries, this zone illustrates the tramsition
between the relatively stable Zone 43 and the unstable Zone 45
described next.

This is a small zone located within the average edge of mid-
winter contiguous ice and adjacent to the recurring polynya (41 and

?

42). Generally, this zone exists in this vicinity but its precise

N
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46,

47.

location changes frequently. This is an area where newly formed
ice from the adjacent polynya is compacted from time to time and at
other times is broken away. It is generally umsafe for surface
travel. Structures placed within this zone would be subject to
minor piling events but probably very little bottom plowing. O0il
leaked under this zone during December through May will very likely
become incorporated intos compacted new ice and subsequently enter
the pack ice region.

In this zone the edge of contiguous ice remains constant
throughout the ice season. An apron of ice generally extends
seaward from the shore. Pack ice rounding Pt. Hope occasionally
results in flaw lead activity at the west end of this zone.
Statistically the_zone varies significantly with the seaward edge
migrating occasionally very close to shore. This zone should be
moderately safe for surface travel as long as quick access to the
shore is maintained. Structures placed in this zore would be
subject to a minimum of ridging aétivity. An oil leak occuring
under this area between December and May would spread aleng the
underside of this relatively smooth ice and remain until breakup in
late spring or until a flaw lead developed allowing the oil-con-
taminated ice to drift into the pack ice region.

This zone is the location of a recurring polynya formed by
the ice within this zone and Zone 46 breaking away and drifting
southward (into Zone 48). This area is compietely umsafe for
surface travel during the ice season. However, a bottom-founded

structure would probably encounter a minimum of destructive ice
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48.

49.

conditions. Oil spilled under this zone would scon be incorporated
into newly formed ice and subsequently into thé.pack ice.

This zone, lying in outer Kotzebue Sound, is an area of ice
compaction and growth. New ice created in Zone 47 is driven into
this area through the ice season. Considerable compaction of the
ice is evident on successive Landsat images. The ice in this area
is growing in thickness due to both compaction and freezing of new
ice.

Surface travel in this area would be extremely hazardous
throughout the ice season. Structures placed here would be subject
to nearly constant ice piling although bottom plowing may not
represent a severe hazard. O0il spilled in this area during the ice
season would become incorporated into the thickening and compacting
ice and would be slowly transported southward toward Zonme 5&.

This zone of ice is similar to Zone 48 except that it is
located between the mid-winter and late spring edges of ice and is
stationary for several weeks at a time during this period. The ice
within this zone could be used for surface operations during the
period December through April providing that provisions for the
rapid evacuation of personnel are maintained. Structures placed
within this zone would be subject to some ridging and piling of ice

at all times. Ocean floor plowing should not represent a major

hazard. O0il spilled under the ice in this zone would hecome trapped

beneath the ice and be transported with the ice during breakup

evencs. The oil could also be subject to lead pumping. The actual
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50.

51.

length of ice trajectories during these events is relatively small
with the result that spills of this nature would probably be
retained in the vicinity for the balance of the ice season.

This zone of ice is shoreward of the late spring ice edge.
Examipation of Landsat imagery of this area reveals linear features
which are very likely shear ridges ruuning close to and parallel
with the shore. Because of the existence of these shear ridges this
zone was separated from Zone 46. These ridges are most likely
formed during November and December and remain with the ice in this
zone until May. During this period surface travel within this zone
is relatively safe. Structures placed here may be subject to some
ridge-building activity in November and December and some bottom
plowing might occur during these events. O0il spilled under the ice
could be expected to spread somewhat as a result of the relatively
smooth undersurface of the ice in most of this zome. I would then
remain in place until April-May.

This large zone of relatively stable ice is located inshore of
the late spring ice edge including inner Kotzebue Sound. During
the period of formation in November-December, dynamic ice events
may take place in this zone; pressure and shear ridges may form -
particunlarly in Kotzebue Sound - creating conditions hazardous to
structures. Following that period and until April, this surface
should be fairly safe for surface travel. 0il spilled here during

November-December would most likely be incorporated into the ice
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somewhere within the zone - depending on the nature of the dynamic x
ice events during that period. After that time o0il would spread

out on the relatively smooth undersurface of the ice and remain

until breakup around May.
52. This zone of ice within Kotzebue Sound is located bhetwesen

the early and late spring edges of fast ice. Analysis of contiguous

ice edge variations shows that sometime between early and late

spring the ice within this zonme is broken up. From December until =

the ice breaks up this area should be safe for surface travel.
Structures

placed within this zone would be subject to ridging activity

during November-December but generally not after that date.
0il spilled under the ice will remain.until springtime breakup
events and would only be slowly transported away after that
time.

53. This is a zone of moderate ridging located between the mid-
winter and early spring average edge of contiguous ice and the late
spring average edge of contiguous ice. The ridges in this area
could be created at almost any time because of the high statistical
variation of this zone. This area is dangerous for surface travel
at all times. Structures could be subject to ice piling events and
bottom plowing at almost any time, O0il spilled under the ice wonld
soon become incorporated into broken ice within a few weeks of a

spill.
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54,

55.

This is an area of moderate ridging located outside the average
mid-winter edge of contiguous ice in outer Kotzebue Sound. The
ridges created in this area are largely shear ridges and arise as
a result of motion of ice toward Bering Strait. This behavior is
largely a continuation of the process originated in Zones 47 and
48.

This area is within the extreme variation boundaries of con-
tiguous ice for mid-winter and early spring and could be considered
for surface travel between December and tarch or April. However,
this ice is highly prone to breaking up at all times and therefore
surface operations should include contingency plans for rapid
retreat from this zone. Structures placed within this zone would
be subject to ice piling events at any time. Bottom plowing is
also a definite possibility in areas less than 20 meters deep
during November through April. 0il leaked under this zone would be
trapped in pools between ridge keels and other keels related to the
generally rough surface of this zone. However, thers is a high
probability of ice breakage and subsequent motion of ice allowing
lead pumping of oil.

This is an area of moderate ridging located beyond the average
edge of mid-winter contiguous ice. Shear type ridges are created
in this zone largely by ice being pushed out Bering Strait and
being compressed against contiguous ice in that process. This area

is occasionally within the contiguous ice zone but has a high pro-
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bability of being sheared or broken free. It is gemerally a very
dangerous area for surface travel. Structures placed within this
zone would be subject co almost constant ridging processes and, in
locations less than 20 meters in depth, bottom plowing would take
place. 0il spilled under the ice in this zone would generally
become trapped. HNowever, since the ice in this zone is frequently
broken free, such trapped oil would sooan be introduced into the
pack ice.

This area of severe ridging is located offshore from the
average edge of mid-winter contiguous ice. This'g9ne is similar to
Zone 55 except that the density of ridging and the relative stability
is increased, (see description of Zone 55) but not sufficiently to

cause this zone to be considered safe for surface operations.

57, 58. These are zomes of moderate and severe ridging respecti-

vely, located inshore from the average edge of early spring con-

tiguous ice and offshore from the average edge of mid-winter

contiguous ice. This situation is reverse from the spatial relation-

ship of these two average edges elsewhere along the coast. TFurther
the statistical variation of the early spring contiguous ice edge
is less than the variation oé the mid-winter ice edge. These data
support the concept of a building-up of stable ice in this area
during the winter and early spring parts of the ice season while
elsewhere along the coast, maximum build-up generally occurs by
mid-winter. Presumably this effect is a result of the nearly
constant motion of ice out of Bering Strait creating many parallel

s-type ridges along this area of the coast.
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59.

for surface operations many months of the year. However, the

This area should be considered for surface travel only in
early spring. However, the surface roughness at that time would be
a impede evacuation attempts from dangerous ice conditioms.
Structures placed in these zones would be subject to pressured ice
events during nearly all the ice season. Bottom plowing is also a
distinct possibility at nearly all times. O0il spilled umder this
zone has a high probability of entrapment in pressured ice.

This is an area of severe ridging located inshore from the
average edges of contiguocus ice for mid-winter, early spring and
late spring. Hence, this zome is constructed early (Nov.-Dec.) in
the ice year and remains until late sprimng or early summer. It is
very likely that this ice is securely grounded on the relatively

shallow (~ 8m) shoals mapped in this area.

Because of its stability, the ice in this zone could be used

surface roughness should create considerable logistical problems.
Structures placed in this zone would usually be subject to ice
piling and bottom plowing events early (Nov.-Dec.) in the ice vear.
0il spilled under this zone would be incorporated into piled jce
between November and December and entrapped under piled ice after
that time. ULater, during May, such oil would be released into the

open water with the break-up of the ice in this zone.

3
:
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This zone contains a rapid transition of ice conditiong within
two very short distances between shore and the average edge of
contiguous ice. Tt is interesting to note that not only do the
average edges of contiguous ice coincide for each season, but the
variations on the seaward of this line are very small indicating a
nearly constant ice condition for this zone from December through
late May. Further, although lineay features parallel to the coast
can be identified on many images, it is difficult to establish
whether these features represent ridge systems or boundaries between
ica types.

Based on the available information and the morphological
behavior pattern of ice moving through Bering Strait, it should be
expected that the ice in this zome is formed early in the ice year
{December) and might remain until May. Because of the nearly
constant motion of ice out Bering Strait, s-type ridges are coan-
structed along the seaward boundary of this zone. However, the
variation of the edge of this zone on the landward side of the
average position is large, indicating that ridges may be constructed
and carried away in an alternating sequence along this portion of
the coast. Further, it is likely that the ice adjacent to the
shore is rough because of this same process being operative during
its formation.

This zone is therefore not entirely safe for surface travel -
the relative danger increasing significantly with distance beyond
well grounded ridges. Similarly the ice conditions imposed on

structures would vary considerably across this zone. Finally, oil
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62.

63.
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spilled under the ice in this zone would be subject to pooling as a
result of the rough undersurface and introduction into the pack ice
during the occasional break-off events.

This is a zone of relatively smooth, stable ice formed early
in the ice year and remaining in place until late spring. It
should generally be moderately safe for surface travel from December
throngh May. Structures placed in this zone should be relatively
free from ice piling events and bottom plowing. O0il spilled under
this zone would be subject to considerable spreading because of the
relatively smooth undersurface.

This is a zone of moderate ridging and variable stability
throughout the ice season. It is generally unsafe for surface
travel over long periods of time although brief excursions could be
safely carried out providing ice conditions were monitored carefully.
Structures in this zone would generally be subject to ice piling
conditions at any time. O0il spilled under this zome would tend to
become trapped under the relatively rough undersurface and be
introduced into the pack ice during the occasional ice breaking
events, .

This is a broad zone of unstable ice located over relatively
shallow waters running from Cape Espenberg to Wales. This zome has
some unusual characteristics: the variation of the edges of con-
tiguous ice run adjacent to the shore. Hence the area can be
relatively broad at one time and break-up to the shore at other
times. This area should be considered unsafe for surface travel.
Structures placed within this zone would probably not be exempt

from ice piling events for very long periods of time. Oil spilled
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under this zone would soon become iucorporated into broken and

refreezing pack ice.




V. Discussion

A. A Discussion of the Models Developed to Describe the Extent

and Behavior of Near Shore Ice, Its Limitations and Capabilities.

{. Limitations :

The models developed here for Chukchi and Beaufort Sea
ice morphology are based on statistical analysis of five years' ice
data., The models represent an average of conditions observed during
only those years. An obviocus limitatiom, them, is the lack of really
long-term data and the possibility that the ice during the vears observed
does not represent long-term average conditoms.

In addition, even if by some chance the models do represeant the
long term average conditions, there is 1little hint of what wariability
in conditions should be expected over a span of twenty to thirty years.
Hence, it is not certain what range of ice conditions to anticipate
during the active life of an offshore oil field.

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 sibwly 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.

Finally, the model developed here is only semi~dynamic in that only
a few processes involved in near shore ice morphology have been identi-

fied. To develop a dynamic morphology a much more extensive analysis

would be necessary.
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2.

Capabilities

Despite the llmitations indicated above, the models

developed represent the state of knowledge of comprehensive regionmal ice

morphology in the Chukchi and Beaufort Seas available in the public

domain. Certainly the various zones delineated to describe near shore

ice morphology should be considered an initial stage of any assessment

of hazards related to activities of the offshore development along these

coasts.

The chief capabilities include:

L.

an assessment of the relative safety of personnel and
equipment ope;ating on offshore ice in the various zones
identified.

a preliminary assessment of the mid-winter to late

spring probability of major ice displacement occurring

in the zones identified.

a preliminary assessment of the probability of a
structure placed in each given zone having to withstand
the bearing load of a major ridge system.

a preliminary assessment of the probability of subsurface
structures being disturbed by bottom plowing by major
ridge systems.

a zone-by-zone assessment of the fate of 2 possible under

ice petroleum spill.
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B. A Discussion of How the Results of This Investigation Have
Been or May be Applied to Nearshore and Shoreline Construction.

These results are quasi-regiomal in nature and not site-
specific. For that reason they should be used when considering regional
construction requirements. For imstance, once a construction technique
has been established for structures placed in a particular set of ice
conditions, the area of applicability of that techmique has been established.

This could be of value in terms of oversll economic estimates.

For instance, it a particular type of technique for constructing
drilling platforms was found acceptable for the ice conditions found in
one of the zon2s mapped for the Beaufort Sea, the range of applicability
could be established by the boundaries of the zone. Further, when
comparing the total cost incurred by two or more techniques, each corres-
ponding to different ice zones located over the same field, the total
number of wells and their configuration might be in part determined by
the configuration of the ice zones.

C. A Discussion of the Detectabilityof Ice Islands by Landsat.

At the outset of this analysis it was anticipated that ice
islands in the pack ice during winter and spring would be detectable
because their deep draft would make them susceptible to oceanic currents
and to a certain extent drive them through the pack leaving a wake
behind. Only on one occasion was anything like this observed and it was
not possible to verify the ice island possibility. (Actually, the image

was acquired before the initiation of this project.)




As stated earlier in this report, on two occasions, small ice
islands were observed apparently grounded in the contiguous ice zone.
Both times an attempt was made to locate the islands on Landsat imagery.
Neither time could they be found. In both cases, the islands had braﬁen

into several fragments.

We now think that the best assassment of the number of ice islands
could be made by using summertime imagery of the polar pack. The analysis
would consist of looking for large pieces of ice with perhaps a small
polynya to one side. Week-by-week observation should show a slightly

different trajectory for an ice island over ordinary pack ice.
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VI. Recommendations

Landsat data has been shown to be a useful tool for comstruction of
sea ice morphology. However, its greatest utility would be realized if
the data could be used for the following activities:

1. Mavigations and emergency warning for field crews operating om

the ice.

2. Monitoring ice conditions in the event of am oil: spill, in
order to predict the immediate fate of the spill.

3. Monitoring ice conditions which may alter the ice loading force
on offshore structures.

4. Monitoring ice conditioms which may influence migratory patterns
or feeding places of sea-related wildlife (whales, seals,
acquatic birds, etc.)

5. Monitoring ice conditons in order to help navigate ship traffic.

At present Léndsat is useless for these activities because of the
long time delay between time of data acquisﬁion and its availability to
users. To correct this situation, this project recommends the establish-
ment of a "quick-look" capability at Gilmore Creek, Alaska, where NASA
already has a Landsat data receiving station. For ice purposes, only
band 7 need be recorded but it would be necessary to obtain the imagery
at highest resolution.

VII. Qther Applications of Results

The results reported here were derived in order to assess hazards
related to petrochemical extraction activities in the Alaskan near-shore
areas. The data have also been of interest to biolegists analyzing the
migratory patterns of whales, the feeding locations of walruses and

seals and flight patterns of migratory arctic birds.
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VIII. Interest by Agencies and Companies

Interim copies of these results have been given to State and Federal
agencies and representatives of various petroleum companies performing
exploratory work in Alaska. However, because of the nature of statistical
work, no final results have been available before compilation of this
final report. We anticipate making these results available to potentially
interested companies and agencies in the near future.

IX. TFuture Activities

The statistical results reported here serve as a comprehensive
regional background for understanding Beaufort and Chukchi seas' nearshore
ice morphology. In the process of ceveloping these results, several ice
related phenomena and processes have been identified which appear to be
worthy of further investigation. Funding for these activiites will be
sought from the appropriate agency or companies.

X. Publications

Because of the statistical nature of this work, no publications

have been possible until the compilation of the results reported here.
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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-rcund ship loading facilities.

In the absence of a suitable port, nearshore loading facilities
for commodities such as coal and oil might be built in Tocations where

deep waters are located sufficiently close to shore for such structures

- to0 be economically feasible. However, because of the severe ice con-

ditions along this coast, it would seem that even this sort of loading
facility would be out of the nuestion.

Generally speaking, wind-driven ice builds massive shear ridces
along coastal headlands parallel to ice motion. HMany of these ridges
are grounded in water 60-feet deep and extend over 20-fest above sea
level. Maintenance of an offshore loading facility in the presence of
these conditions would be difficult if not impossible. The most 1ikely
Tocations for offshore loading facilities are locations where deep water
is found close to shore and severe ice conditions are at a minimun.

_ As part of an extanéive nearshore jce survey two likely locatiaons

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,

Tocated 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 14-16 meters offering the possibility that ships could be loaded
directly from boom-1ike 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 sduth following the tangent between Cape Lisburne and Point

Hope. Water depths are too great along this tangent for groundiﬁg 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 Stirait.
Hence, even the shore-bound annual ice does not attain the six-foot
thickness usually attributed to full-seascn 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 motidn from the west to southeast. Further, although Cape Thompson also
consists of cliffs extending beneath the ocean, available charts indicate
water depth there of less than 13 meters. While ten percent of the winds
at Cape Dyer could cause adverse ice conditions, at Cape Thompson trenty-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 four 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 Thompsun. The nature
of this ice is not obvious {Ffirst year smooth ice, shear ridges, etc.)
from satelilite imagery. It 1s 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 locations, it would appear that Cape Dyer is the
better Tocation for a shore line ship Toading facility. However, during
wind conditions that create the gregtest 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.

11

i g ek

Az
AN

ST R TP
i e e R




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 ofishore
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. ‘ e
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.5.
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., 1624~2221.0-7 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 watex
1975
24 Feb. 1646-21585-7 First year ice
25 Feb. 1947~-22040~7 N.S.
25 Feb. 1947-22043~7 Fizst year ice gglgmAL PAGgR Iy
26 Feb. 1948-22094-7 First year ice OOR QUALITY:
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




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
253 Qct.
27 Oct.
28 Oct,

1976

10 Feb.
11 Feb.
11 Feb.
12 Feb.
29 Feb.
29 Feb. -
1 Mar.
1 Har.
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.
i5 June
23 July
7 June

Scene I. 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)

Comrmerts

New ice and large first year panms

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. . PSS
Open water with pans offshore B
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 vear with new ice offshore
Narrow shelf first year with water ofishore
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 ceast with open leads
N.S5.

darrow shelf of ice off coast with open leads
Cpen 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 Gont'd

22 July 2547-2202 No ice 4
8 Aug., 2364-21555 No ice R
. 8 Aug. 2564~21561 No ice i
9 Aug, 2565-22013 No ice g
25 Aug. 2581-21500 Too far south A
26 Aug. 2582~21552 No ice .
13 Sept. 2600-21545 . No ice 4
14 Sept. 2601-22003 No ice g
10 Oct. 2637~21592 _ No ice B
41
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Date
1972

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

1973
6 Mar.

7 Har.
8 Mar.

19 Apr.
11 Apr.

17 Hay

17 May
2 June

2 Juae
4 June

22 June
23 June
9 July

13 Aug.
14 Aug.
14 Aung,
2 Sept.
3 Sept.
22 Sept
7 Oct.

7 Oct.

29 Nov.

1674
9 Feb.
10 Feb.

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

18 Mar,

S¢cene I, D.

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

1226-22160
1227-22214
122822273

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

156722053
1586-22104
1586-22110
1587-22162

1603-22043

CAPE THOMPSON

Comments

No ice
o ice
Ho ice
No ice

Broad band
beyond
Broad band
ice beyond
Broad band
ice beyond
Clouds
Broad band
beyond
Broad band
ice beyond
¥.S.

Broad band

first year
first year

first year

first year

first yvear

first year

water beyond

Broad band

first year

water beyond

Broad band

first year

water beyond

N.S.

Coast clear, pack ice

N.S.

No ice H.S.

No ice
No ice
No ice
No ice
No ice
Ho ice
No ice

Too far south
Broad band first year ice near shore, new

ice beyond

Too far south
Larpe expanse first ice extending from shore

N!S.

ice

ice

ice

ice

ice

ice

ice

ice

near

near

near

near

near

near

near

Near

bayond

shore new ice
shore, new

shore, new

shore, lead

shore, new

shore, open
shore, open

shore, open

Large expanse first year extending from shore
broken by lead .

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

Date

1974 Cont'd

19 Mar.

19 Mar.
20 Mar.

5 Apr.
5 Apr.
"' b 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 Gct.

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

Scene I. D.

160422102

1604~-22104
1605~22160

1621-22041
1621-22044
1622-22100
1623-22154
1656-21580
1659-22144
1674-21573
167522031
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
2113-21%74
2114-22033
2131-21580
2132-22034
2134~-22151

CAPE THOMPSON (Cont'd)

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,
Naryow 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 ice

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 bevond
new ice beyond
new ice beyornd
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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Date

1975 Cont'd

14 Aug.
14 Aug.
2 Sept.
24 Oct.
25 Oct.
11 Hov.

1976

9 Feb.

10 Feb.
11l Feb.
27 Feb.
29 Teb.
1 Mar.

16 Mar.
17 Maxr.
18 Mar.
19 Mar.
2 Apr.

3 Apr.

6 Apr.

20 Apr.
21 Apr.
22 Apr,
22 Apr.
23 Apr.
24 Apr.
10 May

14 June
15 June
16 June

Scene I-llu

2204-22025
2204-22031
2222-22023
2275~21563
2276-22021
2293~21561

2383-21551

2384-~22005
2385-22063
2401-21544
2403-22060
240422115
2419-21541
2420-21595
2421-22053
2422-22111
243621481
2437-21533
244022104
245421474
2455-21532
2456-21584
2456-21591
2457-22042
2458-22101
2474-21581
2509~21514
2510-215372
2511-22030
5415-21361

* CAPE THOMPSON (Cont'd)

Comments

No ice

Too far south

No ice
No ice

Ice free

Narrow shelf

of ice, water beyond (narrowest

part of shelf does not correspond to shallow

area)

Narrow shelf
Narrow shelf
Narrow shelf
Narrow shelf
Clouds
¥arrow shelf
Narrow shelf
Narrow shelf
Narrow shelf
Narrow shelf
Narrow shelf
N.S.

N.S.

Coastal lead
N.S.

Coastal lead

of ice, water beyond

of ice with new ice beyond
of ice with new ice beyond
of ice with new ice beyond

of ice with water beyond

with water beyond

with water beyond

with new to young ice beyond
with bew to young ice beyond
with contiguous thick young ice

opening up

opening again

Nothing in folder

Narrow shelf

Narrow shelf

with pack ice zdjacent
with water adjacent

Nothing in folder

Narrow shelf

117
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27 MARCH ~13 APRIL 1977

CYCLE 2795-2812

BEAUFORT SEA
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14 APRIL-1 MAY 1977
CYCLE 2813-2830
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BEAUFORT SEA

1-18 JULY 1977

11-29

CYCLE 5804-5821
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