=

NEA

IN THE

RSHORE
BE

Villiam

ﬁU%ORT

J.

iCE CONDITIO
CHUKC

Fairbanks,

: qu ’5:

. Prepared for

. Barrett

Instiiute
of Alaskg
Alaskg

i880

AA-0QOCS

NO




I1.

I11.
Iv.

VI.

VII.

VIII.

IX.

Table of Contents
Forward

Summary of Objectives, Conclusions and Implications
with Respect to 011 and Gas Development on the Quter Cont1nenta1

- shellf

Introduction

A. General nature and scope of stddy :
B. Specific obJect1ves
C. -Relevance LS

Current State of Know]edge“'

Study Area

A. Geographic area
B. Physical setting
C. C]imate

. Sources, Methods and Rationale of Data Collection

A. Selection of ‘sources for analysis
.| B. Mapping technique .
C. Creation of composite data products'
- D. Ground truth . .
E. Applicability of techn1ques developed to other p]aces
where nearshore ice is a hazard

Resu]té . N
. A. Interpretation of .ice maps
B. Beaufort Sea results
C. Chukchi Sea results
D. Bering Sea results

Discussion

A. Capabilities

B. Limitations .

C. Discussion of the detectab111ty of ice islands
CoAC]usions

A. Beaufort Sea

B. Chukchi Sea

C. Bering Sea

List of References

Appendix A Regional Maps

(o)) SN

O~ O



FOREWARD

This paper was origina]ﬁy prepared as a final report for National

‘Oceanic and Atmospheric Administration Outer Continenta] Shelf Contract

No. 03-5-022-55, Research Unit No. 257. Since this report was completed
in 1978, work has progressed toward a better understanding of the topics
presented. In particular, the treatment of-Bering Sea ice character-
istics and hazards has been expanded considerably over the somewhat
brief discussion presented here. However, in order to be able to make
additional copies of this work available ?n a time]y fashion, we did not
attempt to incorporate this updated material except in the case of the
Bering Sea Ice Morphology Map, where we have presented an up-dated
version. |

Throughout this report we used the term "contiguoUs ice" rather
than "fast ice". This is because at that earlier time there appeared to
us at-least to be some disagreement about the precise definition of fast
ice. And, rather than use a term that might have different meanings to
various readers, we simply defined and used our own term. Since that

. time, the World Meteorology Organization'definition of fast ice has come

into general use and since it appears to agree with the definition of
“contiguous ice" used here, one can simply read "fast ice" for "con-
tiguous ice". This change was not made in this printing simply because
it would have necessitated retyping nearly every page.



1. ummary of Objectives, Conclusions and Implications with Respect

L

FOAOi] and Gas Development on the Quter Continental Shelf

The objective of this research unit is to develop a description of

nearshore ice along the Beaufort, Chukchi and Bering coasts of Alaska,

and identify those features which may represent hazards imposed by ice
conditions on oil and gas development on the outer continental shelf

(ocs). | g |

Winter and‘spring'Beaufort, Chukchi, and Bering Sea nearshore ice
conditions have been analyzed for 1973, 1974, 1975, 1976, :and 1977. The

-chief objective of this‘analysis was to assess hazards related to’
activities associated with- offshore petroleum developments.

‘Landsat imagery has been utilized to map major ice features related
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 each year of study and maps of flaw lead

-systems for representative seasons during each year of study. These
regiondl maps have, in turn, been used to prepare seasonal ice morph-

!.

ology maps.

, The seasonal ice morphology maps show, in terms of a-zonal analysis,
regions of statistically uniform ice behavior. The behavioral character-

‘istics |of each zone have been described in terms of coastal processes

and bathymetric configuration. o | '

Based on the combined seasonal morphologies; a zonal analysis of
potential hazards related to offshore petroleum development has been

'madeffor the study area. The hazards'addreSSéd are: safety of field
personnel performing offshore geologic reconnaissance, large-scale-

' disp]aLement'or deformation of fast ice sheet, the-probability of for-

mation|of large ice ridge systems which .could bring large forces to bear

on offshore structures, and the possible fate of an under-ice oil spill.
The general conclusion is that nearshore sea ice behavioral patterns

are si%j]ar=from-year to year, thereby yielding some predictability in

terms of offshore sea ice hazards to oil and gas development.

The implications are that geographical zones of different design

and construction criteria can-be established in the offshore areas




taking into consideration the probabi]ity df'damége to the structure by
adverse ice conditions and the relative risk imposed to the adjacent
ecosystems. ! o _ .

II. Introduction - ~ -
A. General nature and scope of study _
Environmental concerns stemming from the possibility of
petroleum-related development on the Alaskan Continental Shelf have

- brought about great interest in Alaskan.coastal processes. The dis-

tinctive feature of the arctic coasts of Alaska is that for a signi-
ficant portion of the year these coastal waters are covered by ice.
Clearly, an understanding of the dynamic morphology of ice in nearshore
areas is essential to an assessment.of environmental and personnel risks

~ imposed by offshore petroleum developments. The goal of this project
"~ has been to develop a synoptic picture of ice behavior patterns along

the Alaskan coast and to describe this morphology in such a way that the
environmental and human risks can be identified. .

- Obviously, the greatest. ice-related influence on environmental
hazards arising from petroleum development in ice-frequented waters,
arises from containment of petroleum under or within the ice. For this
reason, it is necessary to develop a morphology of nearshore ice char-
acteristics and address this problem.through those characteristics.

A second hazard related to ice, although not environmental, is that
which personnel and equipment are subjected to when using ice as a
platform in exploratory work. This risk can be evaluated through deter-

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

.The possibility of deposition of petroleum on the undersurface of
arctic ice, its possible toxic effects and the ultimate fate of such a
deposition should be considered.- .The problems involved include:

1) entrapment of Tight, water-soluble fractions of petroleum
under the. ice barrier with resulting prolonged high con-
centration of these known toxic agents



2) difficulty in detection and delineation of the extent of
< the.spill . - : '-':- - .
"=+ " |3) -possible transport of petroleum beneath the ice or with
a -ice during. dynamic events .

. 4) clean-up difficulties caused by combinations of 1 thru 3
‘5)  possible.danger to personnel and equipment during
. dynamic ice events.

_ Ice conditions vary significantly depending on season and geo-
~graphic:location. Although the morphology presented later will be more
complex, [for the sake of this introduction two major zones of ice in
nearshore areas need to considered. These are:. _

1)  .The "fast ice zone", the area generally shoreward of the
{-20~meter: isobath with quite stable ice much of the ice vear.
(December through June.) R
2) The "shear zone", the area generally extending some distance
beyond the 20-meter isobath. In this zone, the ice has the
potential for undergoing shear to the point of failure and
movement with respect to the fast ice at any time.

witgin each zone. the year can be broken into several behavioral
periods.| These are:

Month Fast Zone Period Shear Zone Period
Oct. Freeze-up: Ice freezes in Freeze-up:  Complex process with
- place or is driven into near  periods possibly including pack
shore areas and piled. ice, new ice pans, open water, etc.
- Grounded ridges form out Result is nearly complete covering
to the 20-meter isobath. of ocean with ice not stable and

The result is a stable sheet subject to motion..

of fast ice.
Nov. Stable: Ice within zone is Semi-stable: Static ice can
Dec. | stable with few leads result- extend several tens of km seaward
Jan. ing from Shear.”:Cracks can beyond fast ice for several weeks
Feb. occur resulting from temper- at a time. Ice can fail in shear
ature-related tension - . at any time.

and tidal processes. Opening

* 3




Month

Fast Zone Period

Mar.
‘Apr.
May.

dune
July

Aug.
Sept.

B.

~ Decay and breakup:

and closing of these cracks
can cause micro-ridging.
Ice grows in thickness

approaching 2 meters by end .

of period.

Solar

- flux sufficiently great to

initiate.melting. .Grounded
ridges break up, fast ice
melts close to shore, -
breaks up and melts farther
offshore.

Area generally
free of ice except for
grounded remnants and bTown-
in pack ice.

Ice Free:

Specific Objectives

Shear Zone Period

Shearing and refreezing: Ice more

* prone to.shearing events and failure

adjacent to edge of grounded ridges.
However, .with cessation of motion
following failure, tendency for

. ice cover. to be re-established by

freezing.

Close pack: Successive shearing
eventsbreak up ice into pans of
various sizes. Refreezing does not
take place. Ice is subject to significar
displacement. resulting from currents
and winds.

Ice Free: Area generally free of ice
except for blown-in pack ice
and grounded features including ice

islands.

Specifically, this comprehensive morphology includes a synoptic picture
of the development and extent of fast ice, the construction and location
of pressure and shear ridges, the location and persistence of grounded
ice features including ice islands, stamukhi, ridges and hummock fields
and the interrelationships among these phenomena.
In addition, this comprehensive morphology.'is interpreted in terms
of hazards related to petroleum development. '

C.

Relevance

The relevance of ice-related environmental hazards to petroleum
development should be considered in terms of four major phases of petroleum-
related activities: Exploration I, Exploration II, Development and
Production. Each of.these phases has particular ice-related problems.



by seismic

'This activity is mainly geologic mapping
Current]y seismic mapp1ng is. be1ng carried.out in the

a. Exp]oration I.

C rews

‘Beaufort. Sea us1ng fast ice as an operational platform rather than using

boats durrng the relatively short and undependab]e open water season.
A]though few, if any, environmental hazards are created by this activity,

hazards a
developed
.iceﬂzones
- carried o

drilled--
is1ands,
temporary
havior of
instance,
would be
artificia
ration co
products

construct
Collector
The consi
the proba
- keel goug
: morphojoc
of habits

This
the proba

anchored drill sh1ps, movable platforms, etc.

re 1mposed on the crews perform1ng such work.
here has been interpreted in terms of persistence of various
and the period (if any) that exploration activities can be

The ice morphology

ut from the ice w1th1n these .zones. i

b. Exp]orat1on II.. During this phase, test we]]s are.

very 11ke1y from temporary structures including man-made gravel
The choice of -
structure used will depend in_part.on the morphological be-

the ice in the ]ocationdwhere a test well is desired. For
areas-with a high incidence of hummock fields and shear ridging
poor 1ocat1ons for anchored dr111 ships and might requ1re ,

1 1s1ands A poor cho1ce here might result in higher ‘explo-

sts and poss1b1y env1ronmenta1 risk resu1t1ng from petroleum.
sp111ed by damaged exp]orat1on equipment.
c. Development.

During this phase, permanent structures are
ed for drilling of permanent wells and extraction facilities.:
pipelines are laid and other permanent facilities are constructed.
derations involved in the placement of these structures include
bi]ity of ice piling around and. upon man-made‘is1ands, ridge.
ing of pipelines and also the effect of the facility on the

y of nearshore jce and this, in turn on, the quality and nature
ts. '

report will obviously yield information about ice piling and
bility of bottom plowing. Through the morphology of nearshore

ice, incl

uding the dynamics of ice behavior near natural obstructions to

jce motions, descriptive models of the impact of man-made islands on the
morpho]oéy of nearshore ice can be developed. This can then in turn be

|
related 1

would tak

ce place over a span of many years.

0 impact on nearshore hab1tats

d. Product1on Th1s phase of petroleum-related activities

Consideration has to be

-



- tically determined zone of un1form ice” behav1or

- IV. Study Area

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 environmenta]‘hazardS'would arise from the possibility of a
large 0i1 spill. Because ice covers the ocean most of the vear, there

"is a great probability that a spill will become associated with the ice.

In addition, the presence of ice may enhance the probability of a petro-
1eum spill dur1ng the ice season.' The ice morphology presented in this
report has been 1nterpreted in terms’ “of the fate of an 0il spill created
at a time when it could become' incorporated into the ice and at times

~when spilled oil would become trapped under the ice® what transport

might take place, how much spreadingfm%ght'ocdur, how long entrapment
might last, and when release might occur. Also based on the morphology
developed, consideration has been given to favorable locations for pro-
duction facilities and to techniques which may be used to deal with

. specific spills through prediction of ice behavior within statistically

determined zones of uniform behavior’of ice. Finally, consideration has
been given to poss1b1e destruct1on of underwater facilities as a result
of ocean floor p]ow1ng by grounded sea 1ce features w1th1n each satis-

¥

~

II1. Current State of Knowledge

With the exception of Eite;spECific‘étudies performed‘by other
investigators concerning locations of ridgés and ice edge locations,’
this reporttrepresents'theﬁpubTic'domain state of knowledge of the
coastal-wide morphology of nearshore ice ‘conditions as outlined in
Section II.B. ‘ ‘

A. Geographic Area
The areas of this study can be divided into three different regions,

‘the Beaufort, Chukchi and Bering Seas. The first region consists of the
‘Beaufort Sea, extending from Demarcation Point in the eastern Beaufort

Sea to Barrow on the west. This region encompésses abproximate1y 750
kilometers of coastline, extending from approximately 141° to 157° west



longitude|and 69° 30' to 71° 30' north latitude. The coastline is
irregular|in shape, consisting of numerous bays, points, capes, and
lagoons. |The Tagoons are bordered on the seaward side by long, narrow

islands less ‘than 4 meters in elevation.

There s -l1ittle human habitation in this region.

native vi
‘the Colvi
this coas
0liktok P
“In t
coastline
and from
in shape,
Kotzebue,
of 3,000,
villages
less than
The
coast lin
and 53° 3
in shape
several 1
large riv
and Kuich
“Majo

- Cape Newe

65° 40"

There is one

Tage along the Beaufort Sea coast located east of Barrow, in

le Delta. The only other permanent human-habitation along

t are three military Distant-Early-Warning stations at Lonely,

oint, and Barter 'Island and the oil fields at Prudhoe Bay.

he Chukchi region, there is approximately 1750 kilometers of

, extending from 169° west longitude and 157° west longitude,

to 71° 30' .north latitude. .Thercoastline is irregular

‘consisting. of numerous bays, point, capes, and lagoons. . Nome,
and Barrow are :the major population centers with populations

4,000, and 1,000 respectively. There.are .several native -

along the'cbast between Barrow and Nome;+most having populations

100 persons. , _

Bering region encompasses approximately ‘2,500 kilometers of

e, extending from approximately 157° to 168° 30' west longitude

0' to.65° 40! north latitude: . The coast line is very.irregular

and- consists of numerous bays, points, and‘capes as well as

arge.islands, notably Nunivak and St. Lawrence Island. Several

ers-empty into the Bering-Sea, including the Yukon, Kuskokwim,

ak-Rivers. ) _

r settlements in the ‘region consist of Nome, Unalakleet, Bethel,

nham, Dil11ingham, King Salmon, Naknek, and Cape Sarichef.

§
[ :

There are numerous-other villages and. encampments 1n the reg1on, having

populations less than 100 persons...¥ .
B.. |Physical Setting
- The|bathymetry varies significantly in the area of study. In the
.*Beaufort|Sea -the 80-meter isobath is approx1mate1y 70 kilometers offshore
from Barrow to Demarcation Point and is the approximate edge of the
continental shelf.. The sea floor drops off very sharply there to
depths -of 4000 meters. :
. The|bathymetry of the Chukchi Sea is quite:different from that of
the Beaufort Sea. The maximum depth of the Chukchi Sea is approximately
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70 meters. However, for most of the Beaufort and Chukchi Seas the
bathymetry is not accurately known, especially the shelf areas of the
Beaufort Sea. . - : o

The bathymetry of the Bering Sea is similar to that of the Chukchi
Sea except that, with the presence of more large rivers, the sediment-
ation rate is higher and the shallow regions extend farther offshore.

. The depth is approximately 80 meters for most of the sea, but drops off

rather sharply to 4000 meters south of 56 1/4° north latitude.
The Pacific Gyre and‘the Bering Strait current are the major currents
in the Beaufort and Chukchi Seas. The Pacific Gyre is a large, clock-

“~wWise 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. _

In the Bering.Sea, the surface-water currents vary from summer to
wjnter. During the summer, the currents flow predominantly north through
the Bering Strait. A small counter-clockwise gyre exists in Norton
Sound. However, during the winter-only part of the currents appear to
flow north through the Bering Strait. The major current flow consists
of a large counter-clockwise flow up the Alaska.coast and down the
Siberian coast. In winter, the small gyre disappears. (taken from the
BLM-OCSEAP Climatic Atlas, Bering Sea, Vol. I11,:1977)

The amount of tidal fluctuation varied significantly throughout the
study area. The range of the diurnal tide (the difference between mean

“higher high water and mean lower low water) is 12 centimeters 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 approximately 80 centimeters
and at Nome it is approximately 50 centimeters.-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 and the bathymetry; tides generally decreasing with increasing
latitude and with increase in bathymetric-depth.,



The

the Beaufort and Chukchi regions.

from 36.6
mouth of

the Naknek River.

tidal fluctuations in the Bering Sea are even greater than in

The diurnal tide fluctuations vary
centimeters on St. Lawrence Island to 689 centimeters at the
‘These fluctuations are sufficient to signif-

icantly affect the winter ice conditions along the coast.

The
.undergoes
northern

amount of daylight, i.e., the period from sunrise to sunset,

large seasonal: variations at high .latitudes. - At Barrow, the

most point of land in the Beaufort area, the sun does not set

during the summer months from late May to late July, while the sun is

below the
condition
are simi]
_ The
Bering re
Strait, .t
through

30 June to, approximately three, hours on December 22.

horizdn from approximately late November to. late January. The
s at Nome, the most southerly point in the Chukch1 study area,
ar a]though not as extreme. S ' ‘
annual variations in. day11ght hours are 1ess extreme in the
gion -than in the Beaufort or Chukchi regions. : At the Bering

he amount of daylight varies from continuous ‘from 12 June
However,

in the southern part of the Bering Sea, the daylight hours vary from
seventeen hours on. June. 20 to seven hours on December 22..

C.
. The
uniform

from Barrow to Barter Island.

C11mate . TIPS L.
climatic conditions a]ong the Beaufort Sea coast are re]at1ve1y
The mean annual temperature at

Barrow is -12.6°C with a record maximum of +26°C and -a .record minimum

of -49°C.

12.4 centimeters with an average yearly humidity of 80 percent.
mean yearly snowfall is 72.6 centimeters.

‘The normal yearly water equivalent precipitation at Barrow is
- The
- The average windspeed at

~ Barrow s 18.9. km/hr from the east;.the maximum wind velocity was 93 km/hr

from the

west. The preyai]ing wind directions are from the east-northeast

to east-southeast. - A

;Ihe
Barrow.
maximum

of +26°C and a record low of -51°C.

weather conditions at Barter Island are similar to those at
The Barter Island mean annual temperature is -12°C with a
The normal yearly water

equivalent precipitation.is 17.9 centimeters with-a normal 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/hr.
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 Beaufort Sea
coast. The climatic conditions at Kotzebue are similar to those along
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, re§bec£ivé1y. Kotzebue receives
slightly more precipitation than Barter Island; '22.3 cm water equivalent
_per year and 120 cm of snowfall -per year. However, the humidity is
slightly Tower at Kotzebue, averaging 78 percent. The yearly average
windspéed is 20.8 km/hr from the east with a maximum recorded windspeed
of 149 km/hr from the southéast. 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
+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.

. However, the amount of snowfall-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,
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
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 north April through May,'ffom the west-southwest
from June through August, and from September through November are again
from the north. ‘

For the Bering Sea, the monthly meéan temperatures-range from -18°C
in February to +12° in July with extremes ranging from -36° to +22°C.



-The higher temperatures are ggnerq]]y to the.south. The mean annual
total watgr equiva]ent brecipitation é]ong ihe Bering éea toast rangeé
between approximately 50 to 100 centimeters. The snowfall ranges from
70 to 200| centimeters anqua]]&, The wind épeeds average 20 km/h} along
the coast.wjih some'areas récording windspeeds in excess of 100 km/hr.
Ihe_predomfnant wind directionsq&éry from due north to southeast.

1]




V. Sources, Methods and Rationale of Data Collection
K. Selection of Scenes for Analysis

" The primary sdurces’df data for”thfs‘study were Landsat I and
Landsat II band-7 imagery. Landsat ‘acquired images of the same 160
kilometer squaré area once every eighteen days. In the high latitudes
of the Beaufort and Chukchi Seas, consécutive images overlap up to 80
percent. In the Beéufort Sea; a given area may be imaged up to four
days in a row. In the Chukchi Sea and Bering Sea the overlap decreases
with decreasing latitude so that in the Nome vicinity, an area wi]] be

-imaged up to three days in a row. Twelve days' images are required for

continuous coverage from Demarcation Point to Point Barrow. A minimum

of six days' imageé are required to continuously cover the Chukchi Sea
coast line from Point Barrow to Nome.

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

-upon the availability of the images, several cycles of images were

mapped for each year from 1973 through 1976 for the Chukchi and Bering
Seas and 1973 through 1977 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. Consequently, 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: (1) midwinter (mid-to-late February to early March); (2)
late winter (mid-to-late March); (3) early spring (late March to late
April); (4) late spring (May to mid-June); (5) summer (late June to mid-
July); (6) Tate summer (late July to mid-August); and (7) late fall to
early winter (late October to mid-November).

The choice of Landsat cycles used for this study depended primarily
upon the cloud cover of the scenes of each cycle and the number of
images available. Some Landsat scenes were not available from NASA due
to dense cloud cover. Other images with up to eighty percent 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



- example,

were used
image to

First, there needed to be enough coastline showing on the

atch a coastline -overlay to the image. Generally, 'if even a

sma]]_secrion_oﬁAthe coastline .or coastal river was. visible on the
image, the image could be lined up with the overlay, using the .latitude

and 1ongitude:mark§;on the image. The latitude and longitude marks were
not‘usaQ1L 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 cov

leads in
cloud con
mapping.

er.. "Significant" ice detail varied from scene to scene. For
a low-contrast scene with moderate. cloud cover but showing open
the ice has informational value whereas a scene with the same
ditions but not showing open leads may be useless for ice
Generally, Landsat cycles with .fewer than five usable scenes

were not considered for detailed analysis. .Exceptions included scenes

used in s
B.

1:500,000
EROS DatJ
scale bla
products.
details w
the 1:500
resolutio

~ Gene
coastline
. The base
aeronauti

tationary ice and open water maps (see below).

Mapping Technique S

The images chosen for analysis were obtained at a scale of
from the EROS Data Center, Sioux Falls, South Dakota. The

Center produces 1:1,000,000 scale, 1:500;000 scale and 1:250,000

ck and white prints of available Landsat imagery as standard
The 1:1,000,000 scale images were too small to accurately map
hile the 1:250,000 scale iﬁqgery was too expensive. Therefore,
,000 scale imagery was chosen as a compromise between cost and
n of detail. . . _ L . .

ral overlays of the Beaufort Sea, Chukchi Sea and Bering Sea

s-including the major rivers were drawn in ink on clear acetate.

maps used for the overlays were the 1:500,000 scale sectional

cal charts. These maps are published by the U.S. Department

of Commerce-using.the Lambert conformal conic projection (standard

- parallels

49°20'. and 54°40'). This projection .is.the closest to the

Landsat projection found. : The error in locating points on the Landsat

image usi
... The
follows.

ng the base map overlay_is approximately a kilometer.. R
technique used in mapping thegice”on each Landsat image is as
First, the base map overlay was placed onto the image and the

13
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two were lined-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
drawn onto this acetate from the Landsat image. Finally, the bathymetry
obtained from National Ocean Survey (formerly Coast and Geodetic Survey)
nautical charts was drawn onto the map. ' |

* The initial interpretation was made using a blue-line copy of the
acetate map. The distinguishable ice features, such as flaw leads,
ridge systems, areas of smooth ice, etc., were identified primarily from
Landsat image but other data (see below) were also used. The interpreted
results were then transferred to a copy of the original acetate ice map
in the form of labeling nomenclature which was then reduced to page size
(approximately 1,000,000 scale) for publication. These annotated ice
maps of each Landsat image were the preliminary data products. - '

C. Creation of Composite Data Products
The preliminary ice maps of the individual Landsat scenes were
used to create secondary, composite data products. The first generation
of composite data products consisted of maps of the edge of contiguous
ice and of ridge systems for the Beaufort, Chukchi and Bering Seas.

A composite map showing the edge of contiguous ice, defined as the
seaward boundary of the current stationary ice, was made for each Landsat
cycle. The composite for-each cyclé was prepared by making a mosaic of
the maps of the scenes in the cycles and outlining 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 Tatest image was used in the composite
map. The mosaic was then transferred to mylar, drawing in the contiguous
ice edge, the 20-meter isobath, the coastline and the major rivers.

- The second generation of composite maps combined 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. In addition, for the Chukchi
Sea, a map showing the average ice edge and:the variation from the



average was made for each season. From these, a third generation map was
constructed show1ng the averages of the three seasons combined onto one
map to-. 111ustrate the seasonal m1grat1on of the ice edge. The above

_maps are discussed in Sect1on Vi.

Year]y compos1te maps of the r1dge systems visible on the Landsat
1magery were made using the same method used for making the contiguous
ice edge maps. One composite map was made for each ice year. Then all

'compos11e maps were comp11ed 1nto one map of "all-time" r1dge systems
" These maps are d1scussed 1n Section VI.

The second phase of products utilizing the'preliminary and composite
ice maps cons1sts of ridge dens1ty maps, sea 1ce morphology maps and ice
hazard maps for the Beaufort Chukch1, and Ber1ng Seas. The ridge
dens1ty maps were prepared from the compiled ridge system maps by
visually de11neat1ng the areas of d1ffer1ng r1dge dens1ty The sea ice
morphology maps were prepared from various sources including contiguous
ice edge compos1te maps, ice ridge density maps and other data listed
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 on the various ice
conditipns such as average edge of ice, cont1guous ice, ridge occur-
rences, areas of smooth ice, fast- mov1ng ice, hummock f1e1ds, etc. The
~ice hazard maps used all, of the above sources of data for determining
.. the type and 1ocat1on of ice cond1t1ons that may be hazardous to off-
'shore structures and ship traffic. The hazards include areas of heavy

r1dg1nd cont1nuous]y changing ice conditions, ice islands, etc. The
.1ce hazard maps are d1scussed in detail in Section VIII of this report.

~ Other data products, compiled directly from Landsat imagery, in-

cluded jmaps of stat1onary ice and _open water for the Beaufort Sea The
term "stationary ice" as used here defines ice that was observed to have
\rema1ned unmoved by wind and currents during breakup of the nearshore
ice fr'm one Landsat cycle to the next. Stationary ice ‘is either
groundzd or attached to grounded ice. The stationary ice maps were
prepar_d by super1mpos1ng two 1mages of the ‘same location, but acqu1red

t
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at different times, on a viewing screen. The ice which had not moved
during the time interval between the two images was happeﬁ by placing a
sheet of mylar over the viewing screen ahd'tracing the outlines of the
stationary ice onto thé'my1ar.'0ne such mép was made for each year from
1973 through 1976 (see Section VI for the Beaufort Sea only). Due to
lack of 1977 summer images, no 1977 Statibnary ice map was made.

The Beaufort open water maps'show:the-p?ogressive increase in open
water occurring in the nearshore'areasffrom'the start of the melt season
until the end of summer for the yearé 1973 througﬁ 1977. The open water
maps were. prepared by overlaying a sheet of my]ar on each Landsat image
and tracing the outline of the extent of the open water. Data from all
available imagery were u§ed The Beaufort cdast]ine was mapped in 3
sections for each year, show1ng the annual m1grat1on of the edge of the
- open water. The maps are discussed further in Section VI

" 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 patterns observed on Landsat images. This
effort was always placed at a disadvantage because of the six-week to
" two-month delay between Lahdsat 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 unstable
ice it was necessary to note and photograph 1ce cond1t1ons dur1nq the
reconnaissance and wait two months for the comparison process. The
difficulty with this was that frequent1y the reconnaissance overlooked a
feature of apparent signifiéance 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 be reliably identified on
Landsat imagéry; smaller features cannot be identified with any degree
of reqularity. Major factors affecting the distinguishabfTity of ice
features were solar elevation angle, degree of snow cover, and haze. It
is not always apparent upon inspection of a éing]e Landsat image that
haze, for instance, is diminishing detectability of ice features. Often



this only became apparent upon inspection of two overlapping images from
successive days. |

Perhaps the most useful ground truth information was obtained in
-June of 1974 when we obtained .1:20,000 scale panchromatic photography
along a.severa1»hundred\km f]ight‘iing in the Beaufort Sea, followed a
few days later by a NASA .U-2 flight.obtaining 1:120,000 scale color .
. infrared photography and .the acquisition of a good quality Landsat image
a few days-later. On this data, it was possible to conclusively relate
measurable ice features with patterns identified on Landsat imagery.
E.; Applicability.of Developed Techniques to Other Places Where
Nearshore Ice is a Hazard »
The chief utility-of:lLandsat data was found to be the detection
.of large ridge systems and .lead openings by direct observation
and observation of ice piling and shearing events largely by inference.
-The anallysis of the ice hazards depends on the gathering.of sufficient
data to make possible the.development of-a synoptic picture of ice
conditions. This, in turn, depends on two factors:. the commitment of
the spacecraft for data-acquisition and .a sufficiently adequate number
of cloud and haze free:occasions when.data could be obtained.

Other than data availability two other factors need be considered:
_the nature of the hazard and the size of the area under.consideration.
- The techniques used here have’been developed to determine rather large
zones of somewhat broad hazard «description. | - |

~ b - CI N . : ‘. - o s
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VI. -"Results
A. - Interpretation of-Ice Maps' ° !

1. Selection of -ice features pertinent Eg_morphd]ogy. The
individual maps of each Landsat scene were examined and annotated.in
terms of ice conditions obsérved on the sequence of images to which the
individual image belonged. This exercise -served to develop a historical
»perspecfive of ice behavior along that portion of coast. Descriptive
histories, even with associated maps, do notin themselves constitute a
morphological description of ice behavior. In particular, the salient
“features of several years' ice dynamics must be compared to determine
the patterns of ice behavior. - ‘

In order to accomplish this task, the .prepared maps 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, describedfin section V-D, showed 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 characteristic found useful for development of a.nearshore
jce morphology was the location of the seaward edge of contiguous ice.
The term “contiquous:ice" is used rather than-"fast ice" because of the

widéspread useage of.the term "fast ice" by various authors to describe
a variety of conditions related to nearshore ice: "“Contiguous ice"
means ice contiqguous with the shore and continuous to the first break.
Often the first break is the flaw lead. However, it could be the edge
of open ocean or a polynya. |

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

18
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eaufort coast where the edge of contiguous ice has been observed
from the 20-meter isobath to a point 30 to 40 km seaward. The
these extensions appears to be .an absence of sufficient winds,
and internal forces within the ice sheet to keep individual

Tin the pack-ice from. freezing together. This condition can
for several weeks before sufficient forces exist for failure: to
e along lines considerably closer to shore. -+ . -+ .
A describing conditions. similar to these, some observers define
L ice" identically to the ice called "contiguous" here.” Others
hat the true "fast ice".is defined by the ice which would remain
to shore after a major shearing event and subsequeht failure of
sheet. Those who use the latter definition generally associate
unded ridge systems and other ice.features with this stable edge
Our results have shown sufficient exceptions to this association
ade the use of this definition except in the most general sense
lop ice descriptions for each zone which can be identified to
form ice behavior. . . -
s showing the:edge of contiquous:ice have been made showing ice
r different dates in 1974, 1974; 1975, 1976, and for the Beaufort
977 .-
ter, early spring, and late spring average ice edge maps, and
propriate, these average seasonal maps have been combined to
seasonal migration. of the average ice edge. .

3. Ridge system maps.

These data have then been combined' from each year:-showing

Ridge system maps were useful in

ways in the development of a nearshore ice morphology. Ridges

within the existing contiguous ice sheet observed on the earliest

unobserI
 always-

e Landsat images -each year, serve as a record of earlier,
ed, ice events. MWhere they are grounded, ridges often--but not
serve as anchoring points for the nearshore ice sheet. By

mapping
possible
the next
-the pers

implying

ridges created for each year and comparing year to year,. it is
to determine variability of dynamic ice events from one year to
. Compilation of several years' ridge data onto one map shows
istent locations of this type of feature, at the same time

year to year persistence of the conditions responsible for

ridge creation.
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-B. Beaufort Sea Results

A A
Contiguous Ice Edge Maps
a -

Yearly .Ice Edge Maps: For.each year of study a single map has been

prepared, showing the-edge of -contiguous ice for each Landsat cycle.

Throughout these maps, it .should.be noted that the contiguous ice edge
is”generally not mapped for late spring. This.is often because near-

. shore flooding and melting has occurred; destroying the contiguous

aspect of the nearshore ice, although vast areas remain in place. These
vast areas of ice have been mapped-under the heading "stationary ice".

1. 1973 Cohtiguous Ice Edge

2-19 ‘March Landsat cycle - During this time the
edge of contiguous ice was quite far offshore.

- The individual Landsat images. indicate that the
edge of ice is beyond the boundaries of the scene.
This information is depicted on the 1973 ice edge
map by dashed lines showing the offshore limit of -
the image and arrows to indicate that the ice edge is
beyond this limit.

31 May-17 June - Where it could be identified, the
edge of contiguous ice has been mapped.

- 2. 1974 Cont1guous Ice Edge Gy : ;

25 February-14 March - Shown by a dashed 11ne,
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 prev1ous year.

« 15 March-3 April - Indicated by the dotted: - -
line, the edge of ice has remained nearly ;
constant except for the eastern Beaufort, where
it is now considerably closer to shore.
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20 April-8 May - Ind1cated by a1ternat1ng dots
and dashes, cont1guous 1ce ‘was we11 offshore '
durilng this per1od and on1y the shoreward 11m1t
is ghown here for much of the Beaufort Sea

yr T Lok

13-30 June - Shown by a line consisting of two ‘dashes '
followed by a single dot, the edge of ice shows some
agreement with ear11er ice edges but a]so 1nd1cates
the ladvanced season and{decay of ice 1n Harr1son Bay

1975 Contiguous ice'Eaée' :
20 February-]O March - Only one acceptab]e Landsat ’
cycle was found for this year show1ng the edge

of contiguous’ 1ce Dur1ng th1s t1me there 1s an
indication that the edge of 1ce has been cons1derab1y _
farther offshore unt11 Just recent1y and 1s now near1y '
coincident with the 20 meter 1sobath for’ much of
the Beaufort coast,

- - - S - . P . .
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1976 Cont1guous Ice Edge oo

22 Jctober-8 November - Th1s 1ce edge, shown by a B
dashed line, is the only extensivé ice edge data ;.
obtained in the fall season ‘during the entire Study.

It shows the edge of cont1guous ice rough]y co1nc1dentﬁ "
with the 20-meter 1sobath a]ong the western Beaufort

and s1gn1f1cant1y seaward of that 11ne east of Harr1son
Bay) . L

. A S TR (L

6-23 February - This 1ce edge is 1nd1cated by a dotted
line. For most of the' Beaufort Coast the edge of

contiguous 1ce 1s beyond the area mapped by the 1nd1v— o

idual Landsat 1mages 0n1y in the v1c1n1ty of Barrow
is |the actual ice edge mapped | N
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9

24-12 March - Th1s 1ce edge is shown by a sequence

of dots and dashes. For a good port1on of the Beaufort
coast, this line is near]y parallel to the 20-meter
isobath, tending, however, to brldge over indentations
in this contour.

5. 1977 Contiguous Ice Edge ‘
12 February -9 March - This. Landsat cyc]e y1e1ded ice
edge data across the eastern and western port1ons of
the Alaskan Beaufort Coast. It is interesting to note
that, except at Barrow, this ice edge is significantly
seaward of the 20-meter-isobath. It appears reasbnab]y
safe to assume that the ice edge fer these dates
extends across. the unobserved area directly 1linking
the two observed portions. At Barrow, the ice edge
does coincide with the 20-meter isobath.

9-26 March - Data indicates that the contiguous ice
hedge for these dates is even further from shore than
during the previous Landsat cycle w1th the exception
of the Barrow vicinity where the ice edge is in the
same location.

27 March - 14 March -”ThisJLandsat cycle yielded data
from Barter Is]andlto'eastern_Harrison Bay and from
Barrow eastward to Smith Bay: The eastern po}tion is
considerably shoreward of previous ice edges and

nearly coincides with the 20-meter isobath. Off Barrow
the ice edge has remained coincident with the 20-meter
isobath. However, to the east of'Barrow; the edge

of cont1guous ice now curves around Point Barrow
shoreward of the 20-meter 1sobath to a 1ocat1on that
remains constant throughout the ice year.
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14 Apr11 -1 May - Data for this Landsat cycle beg1ns
- opp site the Cann1ng R1ver and_ cont1nues beyond "
* Bar%ow The edge of cont1guous ice’ is nearTy'co1n-
cident w1th the20-meter 1sobath along the ent1re vd
‘coastf SCAE L I ' _ : ,
A SRR PRI LCRE R s L T R R
2 May - 30 June - The edge of contiguous ice was
observed dur1ng this per1od across the central
Beaufort coast. Dur1ng th1s t1me, 1t was aga1n ]
located s1gn1f1cant1y seaward of the 20 meter

isobath. ' B
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o
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25 June - 15 July - Data for th1s Landsat cycTe
exists between JuTy 6 and July 8 Dur1ng th1s time
 the|ice edge was observed off the Beaufort coast

between the Cann1ng R1ver and the Co]v111e River. On

the!6th, the ice edge was located aTong the 20 meter

T

isobath, while on July 7th, it was found far offshore.

31 March - 17 Apr11 - The observed edge of cont1guous:;
ice| for this date 1s shown by a 11ne cons1st1ng of a f
dash followed by two dots The data 1nd1cate that
during this Landsat cyc]e, the edge ‘of cont1guous ice .
moved cons1derab1y shoreward The ear11er 1mages
obtained in the eastern Beaufort show the edge of o
contiguous’ 1ce far offshore wh11e the Tater 1mages
show the ice edge much cToser to its normaT position.
Comparison of data obtained on March’ 12 and 14 show
this to actually be the case in the centraT port1on

- of the Beaufort Sea.

- ‘-‘
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Seasona] Ice Edge ﬁéﬁé The data represent1ng the var1ous edges of
oontiguous 1ce have been recomp11ed for each season y1e1d1ng sufficient
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information to‘warnant ana]ys%s- late winter (February.- March), early
spring (April - May), and late spring- ear]y summer (June - Ju]y) The
reason for these group1ngs is: to determ1ne whether each season can

be characterized by a s1ng1e, genera1lzed ice edge represent1ng that
season. The results of this analysis will be discussed in order of season.

1. -~ Late Winter Ice Edge
Data from the fo]]oW1ng Landsat cyc]es are ut1112ed
2-19 March 1973, 25 February-14 ‘March 1974, 20 Februany-
10 March 1975, 24 February-12 March 1976, and
19 February-9 March 1977. These ice edges, with the
exception of 1973 data, show a good degree of
similarity, running parallel and offshore from the
20-meter isobath, bridging the landward indentations
of the 20-meter isobath. - The 1973 ice,adgé,has
been discussed previously, it was 1ocated_fan
offshore, well beyond nearsnore areas.

2. Early Spring Ice Edge
Data from the following Landsat cycles were ut111zed
15 March-3 April 1974, 31 March-17 Apr11 1976 and
27 March-14 April 1977. The early spring ice edge
is similar to the late winter ice edge. The most
striking deviation is in the western Beaufdnt, where
the 1976 data show the ice edge closer to the 20-meter
isobath than any other data, indicating that duning
early spring, there is a degree-of variabi]itx in
ice edge in this region.

3. Late Spring - Early Summer Ice Edge
The following Landsat cycles were used: 31 May-
17 Jdune 1973, 13 30 June 1974, and 17- 30 June 1977.
It is worth not1ng that the 31 May-17 "June data co1nc1de
with the 20-meter isobath in the western Beaufort.
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location is somewhat landward of the bu]k of

l1son Bay, the 1973 data str1ke s1gn1f1cant1y
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idge System'Maps' For each year of study a s1ng]e map of the
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coast has been prepared from the 1nd1v1dua1 Landsat 1mage maps
the r1dges observed dur1ng that year No attempt has been made
identify the date of format1on of each r1dge The obJect of
ping exerc1se was to 1dent1fy those 1ocat1ons where ridging does
order to re]ate this phenomenon w1th bathymetr1c features in-
depth and 1sobath conf1gurat1on Mapp|ng on a year1y basis was
d in order to provide information regarding year to year persis-
location and severity.
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S map shows, a cluster of maJor r1dges offshore
ween Prudhoe Bay and Harr1son Bay and a few . N .
ges very c1ose to shore 1n the western Canad1an L

Beaufort. The r1dges mapped we11 inside Harr1son [

Bay are located 1n sha11ow waters and were very
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Tikely created at the t1me of freeze -up.
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1974 Ridge System

Here r1dges were found throughout the 1ength of
the Beaufort coast. Of particular note are two
prominent hummock fields in outer Harrison Bay
where the complex of r1dge ice has been repre-
sented by a series of dots covering the areas
of the hummock field. Also worthy of note, is
the fan-shaped focus of r1dges ‘centered on the
headland just east of Camden Bay. -

1975 Ridge System

Not many ridges Were mapped for this year. How-
ever, in cons1stehcy Wwith the prev1ous two years,
the greatest density of ridging occurs well ‘
offshore between Prudhoe and Harrison Bays

1976 Ridge System _

As in 1974, major ridges were found throughout
the length of the Beaufort coast. It is inter-
esting that these ridges are almost entirely

1ocated beyond the 20- meter isobath. This is a
strong indication that these ridges were formed
“after early winter. Again, the greatest r1dge

density occurs_offshore between Harrison and

Prudhoe Bays. ‘The fan-shaped assembly of ridges

occurs in Camden Bay.

4
vy

1977 Ridge System
A larger volume of data was used in the compil-
ation of the 1977 ridge system map than in

previous maos‘ Not seen\in previous years' data
are the 1arge number of r1dges 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 r1dg1ng

is the same as that observéd in previous years
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Composite Ridge System Map: This map shows the combined ridge systems
from 1973| through 1977. Here r1dge dens1ty trends noted on the year]y
ridge maps become ‘moré apparént. =’ - - | o
" a. [The greatest density a]ong ‘the Beaufort ‘coast is found
o) far offShore between~ Harr1son and Prudhoe Bay ,
' b.' [ A secondary max1mum r1dge density occurs in a fan- '
! > | shaped pattern in eastern Camden Bay “ e
c. 1There is an 1ndented area across inner Harr1son Bay w1th
© 1t | 3 moderate’ tendency toward r1dg1ng _ ' i
d. | A’'cluster of r1dges occurs seaward of M1dway and ‘Cross
Islands with a tendency toward greater dens1ty between
the islands and the 20-meter isobath. .
e. | The focus of the fan- shaped ridge cluster in eastern
"™ | camden- Bay is 1ocated s1gn1f1cant1y 1andward from the
20-meter 1sobath ’ ' ' o
Stationary ice Maps}
n_ Stationary Ice vs. Cont1guous Ice: A

A Note o

Dur1ng w1nter a]ong the Beaufort sea coast,

zone par
cause gr
This zon
tens’ of
inshore
is usual

Whe
last ice
edge of
yet the
nearshor
_these st
they ocg
last in

large r1dges form in a
111e1 to the shore.” These r1dges have kee] depths sufficient to
ounding out to approx1mate1y the 20- meter bathymetr1c contour.
e of grounded r1dges var1es between a few kilometérs and many
kilometers in width and effect1ve1y sh1e1ds the smoother ice

from the effects of pack icé mot1on The zone of 1mmob11e ice
1yhreferred'to as N T -

3

stat1onary 1ce :
n summer’ breakup occurs, these grounded r1dges are often the
forms to dislodge. These areas were not mapped 1n terms of
contigquous 1ce because they are not cont1guous W1th the shore,
ice does rema1n bottom fast and is an important part of the
e ice reg1me Three quest1ons need to be answered regard1ng
‘2) Do
and 3) How 1ong do they

1) where are these areas 1ocated?
ur in the same 1ocat1ons each year?
the summer?

at1onary ice areas
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Method of Analysis

The data base used in this study of stationary ice was Landsat
band-7, 70 mm imagery projected onto a screen at11:500,000 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 1ined up by matching coastal fea-
tures visible on both images. A transparent overlay with the coastline
and major r1vers drawn in was then laid on the screen. The areas where
the ice had not moved were then traced onto the over1ay |

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 aiso problems determining which was stationary 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
cons1dered to be stat1onary Y |

The time per1od between images was also 1mportant Generally, if
the images were one Landsat cycle (18 days) apart the ice could be
considered stat1onary 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.

1. ngpos1te Stat1onary Ice Map -
' Four years data were analyzed for stat1onary ice - 1973, 1974,
1975, and 1976. The data were comb1ned on one map extending from
. Po1nt Barrow to Herschel Island. . .The smallest stat1onary ice
obJect p]otted was approx1mate1y a k11ometer 1n diameter. Analysis
‘of this' map shows that:
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a.

<

- b.

Stationary ice is genera]]y Tocated 1nshore of the 20-
meter bathymetr1c contour ' Inshore areas that are generally

clear of stat1onary 1ce 1nc1ude the maJor1ty of Harr1son Bay

l‘.il ¥

and‘the 1mmed1ate r1ver mouth v1c1n1t1es
AreaL where stat1onary 1ce recurs were d1ff1cu1t to determ1ne

because of 1nsuff1c1ent data One area where 1t does :

recur and’ seems to 1ast most of the summer is’ a]ong the 20—

‘metelr contour north of the’ Co]v111e R1ver 1n Harrison Bay

.
C.

o

e

Each year a large hummock field forms, caus1nq a seaward bulge'J
in the edge of the fast 1ce that pers1sts unt11 late summer.
Another area where stat1onary 1ce was seen to’ recur was between
O0liktok Point and the Sagavanirktok River, extending from

shore to the 20-meter contour ' o

“In 1976 ‘stat1onary ice was 1ast seen to ex1st on 2 August h
only 1n'a small area west of Harr1son Bay The next . _'
1maJe of the area was not obta1ned until 20 Auqust (one )
Landsat cyc]e 1ater) By then the stat1onary ice had dis- :
appeared comp]ete]y Therefore; 1t can be conc]uded that 'p_l )
stat1onary 1ce 1s genera]]y gone by m1d August One except1on -
to th1s was seen 1n 1974 A 1arge p1ece of a r1dqe system

4(1‘

north of 011ktok po1nt was observed to remain throughout the o

' Surmer of 1974 and’ was st111 there in the spr1ng of 1975

g,

’from

However, 1t d1d not rema1n as stat1onary 1ce 1n 1975

S e
AR PR & . AT A N ~‘

ﬂ?'Open'water'Maps‘

. . B e . PO e -
[ [ T [ N I BN LA LI A

“Maps of open water of thg Beaufort Sea were prepared at 1 500 000

. sca]e frcm Landsat 1maqery | They were prepared in three sect1ons extending

Po1nt Barrow to Demarcat1on Po1nt'for the years 1973 throuqh 1977.

_The open water was mapped from the Landsat 1maqe by over]ay1ng a prepared
’ my1ar base map onto the 1mage and draw1ng the boundar1es of the’ open .

water on |the my]ar " A different symbo1 was used for each Landsat scene
for which open water was mapped. In addition, the date of the 1mage was
indicated on the mylar with a 1ine drawn to the open water area.
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I SR SR .
The open water maps show the chronological increase in open water

for each season} usually starting sometime in June and continuing through
August, when the nearshore reg1on genera11y becomes clear of ice. An

area was considered to be open water 1f 1t conta1ned no stat1onary ice,
with less ‘than 50 percent of the area covered by floes smalier than ten
kilometers in d1ameter and no f]oes 1arger than ten k1lometers in diameter.

Cases where ice moved 1nto an area after it had been mapped as open
water were not 1nd1cated

I
a4

Icé_Is]and-Qbservations and Frequencyl

Ice Islands ! T

For approx1mate1y th1rty years, the ex1stence of "1ce jslands" in
the Arctic Ocean, part1cu1ar1y in the Pacific Gyre, has been established.
These features are tabu]ar floes of freshwater ice ranging from several
kilometers in diameter downward. It has been estab11shed that they
originate from the Ellesmere Ice-sheet The number and size distribution
- of these features are not hnown The Ellesmere Ice sheet does not calve
continuously and 1t is poss1b1e that a]] ex1st1ng 1ce islands were
created in a small number of ca1v1ng events. Ice 1s1ands ab]ate at the
rate of 1 to 2 meters/year on the exposed surfaces Their th1ckness can
be as great as 35 meters  They can, therefore, be expected to possess a
relatively long 1ifetdme However, there have been severa] observations
of grounded ice islands a]ong the Beaufort coast having broken into
several pieces. Further, at 1east one 1arge ice island has been observed
to exit the gyre and enter the Atlantic Ocean

Ice 1s1ands have been cons1dered to const1tute a threat to offshore
fac111t1es because the1r 1mmense bulk is capable. of obta1n1ng a momen tum
many times greater than any convent1ona1 floe. For this reason, it
would be very useful to be ab]e to develop stat1st1ca1 data represent1ng
their number,,s1ze d1str1but1on and frequency of occurrence in near-
-shore Beaufort waters h

P |
H
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Results of Analysis of Imagery for Ice Island Data

Because of the potential value of determining statistical infor-
mation concerning ice islands, each Landsat image used was examined
explicitly for evidence of ice dslands. It was thought that even 1f no

~ice islands could; be observed directly, large ice 1s]ands wou]d dr1ft

differentially from pack ice because of their deep draft and -leave. an
identifying wake in their trail.

| Unfortunately, no ice islands were{observed d1rect1y or 1nd1rectly
on the Landsat imagery. On two occasions stranded and broken -up ice
islands|were observed-.along, the Beaufort coast during. aerial reconnais-
sance .operations. In.both cases the broken-up jsland'was approximately
300 meters in.diameter. .. . ... e

-, ..~ Attempts were made to 1dent1fy these ice features on Landsat imagery.

Positive identification could not be made in either case. In:the first
casey tne‘ipesislandlwQ§i0bsgnvedﬁwe1] inside the.contiguous ice between

.Admiralty and Smith:Bays, (1974).. The exact position was difficult to

[l

determine, however, because of inadequate navigation equipment on the
aircraft used. The second ice island was observed during a 1976 photo-

- graphic|.reconnaissance trip.-. It was well located by navigational equip-

- ment on| board the aircraft-and.aTso-by.its-1ocation with respect to

- other ice features .in-the vicinity. :, Both grounded ice islands .were
.. -located in water on the order of 20 meters in depth.
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Chukchi Sea Results

- Contiguous Icé‘Edge'Maps

"Yearly Ice Edge Maps: ‘For each year of study a single map has been

prepared showing the edge of contiguous ice for each Landsat cycle: -
yielding useful data. i : -

1.

+1973 Contiguous Ice Edge R

'2-19 March - Available data is shown by a dashed 1ine. Later

seasonal ice maps will show the ice edge data for -this date to
be rather unusual in the outer Kotzebue Sound region. Usually on
this date, the edge of contiguous ice is located well offshore,

- bridging the mouth of the sound as far west as Shishmaref. Here,
" the edge of ice appears to'cross the mouth at Cape Krusenstern.

It should also be rnoted that between Point Hope and CapeLisburne
there is a portion of coast where the edge ‘of contiguous ice coin-
cides with the shore. o t

.7-24 April - Available data is shown by a series of dots. The edge

of ice is considerably landward -of its normal location in Kotzebue
Sound during this period. Again, although in a slightly different
location, the edge of contiguous ice coincides with the shore line
in the vicinity of Cape Lisburne.

31 May-17 June - These data are shown by a line of dots and dashes.
Note that by this time much of Kotzebue Sound is free of ice and

several less protected areas are also free of ice.

1974 Contiguous Ice Edge

25 February - 14 March - Contiquous 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 approaches the shore near Cape Lisburne.
Beyond Cape Lisburne, this ice edge remains far offshore until it
reaches Cape Frank]in.
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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
foT]owé.the shoreline configuration more closely than did the
“earlier ice edge. .Note -that at Cape Lisburne.this -ice -edge does
meet the coast. ... . L e

26 May-12 June = Represented by -alternating dots and dashes, the

ice edge on this date is generally closer to shore than.the dotted
liine representing the April ice edge. In some places, however, the
.-cdntiguous 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'seasonk_é ATy

o L S T S N
1.-30 June - Contiguous 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
tAe region just southeast of Point:Hope. ' _This ice.is most likely
pins which have been driven into this location and compacted
Farther north, the ice edge for this date can be 'seen to be quite

‘close-to shore ‘except:at Pt: Franklin. where the Apr11 ice edge was

I Wbl

+~actually closer to.shore. N N T

'.f

" ‘ Y ) e

-¢1975 Cont1guous Ice Edge .- 4+ . .. & e e o

.

. . -
R Y . LY

NEte The ice edges shown for, this _year are unusua]]y similar.

20 -February-9 -March - Data for this period areyrepresented by a

~series . of dashess: Again, as in previous  years, this earliest ice
edge extends farthest seaward in outer Kotzebue-Sound and off Cape

Lisburne.: . , 5 T T e el ey

8 March-14 April - The cont1guous ice edge for th1s Landsat cyc]e

S indicated by a 1ine of two dots followed by two dashes. Note

~ DN

EA I . -
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that north of Wales, the edge of contiguous ice now extends farther
seaward than previously. This occurred as a result of shear ridge
build-up of a large hummock field in this location. This ice 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. : ' ‘ ’

- ’ O

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.

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 ice edge data. '

1976 Contiguous Edge D P o
- 6-23 February - Shown by a dashed 1ine, this ice edge differs

significantly from other 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.

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 considerable distance. To the north, this ice edge
generally resembles ice edges drawn for prev1ous years during this
period. ' '

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

Lo ¥; |
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for this period in the v1c1n1ty of the Seward Pen1nsu1a and- Kotzebue
" "Sound, it differs somewhat ‘to” the north where it is unusuaTTy
" distant from the shore 1n the v1c1n1ty of Cape Thompson and Cape
Lisburne. Farther north between Icy Cape and Pt. Franklin, the
icé edge advances unusuaTTy seaward, foTTowed by a sharp coastward
tran;ect North of Pt Frank11n this behav1or 1s repeated somewhat

F : [P M I8

19 April-6 May - Shown by a series. of dots, the cont1guous ice edge

data| for this date are as unusuaT as the data $hown for 6-23 February:
" Here|, instead of 1ndent1ng toward and 1nto Kotzebue Sound, this ice
"edge actuaT]y br1dges across outer Kotzebue Sound It woqu‘seem

" that| the winter and spr1ng data’ were 1nterchanged Farther to the
"north, ‘the spr1ngt1me data continues to exhibit this unusua]

" e f . N R
behav1or rema1n1ng far seaward '
- . {‘. . PR . A v . ” .; o T PR

SeasonaT'Ite'Edge‘Maps: The data representing the various ‘edges of contiguous

ice have |been recompiled for each season yielding sufficient information to
warrant cnaTys1s Tate winter (February—March) early spring (April-May),
andJTate spr1ng earTy Summer (June JuTy) The reason for these qroup1nqs
is to determ1ne whether each season’ can be characterlzed by a s1ngTe, '

generaT1Ted ice edge represent1ng that season’_ The resuTt‘of this anaTys1s
will be T1scussed in order of season ' ’

[ 4y - N . i ‘ : ) e ‘.= o, Tt .-‘ . eyt

. kX - . ; EN
- e Lk .

1. Late Winter Ice ‘E’ch
Shown here are the ice edge data for late winter (February March)
Lan sat cycTes, 1973 through 1976 These data indicate some-
1nterest1ng trends show1ng ‘areas tend1ng toward a high degree”of -
varhab111ty in . ice edge location. Wh11e one might expect a
focusing of ice edge Tocat1ons at exposed headlands (Wales,’ Po1nt
Hope, Cape L1sburne Pt. 'Franklin, and Barrow) Pt. Lay is not

s1n11ar]y exposed yet ‘the ice edge ‘data- there aTso exhibit th1s

[LPST4 o N . o

‘behavior’ pattern
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2. Mid-Spring Ice Edge
Shown here are the_ice edge data for mid-spring (April-May) Landsat
cycles, 1973 threugh 1976. Again, as wfth the late winter data,
‘there are zones of great stability and other areas with a high
degree of var1ab111ty Generally wh11e there appears to be a
greater overall uniformity of ice edge location here, less sta-
bility is indicated off Point Hope and Point Lay.

3. Late Spr1ng Ear]y Summer Ice Edge

Shown here are the ice edge data for late spr1ng and early summer
(May-June) 1973 through 1976. These data show that in some regions
(i.e. Kotzebue Seudd) 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 some locations, some indicated trends, particularly

those toward uniformity should not be considered as particularly
strong. ' '

Average Seasona] Ice Edge M_ps The composite seasonal haps have been

analyzed to produce a s1ng]e representative ice edge for each season.
This representat1ve edge called. the average ice edge, is the midline
between the most landward and most seaward ice edge for the season.
Since data within the range was not utilized, this edge is not tech-
nically an average of the total data, but an average of the range
determinants. The extreme seaward and landward edgeé; the variation
lTimits, have also been shown in order to document the re11ab111ty of the
average ice edge for use in morpho]og1ca1 mode11ng and hazard analysis.

1.  Average Late Winter Ice Edge

The average 1ce edge . for February-March passes close to shore at
Ber1ng Strait and proceeds toward Kotzebue Sound at a great dis-
tance from shore, bridging across the mouth of outer Kotzebue
~Sound. North of Kotzebue Sound, the average edge is considerably
closer to shore than south of the Sound, finally passing just a few
‘kilometers off Pt. Hope and Cape Lisburne.. North of Cape Lisburne

~Nr
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rthe average 1ce edge fo]]ows the coast11ne at some. d1stance until

reaching Pt. Franklin, where aga1n the average edge is quite close
to| shore. The average edge br1dges across the coastal indentation
between Pt Franklin and Barrow, pass1ng that po1nt at a d1stance

of approx1mate1yl10 km.

5

2. Average M1d Spr1ng Ice Edge

- Th 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
11} closer to shore in some 1ocatiohs.. Itrisginteresting to note
that the envelope of variabi1ity is much smaller dur1ng this season
than during late winter,'indicating perhaps. a steady-state con-
dittion during this period. However, the variability in outer
Kotzebue Sound is still quite large during this season.

i
3. Average Late Spr1ng -Early Summer Ice Edge
. The average ice edge for this season is generally. closer to shore

than the prev1ous_season S average ice edge.. The envelope of
variability of,contiguous ice edges during this period is generally
narrow except for the vicinities of large embayments. For instance,

iq_Kotzebue Sound the variation envelope is large just as it has

been 1in other seasons, only now it is located even farther inshore.

Migration of Average Seasona] Edge of Cont1guous Ice
Th1s map Shows ‘the three seasonal average ice edges plotted together

so that the possibility of a systematic change in ice edge location can
be 1nv|st1gated When considering the relationship between these ice
edges, |the envelope of ice edge variability must be borne in mind. For
"instance, both in Kotzebue Sound and north of Cape Lisburne, there is a
wide seasonal spatial variation in ice edge location and the immediate
conclusion might be to consider any apparent seasonal motion of ice edge

‘more significant here than oppoéite Icy Cape where the spatial variation

is smaller. However, in Kotzebue Sound the variation envelopes are all -
quite large so that seasonal ice edges located relatively close together
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(Tate winter and mid-spring for instance).dolnot indicate a significant

variation. North of Cape Lisburne the enve]dbes are gehefa]]y small so

~that some credibility may be given to the mid-spring ice edge being

- found more seaward then the late winter ice edge even though this

contradicts the general trend. At Icy Cape the variation envelopes are

small so that, despite the proximity of the average ice edges, the
seasonal progression shown may have statistical significance.
- Bearing these qua11f1cat10ns 1n mind the following observations can

" be made from this map:

' a. At Wales, Cape 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 agreement 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 are
fairly small, indicating that the ice edge varies 1ittle in
location during each season. At Cape Thompson, variation in
average location for each season . is quite large, with no
seasonal trend.

"~ b.  North 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
farthest from shore, mid-spring is intermediate, and
late spring-early summer is closest to shore.

c. Immediately north of both the Seward Peninsula and Cape'Li;burne
the ice edge sequence for winter and spring is reversed.

d. The winter and spring sequence are reversed in Kotzebue Sound.
However, this trend would not appear if the 6-23 February 1976
data were removed from the late winter data set. This could
only be done if some valid justification can be found. The
data here should be taken to indicate a h1gh degree of var-

1ab111ty of cont1guous ice edge in th1s zone.
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Chukchi Sea Ice Ridge Systems

Yearly Ridge System: These maps show the locations of ridge systems -
‘which coufld be recognized on Landsat imagery clearly as ridge systems.
The ridges identified .are generally shear ridges which are several km

long.

a -

1. 1973 Ridge System
‘Riddes were mapped in only a few locations this year. It is
intéresting,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.

2. 1974 Ridge System .
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
driYen 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.

3. 1975 Ridge System
Ridge systems mapped for 1975 were even fewer than previous years.
No 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 found between Point Franklin and
Icy| Cape the previous year. Off Cape Lisburne a long ridge system
was| found in-a position indicating flow of ice across Cape Lisburne.
Ridges in this location were not seen previously.

4. 1976 Ridge System

Three ridge systems were observed this year north of Bering Strait.
Thﬁy have an interesting similarity in that they all lie "north" of

the three major headlands: Seward Peninsula, Cape Lisburne, and Icy
Cape. '
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Ridge System Composite: A1l ridge systems observed and discussed pre-
viously are plotted together on this map. There are two objectives 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. |

The first objective is reflected in the general morphological and
hazard maps produced where long-term average behavior is under con-
sideration. The second objective will help determine the year to year
reliability of the morphological picture developed. Under this second
category we should note, upon examining the ridge systems drawn for each
year, that the following behavorial patterns emerge: '

a. Generally, the 1976 ridges are the most seaward in 511 lo-
cations. ' ‘ .

b. The 1973 ridges are the most landward in all locations.
Neverthe]esé,

c. -Al1l1 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 years, they represent a single morphological
pattern.

d.” The possible exception to this uniformity is found at Cape
Lisburne where the three years' data appear to indicate three
distinct patterns.

The general overall pattern which emerges is that of streamlining
along the coast from Barrow to Point Lay with an abrupt seaward shift at
that Tocation to a new flowing pattern across the tip of Cape Lisburne,
followed by a similar pattern across the tip of the Seward Peninsula.



D. Bering Sea Results

Thi

s section describes ice edge maps constructed for the Bering

Sea. It should be emphasized :that very 1ittle field checking was
possible “in this region. Hence, many of the-‘conclusions drawn are based

on knowl

morpholagies.

As
paramet

edge gained in constructing the Beaufort .and: Chukchi Sea

~

described in earlier sections,-a principal distinguishing physical
r in this region is the large tidal range which should act as

- a destabilizing factor in the behavior of contiguous ice. A second physical
parametér distinguishing the Bering Sea from the Beaufort and Chukchi

regions

is the open ocean to the south which allows ice mobility not found

in the other areas. Both of.these factors tend to produce an unstable

contigu

Th
central
Because

us ice zone.

> morphology and hazards described in section VIII C depict the
period of the ice season when the ice should be most stable.

of the large tidal'range and-open ocean to the south, freeze-up

and bregkup ice conditions:along this area of the Alaskan coast are

probabT,

Yearly

y quite dynamic and warrant a specialized study.

Contiguous Ice 'Edge Maps

Ice Edge Maps: The following maps were constructed. to show the

instant
satelli
reason,
influen
areas,

1. 19

aneous edge of contiguous ice in the Bering Sea at times when good

te coverage of a large area of coast could be obtained.  For that
it should be borne<in mind that this selection principlie could

ce the data presented. In some locations, particulariy in dynamic

cloudy weather may preciude satellite.viewing of dynamic ice‘events.

73 Contiguous Ice Edge

1c
Ccy
ar

ig

e edge data was obtained from the 12-29 March-and 5-22 May lLandsat
cles. It is interesting to note’that although these ice edges
e genera11y coincident, where they do-differ, theé March edge

the more seaward of the two. ' '
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2. . 1974 Contiguous Ice Edge
Ice edge data was obtained from the 17 February - 6 March,
7 March - 24 March, and 18 May - 4 June Landsat cycles. Note
that while the earlier two ice edges are more seaward than the
May. - June ice edge, the earlier of the two is not always the
more seaward. Hence, over short time scales, specific meteor-
ological and tidal events combine to determine the specific
location of ice edge. '

3. 1975 Contigquous Ice Edge
Ice edge data was obtained from the 20 February - 4 March, and
4 - 21 May Landsat cycles. Lack of good data was a limiting
factor for this particular year.

-4, 1976 Contiquous Ice Edge :
Edge of ice data was obtained for the 29 January - 15 February,

. 16 February - 4 March, and 10 - 27 April Landsat cycles, a period
spanning three months. It is interesting to note that while
there appears to be general agreement among these ice edges, there
is no real systematic, seasonal trend indicated: At some locations,
the latest ice edge is the most seaward, while at others it is the
most shoreward.

Seasonal Ice Edge Maps: Assuming some seasonal trend can be found for
the edge of contiguous ice, three seasons have been defined and an
average ice edge determined for each. Following this, these seasonal
averages have been compared on a single map.

1. Mid-Winter Ice Edge .

. Data from mid-February through early March 1974, 1975, and 1976
have been compared on this map. In addition, an "average" ice
edge has been drawn. based on inspection of these data. It should
be noted that ice stability varies widely, depending on dynamics

a2
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of the area: North of S]édge Island, for instance, the two ice
edges recorded are several kilometers apart, indicating a wide
variability. Just east of Sledge Island, a low variability is
indi?afed. The magnitude of variation of the average location must

be c?nsidered when determining whether seasonal trends are indi-
d

cated by a systematic change in ice edge location.

w s

Late Winter - Early Spring Ice Edge
Data from March, 1973 and 1974 have been compared on this map. In
addition, an "average" ice edge has been drawn upon inspection of
these data. Here, as with the mid-winter data, great variability
is shown in some locations while in others stability of ice edge
location is indicated. Comparison with the mid-winter ice edge
map/wil]'show agreement between these two seasons -concerning areas
of ice edge variation or stability. - '

Mid - Late Spring Ice Edge S

Daté from May, 1973, 1974, and 1975-and April, 1976 have been com-
pared on this map.  In addition, an "average" ice edge has been

- dra}n'based on inspection-of these data.  Notice that here, as in
the \mid-winter and late winter - early spring maps, ice edge vari-
ability-changés-from location to location along the coast. In
gen|ra1, as in the earlier two maps; there is agreement regarding

locations of great variability and locations with a marked tendency
toward ice edge stability. ' ' ‘

.~ -Seasonal Average Edge of Contiguous Ice

~ On this map the winter; late winter - early spring, and mid-to late
spring average ice edges are compared with respect to the 20-meter
isobath. '

Starting at Wales, there appears to be close seasonal ice edge
coipcidence down to Sledgé Island. Reference to the individual
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seasonal maps shows, however, that over the last half of this
‘distance, this coincidence, while statistically valid, might

lead to a false concept of ice edge behavior in this area. The

. individual maps show that while the average ice edges are coincident,
along the coast 30 o 40 km northwest of Sledge Island the ice edge

is quite variable and can be located close to the coastline or

- several kilometers offshore, regardless of season. From Port
Clarence to Wales, there is considerably less variation in ice

edge location and it tends to be located approximately along the
20-meter isobath.

From.Sledge Island to the western side of Nogton Bay, the ice .
edge is found in the same location regardless of season. The
only exception. to this general rule is at the mouth of the Bay at
Cape Darby. Across this area there is great variability in ice
edge location for all seasons. It is interesting at this point
to consider the bathymetry of Norton Sound. Vast areas of this
region are less than 20 meters in depth. There are, however, at
least three basins indicated within the sound with depths greater
than 20 meters. The seasonal edges of ice agree somewhat with the
20-meter isobath to the east of Sledge Island nearly to the point
where the isobath doubles back seaward. From that point to Cape
Darby, the ice edges are found well shoreward of the 20-meter
isobath. In places, the-ice edges here are quite close to shore.
Obviously bathymetry alone is not a controling mechanism for ice
edge location.

At Norton Bay,-as with the smaller bay at Cape Darby, some vari-
ability is indicated. ' Examination of the individual seasonal maps
shows that this variation occurs during all the seasons observed.

From Norton Bay to Stuart Island, a large seasonal variation in ice

edge is indicated. The average ice edges show the most sea-
ward ice edge occurring during mid-winter and retreating shoreward
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with adVancing season. It would be tempting to conclude that this
is a consistent trend and mechanisms can be constructed to account
for this behavior. However, the great variation in ice edge lo-
cations seen on the late winter - early spring and late spring
maps‘iﬁdicates-that the trend shown here is not as systematic as
the plot of average ice edges alone would lead one to believe.

It appears safe to conclude that in this region the ice edge ad-
vanées well into the sound during mid-winter and becomes quite
variable as the season advances. A possible mechanism responsible
"~ for tdié behavior is that during the colder periods the ice can
quickly grow to a thickness offering sufficient tensilé strength
to resist breaking well into this embayment.’ Kotzebue Sound to the
‘north tends to behave in'a similar fashion. ' ‘

From Stuart Island to the entrance of Norton Sound, there is great
variability in both the average edge location and in the variation

on the individual maps. Hence, the statistical validity of the

tren& indicated is weak. The trend indicated does, however, agree
wi;h observafions of ice behavior in this vicinity on individual

~ Landsat scenes. ' Note that according to the location of the average
ice édges, the mid-winter edge is shoreward of the late winter -
early spring ice edge. On the other hand, the late spring ice

edge is well inshore from both of these ice edges. Although evidence
supporting the phenomenon is weak, the proposed mechanism is as follows:
There|is ice métfén out Norton Sound into the Bering Sea nearly

all winter and spring, usually to the southwest. ' Few large ridge
systems were identified along the Bering Sea coast. Most of those
observed were located in this region, apparently formed. by ice

moving seaward out of Norton Sound. It is proposed that through
this ridging“protéss,'there is a mechanism that widens the contiguous
ice zone in this location. With advance of season, ice removal
mechanisms (tidés, etc.) present a stronger influence and dominate,
causing the shoreward retreat.
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Bering - Results

South of Norton Sound, across the mouth of the Yukon River, the
- seasonal ice edges coincide within the 1imits implied by the
variations seen on the individual seasonal maps. It should be
noted that the variations in ice'edge Tocation on the individual
seasonal maps is quite small.. Therefore,mthe ice edge location
here is quite stable. | )

South of the mouth of the Yukon to Cape Romanzof there is an .
indication of a weak seasonal variation of ice edge, with the most
seasonally advanced ice edge considerably. shoreward of the ear]ier
two. It is possible that the extenS1ve shoals in this region,

- shown by the pronounced seaward exten51on of the 20-meter isobath,
trap deep-draft ice during the earlier periods in a way 51m11ar to
the mechanism proposed for the seaward bui]dup of ice north of the
Yukon Delta.

South of Cape Romanzof the seasonal ice edges are in close proximity
~across .a series of prominent.headlands and then diverge across a
series of embayments, again w1th a weak tendency for the most
advanced season's ice edge to be the most shoreward. In this area,
~ the edge of contiguous ice is well inshore from the 20-meter isobath.

At Nelson Island, as at several other prominent headlands, the edge
of contiguous ice is very close to shore. From here to Goodnews
Bay, the location of contiguous ice seems to be controlled by the
location of shoals on an extensive area of mudflats. The exception
_ to this is the mouth of the Kuskokwim River where tidal action
appears to keep the ice bhoken np and mobile. In this region and
:in the remainder of the Bering Sea nearshore area, there appears
to be 1ittle or no significant seasonal correlation to the location
of contiguous ice. 1 i -
Across the northern side 6f Bristo1’Bay, contiguous ice is gener-
ally found only in highly protected and shallow areas. These



locations are all well inshore from the 20-meter isobath.

Along the east side of Bristol Bay contiguous ice is found very
shore, bridging embayments. This behavior along the

- north and east sides of Bristol Bay is for the most part explained
by the apparently constant motion of ice to the southwest out of
Bristol Bay. Very little ice motion takes, place which would
result in grounded ridge construction that would, in turn, lead

to extensive areas!of cgntigudus'ice.

close to

]

e

Proceeding along the Alaska Peninsuia, a point is reached wﬁere

the southwestward motion of ice out of the bay could lead to.
ridge construction. This was in fact observed during 1974, yielding
the simple observation of contiguous ice along this region-of coast.
During this event contiguous icé was formed even beyond the 20-meter
isobath in the Port Moller area.
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VII. Discussion
Models to Describe the Extent and Behavior of Nearshore Ice:
Their Capabilities and Limitations '

A. Capabilities
The models developed in the previous section represent the,
state of knowledge of comprehensive regional ice morphology in the
Chukchi, Beaufort, and Bering Seas available in the public domain.
‘Certainly the various zones delineated to describe nearshore ice mor-
phology 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:
1. an assessment of the relative safety of personnel and
_equipment'operating-on offshore ice in the various zones
identified

2. a preliminary assessment of the mid-winter to late
spring probability of major ice displacement occurring
in the zones identified -

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

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

5. a zone-by-zone assessment of the fate of a possible under
ice petroleum spill

B. Limitations
The models developed here for Chukchi, Beaufort, and Bering
Sea ice morphology are based on statistical analysis of four-five years'
ice data. The models represent an average of conditions observed during
.only those years. An obvious limitation, then, is the lack of long-term
data and the possibility that the ice during the years observed does not
represent long-term average conditions.

AO



In addition, even if the models do represent the long-term average
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S, there 1s 11tt1e hint of what var1ab111ty in cond1t1ons
expected over a span of twenty to thirty years. “Hence, it is
in what range of 1ce cond1t1ons to anticipate dur1ng the active

n offshore 0il field. .
instance, during this period of observation the melt season

onditions have been reasonably mild. Nearshore ice has broken

1ted in place. Grounded ridge systems have slowly broken

ith the sea floor and drifted away. We have not had the

ty to assess the potential hazard created if a major storm were

during this period when great quantities of highly mobile ice
nt in the nearshore areas.

11y, the model developed here is only semi-dynamic in that only

cesses involved in nearshore ice morphology have been identi-
develop a dynamic morphology, a more extensive analysis would
ary.

A Discussion of the Detectability of Ice Islands by Landsat
Imagery

At the outset of this analysis it was anticipated that ice
n the pack ice during winter and spring would be detectable
heir deep draft would make them susceptible to oceanic currents

and, to a certain extent, drive them through the pack leaving a wake

behind.
not possi

was acqui

As stated earlier in this report, on two occasions small ice islands
were observed apparently grounded in the contiguous ice zone.

times an

Neither time could they be found.

Only on one occasion was anything like this observed and it was
ble to verify the ice island possibility. (Actually, the image
red before the initiation of this project.)

Both
attempt was made to locate the islands on Landsat imagery.
In both cases, the islands had broken

into several fragments.
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" We now th1nk that the best assessment of the number of ice 1s]ands
could be made by using summertime 1magery of the polar pack. The
ana]ys1s would consist of 1ook1ng for 1arge pieces of ice with perhabs‘ a
“small ‘polynya to one side. Weekly observations should show a shghtly
d1fferent trajectory for an ice 1s]and over ord1nary pack ice.
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Beaufort Sea

In this section, the results described in Section VI are

ted in terms of seasonal morpholegies of the Beaufort Sea near-
e regime. Based on these morphologies, an assessment of relative
has been made for the Beaufort nearshore area.

'development ‘of a’complete nearshore morphology should be based
alysis of statistical data from several years where average

ns and deviations from avefage'conditions have been determined,

by detailed analysis of specific individual events to test the

ve years'“étatistiéa] data has been compiled and related to

ice events observed during the period of study. Rather than
nsidered a completed product, this analysis should be considered
ng point for further study. " '
ice year has been broken into two periods: Late fall to early
and mid-winter-to late spring. A map has been prepared for each
howing areas‘df're1ative1y uniform-behavioral characteristics

n then be described for each area. These two periods include
The division was
splitting the period of formation of the most stable ice from

r period when this ice is essentially static.

s when ice hazards appear to be-greatest:

Beaufort Sea Nearshore Ice Morphology

e Fall to Early Winter Morphology Map

Thi
- sta

s period includes the time of freeze-up to the establishment of
ble ice within the nearshore area. This period roughly corre-

spo

nds to early November through late January. Unfortunately, very

few direct observations of ice conditions during this period are

ava
Nov
bed

ilable; in late fall cloudy conditions prevail and between late
ember and early February no Landsat data is normally obtained
ause solar depression angles less than 6° generally do not
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provide good imagery. However, this project was able to arrange
with NASA to obtain imagery at solar depression angles down to 0°
during fall, 1976. These images were found quite useful even at 0°
solar elevation angle. ) .

Other than ,interpretation of the few fall images which were
.obtained, 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 pre-
sented in the form of a map of the Beaufort Sea nearshore area
showing areas having statistically uniform morphology conditions.
Thesg conditions are described in the legend to the map. -y
2. Mid-Winter to Late Spring Morphology Map . :

The morpho]ogy of nearshore ice during this-period has been deter-

miﬁed by diréct 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,
tepsion and tidal cracks appear and "work" as conditions change.

Other areas are nbw static and have very little chance of major

failure resu]tihg in shear-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 20-meter isobath and then returns to that vicinity during

dynamic ice events. : .

The morphology of nearshore ice during this period has been
summarized in.map form. Based on the statistical data, zones have
been delineated which can be described in terms of a uniform ice
behavioral pattern within each zone. The behavioral patterns have
been described in the corresponding legend. "

3. Beaufort Sea Ice Hazard Map . _
Based on the Beaufort Sea seasonal morphologies, an assessment of
relative hazard during the several phases of offshore petroleum
_development has been made. The hazards identified are, of course,
related only to those aspects of the general, over-all ipe mor-
pho]ogiés identified here. These hazards include:

[



Beaufort

- Conclusions

a) -~ the relative safety of. field crews operating:‘on the ice
b) possible ice motion endangering drilling operations from

“pile structures, etc.):

c) the probability of ice piling events posing obstruction
to.'rapid surface evacuation from potentially hazardous
situations - . .

d) the potential for ice piling events and subsequent damage
to undersea structures- from the subsurface structure of

{ . the piled ice

e). the potential for increased bearing load against bottom-
- founded structures as a result.of piled ice

The Beaufort Ice Hazard Map shows the coast with .several major

hazard zones delineated. The-hazard zones have been chosen on the

- bas

is of a rather uniform hazard potential within each zone. The

zones have been grouped into 5 major zones based largely on pro-

bab
the
fol

ility of ice edge occurrence and subdivided further largely on
basis of ridging probability. Each major zone is described,
lowed by: descriptions of the subzones.

temporary structures (anchored drill ships, ice structures,




Legend - -Beaufort Late Fall to Early Winter Morphology Map

- 1.

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 location 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 January; 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 locations.

Because of their large draft, multiyear floes do not penetrate into
this zone but tend to pile up along the 10-meter isobath where they
ground and become anchors for ice located shoreward. )

I1Ia-h. These areas are the active shear zone as soon as the anchor-

ing floes are established along the 10-meter isobath. Shear-ridges
form within this zone, adding strength to the newly formed ice
sheet. The sheet quickly builds seaward through growth of new ice,
attachment of floes, construction of new ridaes and grounding of
multiyear floes. The dashed line represents the mean seaward
boundary of this activity. However, it should be recognized that
in the absence of disturbance, ice contiguous with the shore can
extend over 100 km seaward, remaining in place for weeks at a time.
On the other hand, until 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 usually from east to west. When forces

act to cause compression along the line of contact between moving



Beaufort

I1a.

IIb.

Ilc.

I1d.

Ile.

" bath

~ this

_can
~event, there is a high probabi]ify of new shear-ridge formation

- Early Winter Morphology

and stationary ice, shear-ridges are fqrmed. This ridging activity

ridg

'appéars'to be greater ‘in some areas than in others. Details of

ing activity are given in the following subsections.
This rather large area strétchﬁng.from_Cape Halkett to Barrow

has rather low ridging activity, although lead formation appears to
be rather fréquent. This would suggest a relative absence of

comp

year
east

essive forces along this portion of the coast.

Moderate ridging occurs in this area early in the ice

as a result of ice being driven into Harrison Bay from the
This activity soon ceases as}a_resu1t of the increased

strength created in the ice. Thereafter, coastal ice motions are

defl

stre
the

the

ééted along zone Ilc. ‘

This zone of moderate ridging is created after the increased
ngth of ice in zone IIb halts motions into Harrison Bay from
east. Because of shoals just shoreward of the 20-meter isd-

, large draft multiyear floes act as anchoring mechanisms for
sheet of ice to the shoreward (Zone ITI). Ridges created in
zone during early winter have a high probability of remaining

in pllace the entire ice year.

This zone of high ridging frequency begins approximately

at the 20-meter isobath and extends’ seaward to the vicinity of the
40-meter isobath. Ridges in this zone are not well grounded and

be severed by lead formation. However, following such an

along the boundary of the opened lead. A1l along this zone, from
Mikkelson Bay to a point off Cape Halkett, long, highly identifiable
shear-ridges can be formed by the combination of motion of pack ice

towa
fast

west
a]tn

rd the west and by compressive forces as it is held against the
ice.

This is a zone of moderate ridge formation extending from the
side of Camden Bay to Mikkelson Bay. It is presumed that,
10ugh westward slippage of seaward ice takes place here, similar

to Zones IIc and IId, compressive forces are not as great along

this section of coast. As a result, shear-ridging is less pronounced.
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IIf.

Ilg.

ITh.

III.

This is a’zone of high ridgihg 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 Februa;y. 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, the ice simply fails in tension and pulls away from the shore
with the result that no compressive components exists to form large
shear-ridges. If, on the other hand, the wind is from the west,
the ice piles in compression here and fails in shear to the north,
forming Zone IIf. The compressioh piles are not as visible as
sheér—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 motion
with the result that éast winds can cause creation of shear-ridges.

This is an area of low ridging 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 §hear-ridges form to the seaward
of the shoals, providing additional protection.
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Legend -

Ia.

Ib. "

Ic.

IT.

fsyst
‘| Zone of mid-winter to:late spring flaw lead formation. The

well

~flaw
" within category II). Hence, except for opening and closing of

Beaufort Mid-Winter to Late Spring Morphology Map
Stable fast ice. The ice within this classification is usually
formed by the beginning of February. With one possible exception

- (denoted Ib), the ice in this category is sufficiently stable that

leads form to the seaward throughout this period-(somewhere

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.

" this

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

smooth ice can be found.

L

Zone of moderate ridging. A variety of conditions can be -

encountered reflecting conditions during time of freeze-up. Multi-

year

syst
also

- some

thos

-~shea
Id.

floes may be encased in a matrix of new ice. Large7f10és of

- worked, first year ice may be broken by smooth, frozen-over lead

ems.  Pressure ridges can be expected in these areas. There is
a moderate probability of encountering a- Shear-ridge created
time during freeze-up. '

Zone of intermediate ridging. Ice conditions are similar to

e described for zone Id. However,' the probability of large
r-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 not

formed in-their present location. A great deal of ridging and
presisuring has taken place, creating large grounded hummock fields
in some areas. Note that these areas occur along the seaward
boundary of stable fast ice and often at points of inflection of

this

area
at a
shea

boundary. These areas are the main'anchors of the fast ice

em. -
s within this classification are prone to flaw lead formation

ny time during this period. Following flaw lead formation,
r-ridging may occur, the lead may freeze over and remain static
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for weeks at a time, the recently frozen lead may close, creating
shear- and pressure-ridges, or the leads may open yet again.
However, it is also possible to have an extensive sheet of stable,

_unbroken 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 criterion for the subdivisions within the zone.

IIa. " . Zone of moderate ridging with a high probability of flaw lead
formation. Ice behavior is related more to the Chukchi Sea morpholoay
than to the Beaufort Sea. _ 1 :

IIb - = Zone of relatively low ridging probability, but prone to flaw

~ lead and polynya formation during this period.
IIc. Zone of moderate ridging, prone to flaw lead formation during
, - this period. w | L ‘
IId. = Zone of intermediate ridging prone to flaw lead formation.
I1le. . Zone of flaw lead formation with greatest probability of ridge

formation. Very often long shear-ridges can be observed running
the length of this zone. : e S

LIf. Zone of flaw lead formation with intermediate ridge formation

frequency. L
IIg. - * 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).

IIh. ~ Zone of flaw lead formation with moderate ridge probability.

II1. Zone of flaw lead formation with low ridge probability.

II3. . Zone of low probability of flaw lead formation with lTow ridge
probability. . o o

III. 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 zone I. Pressure-ridging is a frequent phenomenon in
this zone and shear-ridging can occur, but the probability is much

- lower than in ‘the II zones. .
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Legend - Beaufort Sea Ice Hazard Map

o

This zone represents the most stable ice along the Beaufort

co?st.'_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
;coAsists of water less than two meters . in depth. The significance
of (this zone is that by late winter, the ocean freezes.to thié
depth hence after that date this subzone should be very stable.
Thé second subzone consists of the balance of Zone I and contains
depths as great as 10 meters. These two subzones have not been
digtinguished because the difference of hazards between the two has
not been considered here. ' ;

The greatest source of hazard observed to occur in th1s 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 meters. (ften the new ice formed ip
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 large piece of equipment and its driver were lost

when an attempt was made to drive across a frozen-over tension

crack. There appears to be some repetition of these cracks: one
ma%dr tension crack appears annually between Thetis Island and
Olgktok Point. C -

Ridging only occurs within this zone early within the ice
season with the participating floes generally on the order of 30-40
centimeters in thickness.. Major ocean floor plowing should not be
exLected from these events. After December and January the active
- edge of ice is well seaward of this zone.. No ice failure events
which indicate deformation have been observed to occur within this
zone between the end of January and the end of May. It is estimated
that an event resulting in a 20 meter lead wou]d have been observable

by| the techniques utilized here
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IIa.

Like Zone I, this zone consists 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

A

Zone I. In the four year observation period reported here, failure

“to the point of large scale displacement (1.0 km) was not observed

within this zone during late winter and early spring.
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. 0il spilled
under this zone should encounter-a relatively smooth undersurface
and might spread’'significantly for an under ice spill. This pro-
cess would be aided by tidal and barometric.pumping of water in the
confines between the ocean floor and bottom of the ice.

This zone "is adjacent to Zone I and parallels the coast from
Barrow to Barter Island. Its chief distinction from Zone I is that

‘within it there is a greater ridging density. During .winter and

spring few hazards would 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 zone. The failure resulted in crack formation in a stress

" release pattern with displacements on the order of a kilometer.

Complete failure accompanied by shear-ridge or lead formation was
observed on one occasion and has. led to the distinction between
Zones IIa and IIb. . The probability of lead formation is low and
the probability of encountering major obstructions during an
attempt to escape lead-forming events is not very high.

- This “zone does contain the shallow areas just seaward of the
Barrier Islands, however, and is often seaward of the 10-meter
isobath, although generally contained by the 20-meter isobath. The

T
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I1b.

Ilc.

IId,

ridge density was observed to be greater than in Zone -I and con-
seq&ent]y ice piling events by older and thicker ice than in Zone I
are|likely. = = .. P, - T »

0i1 spilled. in this zone would encounter a somewhat rough
under ice surface and therefore would spread less than in Zone I.
Similarly, however, clean-up operations would be hampered by the
ice sdrface_ropghness. ; _ .

~ This has been designated a- separate hazard area from Zone Ila
because of one lead-forming event occurring along the dotted line
diskinguishing these two zones. It is interesting to note that
werL;zone IIb not recognized, this would be the only significant
areL in Zone Ila seaward of the 20-meter isobath. However, the one
lead-forming event observed indicates that this area is not as

stable as the balance of Zone ITa and should be distinguished.

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

This is an area of relatively smooth ice surrounded by ice
which is rougher in terms of the number of major ridge systems. It
has often been found:to contain floes of varying ages surrounded by
younger ice. Generally, however, both are annual ice. This has
been determined to be a zone of relatively low hazard to surface
trJve]. Dynamic ice events appear to be at a local minimum.
Deﬁormation and lead formation have not been observed during winter

“and spring. 0i1 spilled under this ice might spread and could be

channeled by the smooth undersurface of the newer ice surrounding

|

the older floes. _
Ile. These -are areas of heavy and moderate ridging respectively,

- Tocated inshore from the average location of flaw leads. -These

areas are stable and often contain large areas of grounded ridge
syétems.__The chief hazard to personnel performing surface opera-
tions comes from the probability of lead formation, compounded by
the difficulty imposed on attempts at rapid escape by the large
ridges. 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, then, that structures

61




Beaufort - Ice Hazard

IIf.

placed in these zones could bear the "load of ice piled from several
meters above the sea surface all the way to the ocean floor.
0i1 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 de-

pending on proximity to the average location of flaw leads where

- 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 zone's seaward edge. Some
deformation and accompanying displacement has been observed in this
region. during winter and spring. However, flaw lead formation and
hence, contiguous ice edge, has not been observed in this zone
during this period. ' '
Structures placed in this region could be confronted by
massive ice piles and, in fact, large hummock fields have been
observed in this zone. 0il spilled under this zone would encounter
fairly significant resistance to its spreading as a result of the

* under surface roughness of this zone,
I1g.

This is a zone of severe ridging located shoreward of the

.shoreward 1imit of the observed envelope of flaw leads. Located
' .northwest of Cross Island, it is often the site of massive shear-
-ridges formed .in November and early December. Many of these ridges

are apparently We11—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 or by displacement

along a 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,

available to exert relatively large forces.
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IIh.

I1i.

I1].

Jice.

. Zone|

An 011 spill would tend to pool under this ice and thus be

contained.

port

This zone is the east end of an area of severe ridging. This
on lies shoreward of the flaw lead zone. Hazards in this zone

. are essentially the same as those described for Zone IIg.

This is-a rather large zone of moderate ridge density lying

shoreward of the shoreward edge of winter and spring contiguous

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

1ies seaward of the 20-meter isobath. - This circumstance might

raise a question concerning the stability of that portion. Cer-

tain]y there is very little reason to believe that ridge systems in

thesL rather deep waters are grounded. However, this ice is stable.

The apparent reason is coastiine geometry. .

This area is statistically safe for surface travel. However,

considering the above observation, escape precautions should be

made

when operating beyond the 20-meter isobath. )
Structures placed in this zone could encounter major ridging

events. Deformation could take place in the exposed region and
dislocation.is a serious possibility in the region beyond the 20-
meter. isobath. 011 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 than 20

meters.

lead

This is a zone of severe rfdging located shoreward of the flaw
zone. - Because this zone lies seaward of the 20-meter .isobath,

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 quickly. .
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‘possibility of ice island transects across the zone during open.
“water and freeze-up periods. " ‘

Structures placed in this zone would not only be endangered by
the possibility of major ridge-building events but also by the

L)

An under-ice o0il spill located here would probably not spread

- greatly -as a result of the enhanced underwater topography.
I1k.

This is a zone of moderate ridging lying to the east of
Barter Island. "Like-Zone 11j, 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 proba-

' bility of-a major ridge confronting a structure is diminished and

ITI.

"the pooling effect of an underwater o0il .spill is similarly decreased.

* 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 Beaufort flaw lead has frozen in
this vicinity, a vast area seaward of this area is often consti-
tuted of contiguous ice. ' The term "flaw lead" looses its signifi-
cance during this period. However, when a flaw lead does appear it

- has the greatest probability of occurring within Zone III.

_ Hazards in Zone 1II 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 possib]e.'

‘Under-ice 0il spills located within this zone face a high proba-

bility of exposure to the water surface through the creation of
flaw leads. '

In Zone II, the high probability of ridging indicated that the
ice in that zone probably remained static throughout winter and
spring. But fh Zone III the high probability of ridge formation
couples with flaw lead formation to produce a very unstable environ-
ment. o '

&n
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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

ITIa.

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

Seas. It represents an area of moderate ridging and a very narrow

focus of flaw lead location. It should be considered extremely
hazardous for surface operations. Structures placed in this zone
wou1$ be confronted by almost constant ridge-building events. An
oil épi]] located here would be pooled significantly by the ice

bottgm.topography but would also face a high probability of ex-

-posu‘e to the water surface and incorporation within the ice over a

-large area through lead and ridge activity.

“111b.

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
cons dered.extreme1y hazardous for surface operations. - Structures
p1aced in this zone may have a. low probability of encounterihg

major ridge-building events.  However, their interaction with the

ITlc.

often newly created .ice within this zone should be considered
care#u]]y, Further, the probability of ice island visits may be
enhanced by coastal cconfiguration here. 0il spilled within this
zone would have a high probability of incorporation into new ice
and transport with pack ice motion.- .. -~ ¢ .»

| 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

. Tow probability of encountering a major ridging event but ice

- disland-visits would. be quite possible. Qi1 spilled under this zone

ITId.

would not be pooled.by major ridges and would have a high pro-
babillity 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

AE
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of ridge-building events, few impediments to ice island visits and
a good chance of being located seaward of the flaw lead. For
these reasons the zone should be considered hazardous for each of

" the activities considered here.

ITTe.

+~This is a relatively small zone of moderate probability
of major ridging located inshore of Zone IIIf (described below)

- possessing a high probability of major ridging. It is generally

stable but flaw leads have cut across it. -Presuming suitable
precautions are taken, surface operations could be performed in
this zone. Structures placed here ‘could be confronted by major

-.ridge-building events. There is a-low probability of ice island

visits due to the bathymetric configuration. 0i1 spilled under

< this zone would. very 1ikely be:pooled by the bottomside ice con-

ITIf.

figuration. S T

This is a large zone. of high probability of major ridging,

-running.parlee].to the coast from Harrison Bay to Flaxman Island.

This zone also has a high.probability of containing the flaw ‘lead.
Because it is largely located over waters deeper than 20 meters,
there is a good chance of an fce island visit.

Surface operations ‘in this zone should. be considered fairly

‘hazardous 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 the
potential for ice island visits.” 0i1 spilled under this zone would
very likely be pooled significantly by the underside configuration
of the ice. - 0i1 would probably incorporate quickly into ice piles

~-through lead formation and ridge-building events.

Illg.

This is a narrow zone-of 1light ridging located beyond Zone
IIId. The hazards related to this zone are essentially the same as
the hazards in Zone 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 proba-

Jbility of major ridging is decreased.

IITh.

This is a zone of low probability of major ridge-building
events but with 1ittle obstruction to ice island visits. The

fagf =4
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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
situétions to nearby points but not escape to shore by surface
transportation. Structures, while largely free from major ridge-
building events could be confronted by ice islands. An under-ice

oil -spill would probably spread significantly and soon be introduced

" into|the pack ice.

IIIj.

Iv.

This zone possesses a low ridging probability and a high
probability that flaw leads are located to the shoreward. Hazards
are éssentia]]y the same as Zone IIIh.

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 Lazards, it has been differentiated from Zone V- wh1ch is
Lt1a11y pack ice. '
Surface operations in this zone should not be performed with-

esse

"6ut provisions for non-surface evacuation. Structures placed in

this|zone will be subject to the possibility of major ridge formation,
while ice island and floeberg visitations are entirely possible.

0i1 spilled under this zone would tend to be pooled significantly-

by major rldges but would also -be subject to introduction to the
ocean surface during lead-forming évents. ) : ‘

This zoné is esséntially -the pack ice zone. Here,-influence:

of shore-on ice morphology and hazards has been reduced to regional
influences. In the region north of the Beaufort Sea, there are

‘periods of stable ice extending up to six weeks duration. During-
‘that| time, field operations could be carried out here subject to”"
-the provision for non-surface evacuation. The relative danger'is'

actually diminished ‘from that in Zones III and IV because of the
smaller chance for major shear deformation in this zone. An under-

“ice oi]-spi]] would essentially be a spill into pack ‘ice.

ttas '




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

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 large area of static ice with an occasional larger area
attached, there is an 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 method from the morphology of Beaufort Sea ice.

Two fundamental ice features have been utilized to construct the
Chukchi morphology 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 offshore during winter and advancing toward shore with advancing
season. The-location of large ridge systems appears to be controlled
mainly. by bathymetric configuration.

Because of this relative independence, the major influence or
change in the nearshore morphology is the changing, location of the edge
of contiguous ice. Lest this seem an oversimplification of the near-
shore morphological processes, it should be pointed out that in some
places a direct relationship between the two processes has been noted.
In particular, shear-ridges north of Bering Strait have been observed to
build seaward, thereby extending the edge of contiguous ice in that
direction. Elsewhere, the edge of contiguous ice is retreating toward
shore. ‘ _

The Chukchi Sea ice morphology maps have.a very different appear-
~ance from the Beaufort Sea Maps. One major reason for this is the
opportunity for ice to move out Bering Strait. A1l during the late
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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 prominent capes and headlands along the coast.

the edge

Farther south,
of contiguous ice between headlands is more poorly defined and

the ice contained is 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 Lispurne.

Lisburne

polynya. | . _ ) .
South of Point Hope the effect of ice motion out Bering Strait is

Just south of Cape
and north of Point Hope is an area with a constantly reformed

even more prominent. Another recurring polynya formed by southward ice
motion, occurs just southeast of Point Hope. Kotzebue Sound is generally
covered by stable .ice during much of the ice year, but the presence of a
zone of weak and often moving ice just seaward hints that this sheet of

ice is potentially unstable.

At
north of

- shear ridges are built during ice motion out the strait.

- Bas
section,
ment has
hazard d:
area.

The
used to
possible
ice pili
events,
area.

! The
descript

the southern end of the Chukchi. Sea is Bering Strait. Just

‘the strait is a large system of shoals where large extensive

3

Chukchi Ice Hazards
ad,on‘;hg Chukchi Sea morpho]ogy.déscribed in the previous
the question of hazards related to offshore petroleum develop-

been -addressed. The Chukchi hazard map shows a number of

points addressed include: the safety of crews and eduipment
perform surface exploratory operations, an assessment of the
load-bearing ice surface imposed.on structures resulting from
ng events, the possible plowing of the ocean floor by ice piling
and the possib1e fate of petroleum spilled in each descriptor

- following table describes. the hazards related to each of the
or areas defined on the Chukchi hazard map.

69

escriptor areas having relatively uniform conditions within each



Legend - Chukchi Sea Ice Hazard Map

1. This is an area 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. North of Barrow,
this zone narrows to a strip 200 meters wide.

This is not an area of major ridging and surface structures
would be subjected to a minimum of hazards resulting from ice
ridging or keel plowing of the ocean floor. Fall and early winter
0il spills could be transported away or incorporated into permanent
ice. From early winter until breakup, under-ice spills would
remain trapped except for transport through occasional tension and
tidal cracks.

2. An area of moderate ridging formed early in the ice year, this
area is generally 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
0il spills are very 1iké1y'to be transported away with ice motion.
Later spills are 1ikely 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 transport of the oil.

3. An area of moderate ridging formed early in the ice year is
subject to lead formation with low probability from January throqgh
March. Lead formation is very likely after that date. Surface
travel is least hazardous during January through March and moder-
.ately 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
moderate ridging and keel plowing of the sea ice at almost any time
dufing the ice year. 0il1 spills would be Subject to transport or
incorporation into piled ice at any time during the ice season. The
longest period during which an 011 spill would not be subject to
ice motion is on the order of two to three weeks.
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Th1s 1s an area subject to moderate r1dg1ng act1v1ty at any

time dur1ng the ice season. “Since lead formation is ‘frequent as

i' well, surface trave] is extreme]y dangerous here at any time and is
"actually 1ess hazardous farther offshore Surface and subsurface

structures are subqect to damage by ice p111ng and plowing during

the entire ice season. 0il spilled in this region during the ice
season would soon become subject to lead pump1ng and incorporation

‘i'into ice piles and ridges. There would ‘be a h1gh probab111ty of

" transport within one week of the sp111 C]eanup attempts wou]d be

made d1ff1cult by the poss1b111ty of ice motion.

- An ‘area of severe r1dg1ng seaward of the normal edge of stable
ice, this is an extremely hazardous area for exp]orat1on act1v1t1es
anytwme dur1ng the ice season.” In add1t1on, surface structures
would be constant]y subJected to p111ng events and damage by ice
hée] plowing. " 011 sp111ed in this reg1on would very likely be

lincorporated into p11ed 1ce, pumped onto ‘the- surface by lead activity
' and ;ncorporated 1nto new]y formlng ice w1th1n leads.

An area of severe r1dg1ng just shoreward of the mid- w1nter

redge of fast 1ce, th1s reg1on "should not be cons1dered stable.

However during mid- w1nter, 1ce here m1ght remain in p]ace two to

" thrée weeks at a time. By m1d spr1ng, the boundary of fast ice is
" located along the shoreward edge 'of this zone '

\

| The safety of surface’ operat1ons in th1s zone is s1m11ar 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 1ce
conditions.  The' increased’ p111ng in this area 1ncreases the

prob b111ty of part1es be1ng caught in truly hazardous s1tuat1ons
Camps should not be estab11shed in this area.

' Surface and subsurface structures wou]d be subJected to damage

by 1ce piling and plowing, perhaps as severe ‘as any p]ace along the
Beaufort/Chukch1 coast. Of1 spills generally would be located

under mobile ice that is subject to piling events most of the ice
yearl During mid-winter, spills might be trapped under stationary

. A
ice for as long as six weeks. Lead formation is a possibility at

any time during the ice year.
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7. This is an area of severe ridging just offshore from the
springtime edge of stable ice. It is generally stable from mid-
yW{hter”to mid-spring,;but because the configuration of Point Barrow
'exposee ice to the possibility of occasional dynamic ridging events,
‘even this area should be considered hazardous for prolonged surface
aetivity The hazards associated with this zone are similar to
Zone 6 except that there is a Tonger period of up to two to three
months when the ice may not be subject to motion.

8. “This area is subject to severe ridging and lies offshore from
the late spring edge of contiguous 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 exp]oration activities are not extrehe]y hazardous.

| However, because of the wide variation in location of the spr1ngt1me
| edge of fast ice, this zone should be viewed cautiously.

Surface and subsurface structures wou]d only be subJect to
damage by r1dg1ng and plowing events genera]]y at the beg1nn1ng
(November-December) and end (June- July) of the ice season. O0il

_sp1115 in this zone during November and December could be trans—
ported away with nearshore ice mot1on or. 1ncorporated 1nto ice ‘
~piles w1th1n this zone or even inshore of this zone. From December

'_unt11 ear]y June, an under ice 011 sp111 wou]d most likely remain
" trapped under the ice in this area. After June suff1c1ent leads
‘and cracks exist that the oil could be pumped to the surface by ice
' activity. ' ,
9. ’_ An area of moderate r1dg1ng formed ear]y in the ice year, this
 area is located offshore of the 1ate spring ice edge but inshore of
~ the early spring ice edge. This zone is similar to Zone II on the
Beaufort side of Barrow in terms of hazard and is genera]Ty safe
for surface travel . from January through June. Chances of seaward
\ lead formation increase with the advance of the ice season. Moderate
hazards to structures'exist resulting from ice piling and ice keel

o
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Ice Hazard

ing. Fa]T and early winter oil spills would probably be
sported away with any ice motion. Later spills are_]ikély to
rapped under the ice and pooled between ridge keels until

ng. 7 _ -

This is an area generally free from major ridges running from
h of Barrow to near Pt. Franklin and is located seaward of the
spring ice edge but shoreward of the early spring ice edge.
use .of the wide vériation of the ice edge in this region, the
ription of this area and Zone 11 should not be considered

rely accurate. One reason for the.wide variation of behavior
is the location of these areas in waters considerably deeper
20 meters, and hence, the.absence of significant grounded ice
ures to provide anchoring mechanisms for fast ice. K This
ation;is reversed on headlands (Pt. Barrow, Pt. Franklin, Icy
, etc. ). where many of- the identified nearshore zones are

ted within the 20-meter isobath.

This area tends to be free of lead activity from mid- w1nter
1-mid-spring. However, surface travel should be considered
rdous even at those times because of the wide variation in
vior mentioned,above. Surface and subsurface structures are

urface o1l spills may be pooled under-stationary ice for up to
nth at a time but lead activity and ice motion would eventually
1t in the: pools of. 0i1 breaking up and, being redistributed.
This area, which is generally free from major ridges, runs
south of Pt. Barrow to north of Pt. Franklin and is located

seaw

wint

boun

.Ccri

|
bili

possibility is generally restricted to the period December-February.
This is a broad zone subject to moderate ridging, extending from

[

Barr

ard of the early .spring ice edge but shoreward of the mid-

er ice edge. For the same reasons .described for Zone 10, the
daries of this.zone are not well defined. . The hazards des-

ed for Zone 10 also apply ‘to this, zone. . However, the proba-
ty of stationary ice here is even less than in Zone 10 and the

ow to Pt. Franklin and located shoreward of the late spring ice

tively free from hazards due to major piling and plowing events.
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13.

edge.  Although this is a generally stable zone with some grounded
jce features, the relative hazard to surface travel increases’
seawardly. Some-lead activity has occurred here during winter
mqnths, although this area is statistically stable from December

- through late June.

Under-ice 0il1 spills would be trapped under generally 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 (November-December) and late

' (Juné—du]y) in the ice season.

. This zone of ice extends from shore to an area of moderate
ridging and is entirely within the late sprihg'edge of ice, being
wide in areas of embayment and narrow across headlands. Although
this zone 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 in this zone is dependent on conditions at the
time of final freeze-up, which usually occurs by the end of December.
The ice surface topography will vary from location to location and
from year to year. The surface can at times be sufficiently smooth
for the operation of wheeled vehicles. At other times, it consists
of a jumbled pile of small plates of ice about 30 centimeters thick
and 2 to 3 meters across presenting a major obstacle for even foot
travel. Ridging generally does not occur in this zone. In fact,
ridging usually forms ét the seaward boundary of this zone.

Structures placed in this zone 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 meters thick,
and considerable expanses of the ice in this zone will be frozen to

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

such as Pt. Franklin. Because of this and the long 1ife of the ice
zone, under-ice oil spills could spread considerable distances

-along this zone.

A
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14.

15.

16.

Th1s zone adJacent to Pt Frank11n appears to exh1b1t ice
behav1ora1 character1st1cs somewhat d1fferent from 1ce zones
adjacent to other head]ands Very 1ittle maJor r1dg1ng appears to

' occuﬂ here and the edge of cont1guous ice. var1es 11tt1e from season

to season. This behavior is apparently due to the fact that the

'oceaT f]oor profile drops off rapidly to 20 meters along this

section of coast and the same prof11e is ma1nta1ned much of the

'1ength of this region. Hence, ridging resu1t1ng from d1fferent1a1
'mot1 n under compress1on ("shear ridging") is confined to a very

narrow zone and may not be of suff1c1ent w1dth to be detected on a

Landsat 1mage Th1s _zone may be qu1te narrow and may consist of a

single shear r1dge perhaps ‘50 meters wide.
Th1s zone is hazardous for surface travel because of the high

, degree of act1v1ty W1th1n it and structures would be endangered by
“the onstant ice mot1on

Th1s is a broad zone of moderate r1dg1ng 1ocated seaward of
ate spr1ng edge of cont1guous ice but shoreward of the mid-

the 1

~winter ice edge The variation of the edge of this zone is relatively

small, hence, the boundar1es of th1s zone shou]d be cons1dered
fairly well defined: ‘ . ;

. |Surface travel in th1s zone should be re1at1ve1y safe from
December through 1ate March, with 1ncreas1nq r1sk toward the sea-
ward s1de Structures p]aced here wou]d be exposed to, moderate
rjdgfng before December and after March. Underwater 011 spills
would be conta1ned under the ice from December through March and

_ subJect to transport at other times.

L

This is a zone of moderate r1dg1ng 1nshore of the late spring
edge of ice and 1ocated between Pt. Frank11n and Icy Cape This
zone |is generally stable from December through‘1ate‘March and could

" 'be used for surface exploration with.a,reasonable degree of safety

" during this period. Structures are subject to ice motion, piling

and plowing before December and after April. Under—ice 0il spills
could be expected to be trapped under the ice. '
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17.

18.

19.

This is a continuation of Zones 13 and 1. Though this zone
hay'be free of ridgihg, the surface can vary considerably from

place t0'p1aee and from year to year. (See description of Zone 13.)

This is a zone of re]atiVe]y stable ice between December and
February and has a high probability of spatial variation. It is

‘=1ocated off Icy Cape and seaward of a zone of moderate ridging.

A]though stable contiguous ice ex1sts here from time to time, its

'su1tab111ty 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 motion at any time dur1ng the ice
year with stable ice perhaps two weeks 5t antime between December
and March. 011 spills under this region wouid soon be introduced

into the pack ice.

This is an area-of severe ridgin§ located between the early
spring and late spring boundaries of cont1guous ice. This zone
lying off Icy Cape is located over B]ossom Shoals with water depths

* on the order of 6 meters. Early in the ice year ice grounds on

these shoals and remains stranded until the edge of eontiguous ice
retreats back across the shoa]s with the advance of the ice season.
This particular zone includes the stranded piled ice which is
broken free between March and May-Jdune.

"~ Under normal conditions surface travel on this zone would be

're1ati9e1y safe between late December and May. Structures chated

here would be subjected to severe ice piling events during"November

“and December, but after that time structures would be insulated

from piling events. O0il sp111ed 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 pos1t1on of the zone can

* *vary on the order of its own width.
20.

This zone is a region of severe ridging located inshore of the
late spring edge of fast ice. This zone is otherwise s1m11ar to
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19.. The hazards to surface travel in this zone are . con:
rably less than in Zone 19, although the-ridging might make

e] difficult. .

-This is a region of moderate ridging with an adjacent zone of
re ridging located between the mid-winter and early spring

s of ice. This is an active area during the entire ice year
perhaps the exception of a few weeks between December and

h. The variation in the 1limits of these zones is sufficiently
L to prevent precise determination of their location. Also,
%ding on ice activity, ridges created in these two areas may be
Ln away to drift with the pack ice. .

Generally, these two areas are extremely hazardous for surface
el. Also, structures located within these zones would be

ect to nearly constant piling and plowing except for perhaps

or two periods of several weeks in mid-winter. 0i1 spilled

r these two regions would soon be transported into the pack

F .

A zone of moderate ridging Jocated between the early spring
late spring edges of fast ice, .this zone is similar to the

adjacent Zone 19 except for ridge density. ~

edge

A zone of mid-winter contiguous ice extending from Icy Cape to

- Point Lay, this zone Ties between the mid-winter and early spring

s of fast ice. Along this section. of the coast the variation

of the mid-winter edge of ice is,Jarge‘and the width of this region

shou
ice

soon

The
on t

vary considerably. For this reason, the existance of this zone
1d not be depended upon for surface travel.

Structures located in this region would generally be free from
piling,and plowing events.  0il deposited under this area would
be transported into the pack ice region.

.This is a zone of reasonably stable contiguous ice located
yeen the early and> late spring boundaries of contiguous ice.
statistical variation of the positions:-of these boundaries is
he order of the width of the zone. Hence, its width and pre-

> Jocation can vary from year to year. .The ice within this zone
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26.

is 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 decreasing safety toward the seaward boundary. Structures in
general would not be subject to major piling and plowing although
this section of coast should not be considered entirely free from
ridging activity. Subsurface 0il spills within this zone would
geneﬁa]ﬁy remain trapped between December and April-May and,
because 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. |

This zone consists of two subzones: ice within the barrier
islands and ice outside the barrier islands. Within the barrier
islands the ice is essentially lagoon ice. It is generally formed
early (November) in the ice year and often melts earlier than ice
just seaward of the barrier islands. It 1s ridge-free but often
has working tension and tidal cracks. * 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. Underwater 0il spills would remain in place under the ice
for gkeat lengths of time, working to the surface through the
tension and tidal cracks. 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 variation of
its outer boundary is quite large, so the exact width of this zone
measured from the barrier islands will vary from year to year.

‘This zone is formed early in 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 hazards

— g
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- 27.

28.

29.

increasing significantly after early spring and.with distance from
shore. Structures placed in this zone would be subjected to rela-

: tive?y sma]] ridging and plowing events. However, it is very

likely that one or more small shear r1dges may become frozen into
the zone dur1ng the time of format1on 0i1 spilled under this zone
is 1ikely to remain until May or June..

. |This is a zone of moderate ridging 1ocated between the early
and late spring edges of ice. The early and late spring edges of
ice converge along this section of coast off Pt. Lay. The mid-
winter edge of ice remains much farther offshore. The. shoreward
var1at1on of the mid-winter edge of ice is quite high here, gen-
era11y co1nc1d1ng w1th the combined edge of early and late spring
fast 1ce This small zone. is reasonab]y safe for surface travel
until ear]y spring, but is 1ncreas1ngly hazardous after. that time.
Structures would be exposed to a moderate amount .of ridging and

~.plowing.. Underwater oil sp1lls would most 1ikely be trapped under

ice here unt11 mid-spring when 1ead -forming activity would introduce
the 011 1nto the pack ice. _
This zone of moderate r1dglng is located .inshore from the

'comb ned-ear]y{and late spring edges of contiguous ice. (See

description for Zone 27.) This zone is formed during November and
December and usually 1asts'unfil mid-spring. Early and late spring
data | show a wide variation in the boundaries of this zone. It can
be very narrow with flaw leads quite close to shore.

This area should be safe for surface travel from December

“through early March but w1;h 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
Decenber. 0i1 spilled under the surface in this zone would norm-
ally|remain in p{ace until May when 1t would be. introduced into the
pack ice due to breakup of the ice.

This is a zone of moderate r1dg1nq Just seaward of the com-
bined edge of ear]y and late spring contiguous ice. This zone is

'§ub3ect to_]ead formation generally after early March but the data

show | that 1ead formation has occurred at earlier dates. For this
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30.

31,

33.

reason, surface travel in this area is somewhat dangerous between
December and March and increasingly so after that date. The rela-
tive danger of surface travel is increased by the occurrence of
moderate ridgiﬁg'in the area, making escape from developing hazards
difficult. -

Structures placed in this area are subject to damage due to

" jce piling and plowing at nearly all pimes during the ice season.

0i1 spilled under this area would be introduced into the pack ice
through lead opening activity.

This zone of generally ridge-free ice is located inshore from
the late spring edge of ice and extends from Pt. Lay to Cape
Lisburne. This zone is actually an. extension of Zone 26 but is
much broader and has a somewhat different morphology. Occasion-
ally, ridge-building events can occur within this zone (see Zone
36) but long shear ridges are probably unusual. _

This zone should be relatively safe for surface travel between
December and April-May except during severe conditions when ice
piling can occur within the area. Structures placed in this area
would be relatively free from ice piTing events and bottom plowing
appears to be at a minimum. Under-ice oil spills wou1d normally be

- trapped under the ice between December and April.

32. These are zones of moderate and severe ridging respectively,
resulting from motion of ice past Cape Lisburne. Both are located
seaward of the mid-winter edge of contiguous ice and, therefore,
are notApart of the nearshore regime. However, these zones have
been included in this ana]ys1s to help exp1a1n the morphology of
the nearshore ice.

This zone of moderate ridging is located between the mid-

" winter and early spring edges of contiguous ice. The variation in

width of this zone is on the order of the magnitude of the average
width of the zone, and therefore, even between mid-winter and early
spring the stability of fast ice in this area is uncertain. There-
fore, this area is only marginaly séfe for surface travel. Examin-
ation of individual cases shows that the flaw 1ead is often located
within this zone. '
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34.

Because of water depths in this zone, it is unlikely that
structures attached to the bottom would be constructed. Any
structure located within this area would rarely be free from ice
motion for more than two to three weeks. Similarly, o0il deposited
undeJ the ice in this zone would soon-be incorporated into the
moving pack ice.

This two-part zone of ice, which is relatively free from
ridging, is located between the early and late spring edges of
contiguous ice. The zone is broken into two subzones by Zone 35.
The variation of'both boundaries is:low. Hence, between December
and March this area should be reasonably safe for 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 subject only to flaw lead activity
after that time. 0il deposited 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 basically the same with moderate ridging

37.°

intruding -into Zones 30 and 34. The formation of Zones 35 and 36
decrease the utility of zones 30 and 34 as avenues for surface
travel.” The mechanism for the creation of this zone is somewhat
different from the mechanism responsible for other nearshore areas
of ridging: while most other ridges in the nearshore area are shear

‘ridges, the ridges in this area are.better classified as "pressure"

ridges which are due to ice moving down the Chukchi coast and being

:drivén into the nearshore ice blocking that path. -

This is an area of severe ridging located in the vicinity of

shoals. off Cape Lisburne. This zone is ‘inshore from the average

edgeiof mid-winter contiguous ice but within the range of boundary
variation of that zone. 'Hence, this area should be considered the
Tocation of early winter ridging with moderate stability from mid-
winter to early spring. After that date, the edge of contiguous

ice generally moves shoreward.’ -

to
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38,

39.

40.

a1,

- The safety of this relatively stable ice ice is negated
somewhat by the presence of many ridges which makes rapid surface
travel very difficult. The best time for surface travel would be
mid-winter to early spring.

Structures placed in this area would be subject to a great
deal of ice piling and bottom plowing events. 0i1 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 paék ice. This
zone is related to Zone 32, but has less severe ridging.
This is a 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 zone is quite unstable.
Surface travel would be very hazardous at anytime. Structures
would be constantly subject to moving ice and piling events.

Bottom plowing ice keels would be frequent. 0i1 spilled under the
ice in this zone would be rapidly 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 and subject
to transport with pack ice.

42. These zones have nearly constant production of new ice. The
ice within this zone moves consistently seaward, leaving a polynya -
adjacent to Cape Lisburne over which new ice continuously forms.
The average edge of mid-winter ice runs across this area, dividing
it into two zones as a result of the formation of new ice during
that period. The shoreward variation of the mid-winter ice runs
very close to the shore as do the early and late spring average
contiguous ice edges. - ‘

This area is particularly unsafe for surface travel at all
times due to thin ice and open water. However, there is the inter-
esting possibility that bottom-founded structures placed here might

e Xp]
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43.

44,

45.

46.

be subject to a minimum of -ice hazards.. 0il spilled here would
quickly be incorporated into new ice and be transported 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:should be safe from ridging events and significant bottom
plowing. ‘0i1 spilled under this zone could be expected to spread
and then-remain between December and May.

A zone of intermediately safe ice located between the early

spring and late spring edges of contiguous ice. Because of the
.variation of ‘the’ boundaries, this is an area of transition between

the relatively stable Zone 43 and the unstable Zone 45 described
next. ' . ' T .

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 does exist in this vicinity but its
precise location changes frequently. This is an area:.where newly

forAed ice from the adjacent polynya is sometimes compacted and at
othér-times, broken away. It is generally unsafe for surface
travel. Structures placed within this zone would be subject to
minor piling events but probably very little bottom plowing. 0il
spilled under this zone during December through May will very
1ikely become incorporated into 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

of the zone ‘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 zone

\
would be subject to a minimum of ridging activity. An oil leak
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47.

48.

49,

“occurring under this area between December and May would spread
~along the underside of this relatively smooth ice and remain until

breakup in late spring or until a flaw lead developed, allowing the
contaminated ice to drift into the pack ice region. o

In this zone a recurring polynya is formed by the ice within
this zone and Zone 46, breaking away and drifting southward into
Zone 48. This area is completely unsafe for surface travel during
the ice season. However, a.bottom-founded structure would probably
encounter a minimum of destructive ice.conditions. - 0il spilled
under this zone would soon be %ncorporated-into new ice and subse-
quently into the 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 throughout the ice season. Considerable compaction of
the ice is evident on successive Landsat images. The ice in this
area grows in thickness due to both compaction and freezing of new
ice. : A ; _

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. 0il spilled in this area during the ice
season would become  incorporated into the thickening and compacting
ice. and would be slowly transported southward toward Zone 54. |

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 from 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. 0il spilled
under the ice in this zone would become trapped beneath the ice and
be transported with the ice during breakup events. The o0il could
also-be subject to lead pumping. The actual .length of ice trajec-
tories during these events is relatively small with the result that
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‘ *ice

“spil
for

;mland

1s of th1s nature wou]d probab]y be reta1ned in the v1c1n1ty
the balancé of the ice season. ‘

Th1s zone 'of ice is shoreward of the late spr1ng 1ce edqe
sat imagery of this area reveals linear features' wh1ch are

'probab]y shear’ r1dges running close to and para]]e] w1th the shore.

Beca
46,
“and

‘plac
Nove
thes

vspre

use of these shear r1dges, this zone was separated from Zone
-These r1dges are most likely formed dur1ng November and December
remain with ‘the ice in this zone until May.’ Dur1ng“th1s period,

** surface trave1 w1th1n this zone is. re1at1ve1y safe. Structures

ed here may be" subJect to some r1dge bu11d1ng act1v1ty in
mber and December and some bottom p1OW|ng m1ght occur dur1ng
e events 09T sp111ed under- the “ice could be expected to
ad " somewhat as a resu]t of the re1at1ve1y smooth undersurface

of ‘the 1ce in most of this Zone. It would then rema1n in place

‘unti

the

1 Apr11 “May. '
This large zone of reiatively stable ice is 1ocated'inshore of
late spring ice edge 1nc1ud1ng inner Kotzebue Sound During

’per1od of formation in November December, dynam1c “ice events

take p1ace 1n this zone; pressure and shear r1dqes may form,

part1cu1ar1y in Kotzebue Sound, creat1ng cond1t1ons hazardous to

stru
shou

ctures. Fo11ow1ng ‘that period and until’ Apr|1 th1s surface
1d be fa1r1y safe for surface trave1 011 sp1]1ed here during

November-December wou1d most Tikely be 1ncorporated 1nto the ice

somewhere within the Zzone - depend1ng oh the nature of the dynam1c

ice
out
“brea

earl

up's
“ce'

events’ dur1ng that per1od After that time, 011 wou]d spread
under the re]at1ve1y smooth surface of the ice and remain until
kup around ‘May. o . -

Th1s zone of 1ce w1th1n "Kotzebue Sound is 1ocated between the
y and late spring edges of fast ice. Ana]ys1s ‘of cont1guous

‘edge”variations shows that the ice within this zone is broken

ometime between ear]y and late’ spring. From December until the
breaks up, th1s area should be safe for surface travel. Struc-

‘tures placed within' this zone wou]d be subJect to r1dg1nq activity

© duri

ng November-December but’ genera]]y not after that date. b01]
. . . . -3 ‘ B : .
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54.
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spilled under the ice will remain until spring breakup and would
only be slowly transported away after that time.

This is a zone of moderate ridging located between the midi
winter and early spring average edges of contiguous ice and the
Tate spring average edge of contiguous ice. The ridges in this
area couid 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 would be subject to jce
piling events and bottom plowing at almost any time. O0il spilled
under the ice would become incorporated into broken ice within a
few weeks of a spill.

This is an area of moderate r1dg1ng Tocated outs1de the average
mid- w1nter edge of contiguous ice in outer Kotzebue Sound. The
ridges created in this area are largely shear r1dges and arise as
a result of ice moving toward Bering Strait. This behavior is
largely a continuation of the process originated in Zones 47 and
48. o ‘

This area is within the variation boundaries of contiguous ice
for mid-winter and early spring and could be considered somewhat

. safe for surface travel between December and March or April.

However, since this ice is highly prone to breaking up at all
times,.surface operations should include plans for rapid rétreat
from this zone. Structures placed within this zone would be subject
to ice piling events at any time. Bottom plowing is a]éo a definite
possibility in areas less than 20 meters deep during Novembe(

~ through April. 0i1 leaked under this zone would be trapped. in

55. .

pools between ridge keels and other keels related to the generally
rough surface of this zone. There is a high probability of ice
breakage and subsequent motion of ice causing 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 pushedfogt Bering Strait and
being compressed against contiguous ice in that process. This area
is occasionally within the contiguéus ice zone but has a high pro-
bability of being sheared or broken free. It is generally a very
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: dangerous area for surface trave1 Structures p]aced w1th1n this

'zoné would be subject to almost constant r1dg1ng processes and in

locations less than 20 meters in depth bottom p]ow1ng could be

expected to take place.. 011 Sp111ed under the ice in th1s zone
would temporar11y become trapped Since the ice in th1s zone 1is
frequent]y broken free, such trapped oil wou]d soon be 1ntroduced

1nto the pack ice.

56."' - This area of severe r1dglng is 1ocated offshore from the
' average edge of mid- w1nter cont1guous ice. This zone 1s similar to
::ione 55 except. that the dens1ty of r1dg1ng and the re1at1ve stability
s increased, (see descr1pt1on of Zone 55) but not suff1c1ent1y to
" consider this zone safe for sur.face operations.
57, 58. | These are zones of moderate and severe ridging respect1ve1y,
located 1nshore from the average edge of ear]y spr1ng ‘contiguous
ice jand offshore from the average edge of mid- winter cont1guous
ice. Fh1s s1tuat1on s reversed from the re1at1onsh1p of these two
' average edges e1sewhere a1ong the coast The variation of the
ear1y spring cont1guous 1ce edge is also 1ess than the variation of
the mid-winter ice edge These data support the concept of a
bu11d1ng up of stab]e ice in this area during ‘the winter and early
spr1ng port1ons of the 1ce season wh11e e1sewhere a]ong ‘the coast,
max imum bul]dup genera11y occurs by mid-winter. Presumab]y this
effect is a result of the near1y constant mot1on of 1ce out Ber1ng
Strait, creat1ng many para]]e], shear r1dges a1ong th1s area of the
coast. ‘
_: This area should be cons1dered for Surface travel on]y 1n
early spring. However, the surface roughness at that. t1me wou]d
impede evacuat1on attempts from dangerous ice conditions. Struc-
tures p1aced in these zones wou1d be subject to pressured 1ce
evedts throughout the ice season Bottom p10w1ng is a1so a d1st1nct
poss1b111ty at all t1mes 011 sp111ed under th1s zone has a high
probab111ty of entrapment in pressured 1ce '
59. | This i$ ‘an area of severe ridging 1ocated 1nshore from the
average edges of cont1guous ice for m1d-w1nter early spr1ng and

Qs
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late spring. Hence, this zone is formed early (Nov.-Dec.) in the
ice year and remainéruntil late spring or early summer. It is very
likely that this ice is securely grounded on the re]at1ve1y sha]]ow

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

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

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

surface roughness could create considerable logistical problems.
Structures placed in this zone would usually be subject to ice
p111ng and bottom p1ow1ng events early (Nov.-Dec.) in the ice yeap.
011 spilled under th1s zone would be 1ncorporated into piled ice
between November and December and entrapped under p11ed ice after
that time. During May, such oil would be released into the open
water with the breakup of the ice in this zone.

This zone contains a major transition of ice conditions. w1th1n

_the very short d1stance between shore end the average edge of

contiguous ice. It is interestihg to note that not only do the
average edges of cont1guous 1ce for each season coincide, but the
variations on the seaward 11m1t are very. sma]], indicating a

' near]y'constant jce condition for this zpne from December through
~late May. Further, although Tinear features parallel to the coast

can be identified on many images, it is difficult to establish
whether these features represent ridge systems or boundaries be-

tween ice types.

Based on the ava11ab1e 1nf0rmat1on and the morpho]og1ca1
behav1or pattern of ice moving through Bering Strait, ice in this
zone could be expected to form early in the ice year (December) and
remain_until Mey. Because of the nearly constant motion of ice out
Beriné'strait, shear ridges are formed along the seaward boundary
of this zone. However, the variation of the edge of this zone is

~large on the landward side of the average position, indicating that
' ridges may be constructed and carried away in an a]terneting
'éequence along this portion of the cant. Further, it jg likely
‘that the ice adjacent'td the shore is rough because of this same

process being operative during its formation.
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rh1s zone 1s, therefore, not ent1re1y safe for surface travel

" with the relative danger 1ncreas1ng s1gn1f1cant1y w1th distance

beyond well grounded r1dges Ice conditions 1mposed on structures:
would vary considerably across this zone. 0il sp111ed under the
ice in this zone would be subJect to poo]1ng as a resu]t of the
rough undersurface and introduction into the pack ice during the
occaL1ona1 break of f events.

Th1s is a zone of re]at1ve1y smooth, stab]e 1ce formed early
in the ice year and rema1n1ng in p]ace unt11 Nate spr1ng It is

" moderately safe for surface trave] from December through May

'Structures p1aced in this zone wou1d be re]at1ve1y free from ice
piling events and bottom plowing. 011l Sp111ed under this zone
would be subject to considerable spread1ng because of the rela-

~ tively smooth undersurface.

This is a zone of moderate ridging and variable stabi]ity

‘ﬁfhrnghout the 1ce Season. It is. genera]]y unsafe for extensive

surface trave1, a1though brief excursions could be safe]y carried
out if ice cond1t1ons were monitored carefully. " Structures in this
zone| would genera]]y be SubJect to ice p111ng cond1t1ons at any

'time. 011 sp111ed under this zone would tend to become trapped

under the re]at1ve1y rough undersurface and be 1ntroduced into the

pack| icé dur1ng the occas1ona1 ice break1ng events

This" 1s a broad zone of unstab]e 1ce Tocated 1n re]at1ve1y
sha]low watérs runn1ng from Cape Espenberg to Wales. Th1s zone has
some unusua1 character1st1cs ~ the edges of cont1guous ice run
adjacent to ‘the shore The area is h1gh1y var1ab1e Tt can be

're1at1ve1y broad when the ice edge 1s far from shore and quite

" narrow when c1ose to shore Th1s area should ‘be cons1dered unsafe

“for “surface travel. Structures p]aced within th1s zone would

probably not be exempt from ice p111ng events for very long periods

of tiime. Ofl sp111ed under this zone would soon become 1ncor-
Afporated into broken and refreez1ng pack 1ce ’

Ly
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C. Bering Sea
In this section, the results are interpreted in terms of
morpho]ogy for the Bering Sea nearshore ice regime. Based on this mor-
pho]ogy, an assessment of relative hazards has been made for the Bering
nearshore area.

'Bering Sea Morphology

_This map is based on the Bering Sea seasonal average iceyedge map .
and specific eVents observed on Landsat image}y. ‘The chief features
of the morphology are indicated on the map. A discnssion of this
map would for the most pért repeat the discussion of the seasonal
ice edge map in the resu]ts'section, page 41. |

Bering Sea Ice Hazards

On this map areas with similar hazard conditions re]aten to sea ice
morphology have been delineated and 1dent1f1ed with the same
, number. The f0110w1ng text discusses these numbered zones.

1. hThese areas containkgenerally stable'eontigubus ice from
~ winter through late spring Surface travel should, therefore,

be re]at1ve1y safe dur1ng these times. 0il sp111ed under the
ice would not genera]]y reach the surface ‘through lead pumping

~nor won]d it norma]]y be subject to 1ncogporet1on into newly

~ formed leads. However, since the.t{da] ranges in the Bering
Sea are ]arge, it is possible that tidal pumping takes place,
particu]ar]y in areas where the contigunus'ice sits on the
ocean f]oor dur1ng some parts of the tidal cyc]e Géhera]]y,
.however, these should be considered the 1east hazardous areas
in the Ber1ng Sea nearshore 1ce

2. These areas are similar to erea 1 éxcept that the edge of
contiguous ice varies significantly across these areas. Hence,
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flaw leads can open at almost any time. 011 spilled under
ﬂ;this ice would at those times find pathways to the surface
Surface operat1ons wou]d be hazardous ' o o
3. These are areas where ice may occa51ona]1y become temporar11y
attached to the cont1guous ice.” Because ‘this area-liés mostly
within the 20-meter isobath, grounded ice features could
' ex1sL at any time, part1cu1ar1y 1f “man-made artificial islands
were to be constructed thereby trapp1ng an under—1ce i1
"vsp11'. Genera]]y, however, 011 sp111ed in these reg1ons would
" be sp11]ed ‘into mob11e ‘pack 1ce c :

. .
e .. T . JEA A ,",* £

4. VlThes« are’ reglons genera]]y s1m1]ar to the reg1ons denoted

b& "2" except that ridging as ‘well as flaw lead open1ngs

* apparently océur during the entire season. 011 sp111ed
in these areas could be subject to either Tead open1ng
transport or semi-permanent incorporation into ice through
ridge-forming ‘processes.” In terms of the consequences of 011
spills, this is a quite hazardous zone!' - - '

5.  Thése aré areas of nearly constant new ice formation.” One

"is located at the head'of'Norton'Souno'and'the other on’ the
north side of Bristol Bay 'Hazards in theseareas inE]dde the
almost certa1n 1ncorporat1on of spilled oil into new 1ce and
its transport with that ice to other areas. Surface operations
in these aréas during freezing conditions would also be hazardous.

" The bpen water 'in ‘these areas would certainly be prone to pack
ice finvasions should winds reverse from their normal direction.

- Surface structures near these zones wou]d be subJect to r1me
ice format1on much of the t1me ‘

L

LR v

6.  These are’ areas adJacent to the areas of new 1ce formation.
' These areas are’ similar except that this zone often contains
compact1ng new ‘ice which recently formed in'the adjacent -

~Y
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"5" zone. Hazards related to spilled oil would be quite
similar. Surface (boat) operations, while very difficult in
the "5" zones, would be nearly impossible here. At the same
time, the ice generally would not have sufficient strength
nor stability to support surface operations. 0il spills here
would be nearly impossible to deal with.

7..  This number has been used to designate the remaining portion

of Norton Sound. Generally during winter'and spring, pack

~ice conditions prevail in this area. While pack ice regions

in the Chukchi and Beaufort Seas are mostly located over waters
whose depths are too great for immediate development to be
contemplated, much of this pack ice zone within Norton. Sound
Ties over waters less than 20 meters deep. The hazards here
would include almost constant lead openings with the possibility
of spilled oil being pumped to the surface. However, much

of this pack ice would be sufficiently stable to support re-
'covery efforts. Unlike the Beaufort and Chukchi Seas, multi-
year ice and ice islands do not exist here.

8. These are dynamic, -interacting ice zones where oceanic ice is

' driven past or against more. stable ice resulting in ridging
processes. In the northernmost of these regions, ice is
normally driven southward past the mouth of Norton Sound. The

\ ice in this region is less stable than the pack ice within

Norton Sound. Spilled oil here would more readily be incor-
porated into the ice. The continuous dynamic ice activity here
would make_surfaqe operations quite difficult.

A second zone with this designation is located between Nunivak
and Nelson Islands. Here, Bering Sea pack'ice is driven between
two contiguous ice sheets. There is coqsiderab]e deformation

of the pack ice during this process. 01l spills in this region
or oil incorporated into ice making this passage will be .
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10.

exposed to opening and c]osingjleads\and‘ice;pi]ing~events.

. Surface recovery operations would be quite hazardous. ¢ ¢

SRR Pl S R

‘The third zone shown here 1ies-in .the.outer mouth of the

2 -Kuskokwim River and the extensivefmudaflats to-the west.
‘Here

s tidal activity results.in"ice-motion .with hazards

similar to those described above. * ... ' -4 .

The fourth of these zones is located in the estuary off
Dillingham. As in the Kuskokwim region, tide-driven ice
results in hazards similar to the other areas given this

desi

nation.

This | region has been separately defined because it represents

in many ways a transition between the "3" designated area to

over

. the &est and the "6" designated area to the south. Newly
form

ng ice often mixed with pack ice from the west is found
waters less than 20 meters deep. Large tidal ranges

exist here. 011 spilled in this area could encounter a variety

of conditions or combinations of conditions all of which are
unstable. Hence, o0il1 spiiled in this area would almost cer-

tain]

and

y be lead-pumped to the surface, spread by tidal activity,

transported toward the Bering Sea. Surface activities

wou]d'be hazardous.

This

unit includes the nearshore area between the contiguous

ice zone ‘along the Alaska Peninsula and the "6" zone beyond .

“the

as p

“ice

Howe
driv
this

20-meter isobath.  Normally ice withdraws from this shore
art of a general movement into the Bering Sea. Contiguous
is generally limited to the narrow zones designated "“1".
ver, there is the possibility that Bering Sea ice can be
en in this direction and cause ridging and pile-ups in
zone. (see zone 11) |
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11. This zone is similar to zone "10" with the exception that - -
on one occasion large ridges were constructed here as part of
a south and westward motion of Bristol Bay ice. Hazards in
zones "10" and "11" under .normal conditions are those of ofl
spilled into newly forming ‘ice in areas of large tidal ranges.
Under unusual conditions, spilled oil could. be incorporated
into grounded and piled ridges:



- Ahlnas,

IX. List

vNo di
This is 1la
However, u

viewe
1977.

" Fryer, M.,

_4._“21911_'1
Kovacs, A.
the s
Coast

K{,;and G. Wendler, Arctic sea-ice conditions in early spring

of References. *.

rect references, to other publications are made in th1s report.
rgely because of the original nature of this stat1st1ca1 analysis.
se was made~of=the=follow1ng publications:

3

d by satellite, Arctic and; Alpine Research, Vol. 9, no. 1, p. 61-72,

) Planning marine structures for Alaska's arctic regions, Northern |

eer, 2, p. 17, 1970.

, and M. Mellor, Sea ice morphology and ice as a geologic agent in
outhern Beaufort Sea, Proceedings of the Symposium on Beaufort Sea
and Shelf Research, Arctic Institute of North America, 1974.

Kovacs, Au
near

Kovacs, Ay
of Al

Kovacs, A.
76-4.

Kovacs, Au
Annua

Nelson, Ri
- 1969.

Reimnitz,
sedim
NASA-

- Reimnitz,

‘zone
Sea,

Searby, Ha
Depar

Seifert, R
M. S.

stin, and Anthony J. Gow, Some characteristics of grounded floebergs
Prudhoe Bay, Alaska, CRREL Report 76-34, prepared for NOAA, Sept.

stin, Grounded ice in the fast ice zone along the Beaufort Sea coast
aska, CRREL Report 76-32, prepared for NOAA, September 1976.

» A. J. Gow, and W. F. Dehn, Islands of grounded sea ice, CRREL Report
stin, Sea ice thickness profiling and under ice oil entrapment, 9th
1 Offshore Technology Conference, Houstin, Texas, May 1977.

chard K., Hunters of the Northern Ice, University of Chicaao, Press,

E., and P. W. Barhes, Studies of the inner shelf and coastal
entation environment of the Beaufort Sea from ERTS-1, NASA Report no.
CR-132240, p. 3, 1973.

Erk, Larry Toimil, and Peter Barnes, Development of the Stamukhi
and its relationship to arctic shelf processes and morphology, Beaufor
Alaska, U. S. Geological Survey, Menlo Park, Ca]ifornia, 1976.

rold W., and Marcelle Hunter, Climate of the north slope Alaska, U. S.
tment of Commerce, NOAA, National Weather Service, February 1971.

ichard D., The structure of shorefast ice off the north slope of Alask
Thesis, University of Alaska, May 1973.

1976/

ot




Shapiro, Lewis H. and John J. Burns, Satellite observations of sea ice movement
in the Bering Strait region, preprint, 1975.

Stringer, W. J., Shorefast ice in vicinity of Harrison Bay, Northern Engineer
5, no. 4, 1974. _

Stringer, W. J., The morphology of Beaufort. Sea shorefast ice, Proceedings
of the Arctic Institute of North America, December 1974.

Weeks, W. F., Sea ice conditions in the arctic, AIDJEX Bulletin no. 34, Div.
of Marine Resources, University of Washington, December 1976. -

~r



- - - — e « - « e - - s . i ; |
BEAUFORT SEA ! !
N 1
073 \CE EDGE .= : _ : . |
seerecl 219 Morch . .
rimmsenss 3TMay - 17 June
L..r..l. of dolo on dote indicated !
—> = Ll of distinguishabitily a
Indicotes comtiguaus ice . . . . . . : S . B - e e
- ﬁ ﬁ ﬁ enlends seyond edga of . . . “ .
== Landsot acene. ..
L}
N 1
o a0 0 0 ’
RILOMETERS
+
' |
. e
. \,e. :
{
e )
a |
)
.
]
. X . o EMABCATIOY somt
- - B {
\ * i y -
. . - 1
]
. i
. '
fewatm ov V. ). Srhieaen y
S.A, Deamgrr
St o LE Somawe




SEEPOL ')'Y A0 Wiy
by 'y'g
R TR Sy

S0

AuaeunnBunisip 10 WY €—

oKP 0 MWL ﬁl
ounf Ot - €l

Ao @ - Jidy 02

Wy ¢ - UdJoKW G| =
YJeiy bl - AJBNIQO 4 GF - = — « ==

3903 301 vL6l
v3s Ly¥04nvag




BEAUFORT SEA : ] . . . . .
B7% ICE EDGE ) .
e<se=- 20 February -0 March ' B o f
—1. Limit ot dote for date indicates ) : ' ’ .
H ﬁ H Indicetes contiguous ke i . . ., "
o d — 1 _ extends beyond edge of . . : :
Londset scene, . .
m mo _40 mm &0 100
© KnomETERS ) ) -
\
y [y e
........ - ’
0
. __.o. ------- fosanom .4:- '
\ ..... ”.h..‘.»lf\\. . ~ 4.._
H 4. V i
- %
Y
i P ¢
5 b
i
. . \ ‘
N .
v
. Rvwm o 1.2, Prurwen
1A, beomirry
. ] . ) " WarTie v L Suman :



" lg L B B l.t” '
sasoy vy
_——ug ct W ey

$¥313m0 1w

‘SUS3IT JUIPUDT jO -y - -
aBpe puoAeq pepusiva a3y H
$NENBIYUO? P1DIIPUL SMOIIY
.

0100 40 ANUASINBUIIND O ST e

PRI IPUF SIDP VO DIPP O WY Wllll
199V L1 - WIIOW IE e
Y290 Zt - A4BNIQIS BT = =

Aa0NJQa 4 €2 -Qrrseienees
(SL61) JIQWIAON @ ~ 43Q0YI0 ZT = >~ = =

© 3903 301 9461
v3S 1304nv38




BEAUFORT SEA
1977 ICE EDGE

..... *->12,19 FEBRUARY - MARCH
-+ §- 26 MARCH
- 27MARCH - 14 APRIL

wemyimeime 14 APRIL - OF MAY . ) ) ; )
“=ime-2c 28 JUNE - 15 LY
sesasescs I MAY - 30 JUNE
-=4" LMIT OF DATA
=> LIMIT OF DISTINGUISHABILITY
f.oee $1CE €DGE 15 BEYOND LMY OF DATA

AT TS e ]

X \ al
AR
Y /./.ﬁ.l.u\nﬂ!
RS
comee

: ) Stnancay, .
= - . gy TIO% :

U LT LT e

N . hosowyy, Imimm
A deaayry
Dwrvim o7 (L Somame




T

eot ) 4 wiLeeg
audeey Y
IS CF'L AT ST

Formms

or

v
P

‘- .
Tu.il.ll.i!lli
o RO

\:!

o~ Ry
NS e
~ - -~
“ S ’
~

~

r\..

1 3 -

LIRS L AU

°10p © #10p pus Lwil T

“eusIN 1BSPUD] O ——r— -
abpe puodeq peousixs 83 H hl H
100N811U03 #10MPU SMOJIY
Anquuanbunamw jo V1w &

LEBL ROYYW B - AoDniQay §) ~=ww me
QLBL UIIOW ZI - AIONIQIJ P2 e
GLBL YU O) » K10RuQd 4 Q2 = = = =
PLOL UIIOW pi- AU0NIQR4 QT oo

CL6L WKW Bl-T = = -~

LL6L-EL6L
. 39403 301 Y3LINIM 3tvy - T
v3s L¥0aNv3e




: BEAUFORT SEA

' . EARLY SPRING ICE EDGE

: ' 1974,1976,1977

! w == =~==18 Morch -3 April 1974

! srresnneeaene 31 Mareh 17 April 1976 )

f emcmmiemie JTMarch- t4 Apri) 1977

; ———  Limit of distinguishibitity J
w Arrows indicote contiguous

i, ke ente

| [ R

.. i L Limit and cote of dolo

[

. ' NAOMETERS L .

b N .

. '

H

1

“ 3

_ T ‘ .

i

i

i m

i -

! 2z

“ : Sy !

“ ——

M X 5

i

l '

I

{

i

i

|

m .

i

| ~

, N 10 1, S
i T A, daamarr
. ) — - Dearreng o LK, Sompuas




Laaase v A KU, | . )
sy vy - ) )
iUt tR 1 ey

-

) IONY

. 8100 (@ S100 PUT 11Ny Tl
ANNQuUnBuiinp O JuY  €—
2281 SUNP OC L} v
PLBL NP OE Y oerooeee
€LOV unf £} - AOW If ~ =~ o - w =
LLBLYLBL ‘€461 ~ 3903 3D
L HIWWANS ATHVI- ONINGS JLVT
v3s 1¥040v38




BEAUFORT SEA ' . .
1973 ICE RIDGE SYSTEMS
; .
i
. . _
) ]
]
L3 : _
- i
|
i
- : 2 3
) N R
. N Y .
1
Potrencs 07 1.4, Sroimca
A Manary
! Dwrviae ov LK, Soncas
. i —




=)

-t L3 .3

O ‘37 4 iy
Liswry vy
orag ) A Wy

#31IWOUN

SW31SAS 3901 321 pL6L
v3S 140d4nNv 39




" BEAUFORT SEA
1975 ICE RIDGE SYSTEMS

- [ “ - - - - - .

™

TNLOMETERS

R

.

- e

fruo » 1.1 Imime
S8, busery
Burtine ov LL Sonsus




.0y 1) 48 wetimg
e yg°
g PR A ey

R TR Ll )

SWILSAS 39014 321 9461
v3S L¥O4Mv3g

Vet bov>




“BEAUFORT SEA ) ’ ST i . .
' 1977 ICE RIDGE SYSTEM
ALOMETERY
“ [
. .\ubnﬁuﬂﬂirm:.n-.uuc-..l-nr:«‘.
i : . It S PN .
‘.‘. 2 / N ALY “Naeevew Lo
YI“\\.. . ”
- by A o ! .
o
. . .
i :
2
m ¥
i I
1 .,
i ) \“
: , . \,_ .
“ .
» : , O3
m = ” '
) X /
| )
i . y
i
m .
_“ Psresey o V.0, Greimen
! 3.8, esnere
w Inerrine ov LL Sonmme
m .



rom—g A7) 0 WG
Alwg v'g
e CTA B ey

-ty

.,
¢

SHILINOVIN

ooﬂ ow oﬂ m%

LBl ==
L84 -
GLEL ~=r==
BLEL ermrens
€6t ----e-

3LISOdWOD 3901Y LL6L-ELSL

v3S 1y¥03INv38




3 . g g
M . - . .
R

e |

SHILINOMN
7] or

- dVIN ALISN3Q 39Q14 3D

v3sS 1d304nvasg

N
BNSO
=
3 r 3 £ c
$2 2 3 g 2
s < © = a
S >» & €
v - 3 = a
s ™ 3 a 9
3 a 3 & 4
gz e g 5 3
‘353‘5’0,
2 3 3
- 2 : -3
§ 8 S
a
H
3
o
t
q
Ird




Ssecy ') M Suilermy
Aoy ‘y'g
oriug R 4 Oway

9284 AIn¢ v

%

SYILINOTIN

9.61 ¥$nbny 2 -t

9L61L AINT T == ==

GLBL ANC 8L % AP 9 -emiem
$L6L AINE B oo

ve6L AIne Zy -

€L64 AINF Eomem~

€L6L KNP T e

) . - 301 AYVYNOILVIS
_ vas L1H04Nv3E




BEAUFORT SEA
SEA ICE MORPHOLOGY a
LATE FALL TO EARLY WINTER .

; N 22 : SCALE 1:1,000,000 !

Pased on 1973 \nrough 1978 Landsat imogery
' .

" KILOMETERS - .+ ¢ .
. R
I
. 7 .
. -
i
H
m 1
.
s
.
s ay ¥.J, Srucoon '
$.A, Baserry .
Drarting ar L.X, Scrmpuns ']
(S 1

e W
10 H

&




\
1sn01udg N Aq Buyyjoug . H__ R
1193308 VS PUO ’ " w ," ¢
. +8Bu1418 T M Aq peJodedy :..u Q3 -n \u\@\ ..\m\\ N
<
s
Al SUILINONN
o]
Aselowt WIBURY DI uBNOIYL (L81 YO BAYCY ot
ONI¥JS 3LV OL ¥ILNIMAIW
A9OTOHJYOW 3DI Vv3S
v3s 1H0d4nv3g




m...
lﬂ\ h. i.o. .u- ._-.
v
BEAUFORT SEA
ICE HAZARD MAP
Posed on 1973 through 1978 Landsol imogery -
B < | Y o
W’jl\i\ KILOMEVERS
_. I e
\ ”: 2
Preraser or V.4, Irnineen
1A, aasery
Dusrvina ov LK, Somyumy
o
.w..

a MK

R "

. : we* : we®
1 1
G G5 U (G (5 (a5 K
ot ' A R

s’ .
1



BEAUFORT SEA 1973
OPEN WATER '

Pt. Barrow to Cape Halkett
O/ W —Open water

o} 10 . 20 30 Lol 50
el | 1 |

KILOMETERS.

17 WNE

{
Pap- Loy
SR

2

T

3 JuLy
Oorw

Cape Haixett
17 SUNE

Preparen sy S.A. BarrerT

——



i

5 .

BEAUFORT SEA 1973

OPEN WATER o I

Harrison Bay to Canning River

O!F — Overflow
O!W — Open water

' ?uuhm‘lc * P4 3°

KILOMETERS _




BEAUFORT SEA 1973
OPEN WATER

- CANNING RIVER TO DEMARCATION POINT

OiF OVERFLOW
O/W OPEN WATER

10 20
Siubion ) 3¢ ° ny d
KILOMETERS
SAATER 1SLAND
\
Q 3
it ) B
23 Mav R
orF 22 \
X ot )‘ : y ¢
- 5 L
) A\ '
Y7 \
/ 3

PREPANED By S.A. BammeTT

",

'»—-.-——\




BEAUFORT| SEA 1974

OPEN WAT"ER

.. Pt. Barrow to Cape Halkett

OIW Open water

adie oA o

o] b0 20
FIETTLITION 1 .
|
KILOMETERS
P Sarvow
A~

2 AUGUSY

orw

ﬁs

Pueparen By S.A. BareeTT




BEAUFORT SEA 1974
OPEN WATER

Harrison Bay to Canning River
O/F — Overtiow
O/W— Open water

Tl P P o s

KILOMETE RS

2 AJGYST
Qrw

HARRISON Bay

L L L% suLy : 14 JuLy
Orw Orwe

JJ_J ’ " :z;f-u“.

/1

““Gu;'_ugctl N waTes -

2 AUGUSY
Orw

£ e \1
Qiw 3,
T, .-,_\
\ %
£ e Juu
n “a
2 sund’
uw

Presaned gy S.A. Basmerr

et

o

o,




) %

I 2
g
It

'BEAUFORT SEA 1974  _ '
OPEN WATER S _ _ - R,

Canning River to Demarcation Pt.
OIF — Overflow
OIW—O0pen water

P

°nu||nn1|° 2,10 3|0 4|<‘ j(‘

KILOMETERS

. garter Isiond
0 MAY P
- -4 p ‘ Ny
: ' B ‘ 8
i . e q

e v

“‘
o
—

f

e g

- Preparen sy S.A. BamreT?




BEAUFORT SEA 1975
OPEN WATER

Pt. Barrow to Cape Halkett
O/W Open water

?uuluu’lo 1z) .” 40 50

KILOMETERS

| o’




! k : : m m n m m

BEAUFORT SEA 1975

,:»' X \ 20 '
I 7,20 N
5 \Q}%\\\\\
AN

&

1] 28 JuNt
18 JuLy o
Orw
>
4
oL o
<& ’

Prersagn gy 5.4, Bearerr




e o

BEAUFORT SEA 1975 ' ,
OPEN WATER

Canning River to Oemarcation Pi.
OIW— Open water

?nl‘l'uu‘lo %O ' }C 4‘0 SF

KILOMETERS ) ﬂ
, -
)
+ z-
L
o
16 JuLy . \

orw

28 sunE -
Oiw

28 JuNg

Prepares aY S, mignerr



Al 1} - ‘ - . . - - -
. .

o _ | +

BEAUFORT SEA 1976

" OPEN WATER _

Pt. Barrow to Cape Halkett
O/W—0Open water

o 10 20 30 .
Tren | I 4I9 .-

KILOMETERS

PreParep By S.A. Barrerr




BEAUFORT SEA 1876
OPEN WATER

Harrison Bay to Cannin§ River
- O/W-——Open water

?nulm_n“c 210 ¥ ﬁOJ

KILOME TERS

1 AUGuUST  Orw

Yore HARRISON. BAY




IS

BEAUFORT SEA 1976

OPEN WATER

Canning Rive

r to Demarcation Pt.

OIW-— Op‘en water

20 30 4o 50

OMETERS

24 JUuLY

{/’: \ ifﬂ.

-

U,
5

S Juiy

Prepanen 3y S.A, BampeTT



BEAUFORT SEA 1977
OPEN WATER

Pt. Barrow to Cape Haikett
QOIW —Open water

18 JuLy {7

o
Otw >
el
1294
.
4
-

3
Kodd 4 13 sy " JuLy ' . L .
b’ \ e "y orw STt .,
. orw -
30 sune A \
v 18 JuLy :
. (3 Ay
2 \
Ay i 3 T

[ My

[ Pl

o
luulnu’lo 2I° 3.0 410 5|0

KILOMETERS

% JuLy
orw

8 JuLrY
Orw .

N
Cape
Matuer: ¥

MELIN §

‘PReParen ay S.A. BarreTT

| I



T

~

BEAUFORT SEA 1977
OPEN WATER

Harrison Bay to Canning River
O/W — Open water

i
.
(

° |
wll® P o s

KILOMETERS

'3 Jury

OPEN waTER FROM THig

une

17 June



BEAUFORT SEA 1977
OPEN WATER

Canning River to Demarcation Point.
. OIW — Open water -

(o] 10 )
wedud 2|° 340 4|° 5|°

KILOMETERS

g // ‘ \""/ \"‘ __Oemarcation PL.
/ / 0

L Preparep 8y S-A. BARRETT



- ¥

w £ _ 4 "
58 18% :
Woos§ & 3
mﬁ.wwm *
3 101
e i} o

. 3.4, Memry
oo o LL oo

!
s
s
[

PR



CHUKCHI SEA
1974 KCE EDGE

s 219 Apei)
=== 26 May- 2une
e e 13-30 June

RLOMETERS

o

vl —




- W WD W

CHUKCH! SEA
1975 ICE EOGE

ot 2BIMH+14AD"|
— 8-23 MII
e =wne IOMOy-16 June

. Q o] ] 100

EROMETERS

3
L)

Nowees o 1.1 tormen

Burties v LE Someen




CHUKCHI SEA
1976 KE EDGE

= emees=6-23Fetnunry

- -4 Feb-12March
14-3t March
------- 19April-6May

KILOME TEAS




CHUKCHI SEA " ST - : - . e e e L,
: LATE WINTER ICE EDGE 1973-76 : : .
acweena2-17 March 73 Lo T }

———em 25 February -14 Mgrch 74
e mee 20 February -9 March 75
= § 23 February 76 -
enove-= 24 February -12March 76
—— 14-31March 76

"
]
A
1

.

24
1 - -
: L ’
V. ) N D ~ ’ 4
= } - .
- " ‘- s
S N .o
. ) ; ; .
Lo
L} -
v - 3
i ' » ! *
0,
' .
A -
. o A .
v 34, becuyry
Sortme v L Sonnmg
1
i e e




CHUKCH! SEA
MID SPRING ICE EDGE 1973-76

ame-ee=F-24 April 73 .
e 2-19 April 74 ¢
6-23 Aprit 78 . i
———--19 April 6May 768

i

] iﬁ :E :g :i fo 4
RILOmMETEAS ;;

¥ . -
]

Core UTERD

Nevaers o7 3.4, Iretemen
54 Jamerry
Svrting oy (L, Somnas

—

. — £

Y



CHUKCHI| SEA
LATE SPRING -EARLY SUMMER ICE EDGE 1973-76

e 1| Miqy-ﬂ.:une 73
26 Moy -12 June 74
—————e13-30 June 74

ememe=3I0OMay - 16 June 75

’
&ILOMTTERS
. s
- +
- <
.
.
&
.ot H K
- : - S amgimrom ) v
P o i = &>
t i
T . - N3 L
I i H “
* 9 %
" .": R ¢ ‘ %
; B A s Y H
» ) ) s
' <o - » ; :
- . s p H
¥ * E Y = “ H H
@’ h :
- h h :
. K P . .9
D Z. .\_' i ' ,
K Y fY el e
‘- 7 N ! ! :
o, ; % i
@ £
1] -
, Arme 9.4, Sreime
. ' L ae 34 amerr
A Berrim v LE, Jovemy
o ~~
15 -~ ¥
&\ +
a
L




——.

CHUKCHI SEA [
AVERAGE SEASONAL LATE-WINTER EDGE OF CONTIGUOUS ICE

1973-76
—  Averaoge Edge
wemass Maximum Devictron

l 80 9 X0

RILOMETERS

[ '

§




;N

i

N

’m

l

R

[\vev4

N

o ryeus

Nereaen o7 0.4, Sretmces
5.8, Basegry
Sarriec v LL Sowims

CHUKCHI SEA
AVERAGE SEASONAL MID-SPRING EDGE OF CONTIGUOUS ICE. . 2
1973-76
Average Edge
| e==«= Maximurm Devigtion
KILOMETENRS
-
"b
i 1
{u i
! H
& A
K . ~ .-" ,4 ﬁf—‘\"‘,’:
Ny el P
0s &
ol oo
J"._‘ ;
a .".‘ ‘




'CHUKCHI SEA :
AVERAGE SEASONAL LATE SPRING -EARLY SUMMER EDGE OF CONTIGUOUS ICE
1973-76 i '

§

Avergge Edge i

...... Maximum Dewvigtion

R

RHOMETERS

2

.~
..

i

A
\V 1]
i ;
t
N -
-
: s
: .
e
B N ] e T LT WA, 3
e
} = . S il
P 'man
1Y
/ P )
o -
- -
El
S L
i
i



- R

CHUKCHI SEA : ]

MIGRATION OF AVERAGE SEASONAL EDGE OF CONTIGUOUS ICE e
—--= Late Winter

e Mid SOring

= Late Spring - Early Summer
1973-1976

SILOMETERS.

} .
¢

PtPats o7 0.4, $recommn
$-& Samgrr
X L IV Sovmms

kY :

R
Y
s AN .
- - Lo -
. .

-




CHUKCHI SEA
1973 KCE RIDGE SYSTEMS
<omeess 219 March

csearemnre P+24 APRIL
avmimens JT _Muy-l’l_ June

-] an n

AHOMETERS

0.

it
I

(

nnrairon

Pereacy v 2.4, [ L —

hvn-.._,_.h_.

]




n

A

N

CHUKCH! SEZ
1974 CE RID

----- - 25 Febru
e 219 Ap
—momeee 26 MQy~—

\
GE SYSTEMS

nry-14 March
il

12 June

ne

QML TERS

O - 0

.'0°




S\

CHUKCHI SEA
975 ICE RIDGE SYSTEMS

AILAMETERNS

ror i $5g

L}
4"’
.
ey
[ oansce
, .

Aoy o 8.5, Srormey

. Mascre
h-m-.l..l.lana

-y




ol : |
3 W W

-

1876 ICE R

. CHUKCHLU SEA
DGE SYSTEMS .

Fedruary
March

===}

1
aHoMETCRY

-

: “Onn.'.a.m,._

.."."::'-h-.




CHUKCHI SEA :
1973-1976 RIDGE COMPOSITE

AILOMETERS

<,

Pre> 0 1.4, Srepmay

b ¥ Ny -
BrTens o7 L2, Scummes




SEA

|
CHUKCHI

" -
2> %
c o 9
- &
S8 s
sus
4 < w
¥ o
N O =
a ¢ a
L]
L] 4
—- o @ €
S
9 -
[ -
" .
& &

S _
TN I T
RSN N R § |
. 3 k % b n + - D. \
g, 1fi BRI 4 \
E,m n. 3 . ¥ m . %
TSR EEEE |
|m|mw|---@,_“\\.‘_.mu_mu B I N I




CHUKCHI SEA .
SEA ICE MORPHOLOGY
EARLY SPRING

Average Edoge of Comiguous ice
Severe Ridging within Averge ice Edge
Moderate Rdging within Average Ice Edge

Severe Ridging beyond Average lce Edge

----- . aou'uaydﬁdynyu
—=-  Bourdary of Compaction Zone

=5 Direction of Normal Ice Mction

===

RILOMETTRS .

Moderate Ridging teyond Averoge lce Edge

+

Prepared by w ) Stringer
and S A Borrett
Drafting By LK Schrewrs

~




"m - ‘m m

S WD WD -9

|
i

CHXCHI SEA
SEA |CE MORPHOLOGY
LATE" SPRING

]

|
[ .

—} Averoge Edge of Comtiguowns ice
!

@r Severe Ridging

Q]| Moderate Riggng

BATHYMETRY IN METERS

KLOoMETERS

|
i
|
|
1
1
|
|
4

Prepered by wd Stringer
@nd SA Barrett
Drafting by LK Schrours







- — =

BERING SEA
1973 ICE EDGE

.
-:--—-12 - 29 MARCH
—dm-=- 5 22 MAY

BATHYMETRY IN METERS

¥
v
|
‘ =

Sropured by Wi Stringer
ond BA Berrect
Orafting by L& Scurews




O SR 1 et =

BERING SEA

1974 ICE EDGE

----- 17 FEBRUARY - 8 MARCH

—rmce.= 7224 MARCH

--- 18 MAY - 4 JUNE

LIMIT  OF DATA
LIMIT OF DISTINGUISHABILITY

BATHYMETRY N METERS

(T2 1, T

BRISTOL BAY

Presered by W Siringer
and 34 Sarcett
Oretiiag by L& Schrewrs

[._;_._

]



A W

) N

11975

BERING ' SEA

ICE EDGE -

LIMIT OF DATA
LiMIT OF OISTINGUISHABILITY
BATHMYME TRY IN METERS.

4 190

RILOMETE Ny

BRISTOL BAY

- a
Presered by Wi Stringer
and LA Serrett

Oratting By LA Schreurs

e




-

BERIN
1976

. Rl
------- 16 FEBRUARY - 4 MARCH BRISTOL Bar

[ —

G SEA
ICE EDGE

29 JANUARY - 15 FEBRUARY

10-27 APRIL

LIMIT OF OATA
LIMIT OF DISTINGUISHABILITY

f

4
Preperss by W4 Mriager
asd 14 Sereert

Orafitag by LA Scheowrs’ ™}

y

RO TE NS
BATHYMETRY IN METEARS

)




BERING SEA . o
| MID - WINTER CONTIGUOUS ICE EDGE

| ee=-1974 FEBRUARY 17 - MARCH 6

a-=.m= 1975 FEBRUARY 20- MARCH 4 : . .
1976 FEBRUARY 16 - MARCH 4 i
"‘ ll-n.--AVERAGE BRISTOL BAY
| S

i

BATHYMETRY IR MCTERS
)
v‘ 9 3 40 60 %0 w0

[~ === ==

RiLOmgrERS

.Q"

A e

Propured Oy Wi Siringer
and S A Surrert
Orefting oy L& Scheowrs




BERING SEA _
.LATF».WINTER-EARLY SPRING CONTIGUOUS ICE EDGE
~===~=1973 MARCH 12-29

~~~~~~~~~ 1974 MARCH 7-24

Axxx AVERAGE i
BRISTOL BAY .

BATWTRETIY i Mk TERS

2%

v
M
v
N
]
N
1y
010 LIMBNANE
Y
| mansatx
&

i
| == T S i
[T |
Provered by Wi Siringer
'
and 84 Barrett
[ ﬁ Orefiing by L& Schrevrs
. - i
[ "
: ’
#
H 4
|
™ # -~

_,( .
§ - -




‘ m -l m

1

BERING SEA

1873 -1976 SEASONAL AVERAGE EDGE
OF CONTIGUOUS ICE

-== WINTER.

------ LATE WINTER-EARLY SPRING
--=- MID-LATE SPRING

BATHMYMETRY N METERS

o S

21 Onegr
. L amegrEm

vnaLALEEY

BRISTOL BaY

Prevared oy Wi Stringes
ond 34 Burrert
Orerting By LK Scneewrs




7

. NORTQO

<\
' ouNg
1 ?/\
7

BERING SEA
ICE HAZARD MAP

SATHYMCTAY IN METERS
x aq - 0 o8

RULOneg TERS

Unah AmLECT

BRISTOL BAY

Prepared by W4 Siriager
ond LA Barrety
Orefting oy L& Schrews

—

[

e b G D

oy’



160" 158 156’ 154

1. Fant <o odys e waries Out 13 @04 &1 limes deyond the 20-meter saberh.

QOMEOE
iSLANOS

@,

2. foul ice adys venan frum e 8 10 deyend e 20-mrtw isadath.  This dehevier &'
reiied ® S degue of eacharing by grounded feahres.

3. Buring Sac gock €8 quoaraity MmeEms wOutuard glang this coast.
o, A polynys i3 often formed heve Dy ice pushed #wo the Baring pack stream.

S. Fasl icq often extanda pas? he 20-meter sobah Setwemn Siedge isiand and Cope Nore.
Sledge HIIRG oCts 03 e Gechoning and FOMCHnG Mechariem,

SEWARD PENINSULA 6. Ice within Morion Sowsd is qenratly Moving Souttwrestward dhas 19 IoCod winds.

HING 20

7. Within ovs [one e 3 § Comgachon of Arwly formed ica, with feckness mcreasing Noward
ISLAND Souttewes

e
6. Icw withes s povtaon of Morten 80y s usually fost the entwe Sedan.

»

‘ca withen this rone s often pant of the Noron Bay fastice. 1t tends fa break off and
bacome part of the adjacent palymya.

OENSIGH 10. Areo of recurrmg oayyas famed bymorion of ice soushmestward dus 10 ocs! winds.
11 Genarally fort Moughout the ice aecson.
1Z. Fastice o 1 tone i Qrone 10 reching k. TaRdency Crentas with SRTI0N GdvanCe.

5

NORTON
oof | \\§\\\\\ )

\’///////////

13 Geswwily (x! Svoaghont e €9 semscn.

12 \ UNALAKLEET 14, Fant ice Qunarally ionds seewad with seasan.  Comiaing grounded ndges. ice
Qroundsd ow shosis aln e 1o sraduiized fast ice.

3. Fawl ico edQu iocated 2iong edge of undarearer eSCOrpment. Although s6Qe i often
91 ooy 3-6 meter Dench, Qroumded riiges Com acowr extending fau! ice foidmeter
GRpth 3f bottom of escorpment.

16. 108 QOuKiS O extensive Shoals diring winter manthe erendig fof ice. Thess fearures
nd fa erode dack 33 @G AEOICEL.

NORTHEAST g
‘f CAPE

S

. Ptk T8 i it 0athway s aflen i rapid motion post e entrance © Narton Sowsd and
e darsy af e Yukon River.

Fasl ic8 ulwolly i i0ca!ed i waters eSS Than 6 metars deep oF fop of Dench, Frapping
aff adraprty 10 Mmatery. Tl actraty ond asence of ndgng ore responwbie for fock
of fon) ©4 past these deothe, making faut «ca eaGe ticdie

19, Fast ico s Hazon By corenies wih meud fots.

20 he secward mit of M Gveroge edge of fort ice concides with the 6 meter ;acbom
afuis e shoreword limal TS in waters about 3 merers deey. Flusng action by noss
(oI meter} may de resianmbie .

21. Fast ice round Nuteech fsiand 13 Confimed 10 waters share of 1 20 mater abarh wil
excapnon o two lacations

A. In s partion of the southers comat e 20 meter isabath iy very close jo
shom, yet becxme of protechon offered = this area, fost ice extends far
10gwrd. -

62
G 1 0DSGrS Mot Sowlvard Mowng IC# o3 Oiled in Thig dred.
26. 22 Park ©w qanerily i TR MONoN MU £(oha SIS Can e o On Shaais
24 Fost ice i iocgved over mud fiGTs o waters no deepar Mon 0 few awters.

24 Tt achian (rangee Smetery) i resporsdie for remowiag ice from the Kskotwm
charnei.
23 This area ofwn contsinn aoen woter and Drokan ice, wih Ko Audise piles found 0 thoals.

26 Parh £ oN Whowt signs of repeaed dreghoge and formation of newer €.

T7. Fost ice shows tame vorigtion in extent dus fo occomonal grounding an Thoals,
and is qunaraily tound A wdters lest Thom § meters oeeg.

{

20 Fatf < 9" e norhem ude of Brivial Bay is confined o hghly pratected areas
Y e Geot lews than 4 weters. Tl remge i3 €3 great a8 7 marery.

29 This area is often @ poNYS O COMGEM ety ‘ormea 8.
30 e M Pt ONG & OTIOA COMPACTING NG FOEVE i RCAASIS 08 if MOVES SeCmd.

34. ite wn Brietal Sy w often compased of severdl 0ges, frmed ae oider
iCe Dreoxy 0 pons and fhe wouds freece win Aewer .

604 32 Fest ca olong e sastern end of Briste Bay 3 ireted (o On erea Ctase (o
sRore by offenars wenas ang curreaty.
53.Owing yeart with extenmive Bering Sed ice, fomt <@ con Be fovnd along
ve comsl. Winas temdt (0 drive ice dnta share. On Marcn 9, 1974 an
xteme hear rRige fystem was obtarved Rere P

BERING SEA
MORPHOLOGY

CAPE
NEWENNA

)
|

20— INOICATES 20-METER 1SOBATH .
-
‘ MOST FREQUENTLY 08SERVED

ICE MOTION
387 PREVAILING WIND DIRECTION
0= NOVEMBER TO APRIL
“S” INOICATES SHOALS
. BRISTOL BAY
1 e AVERAGE EDGE OF FAST ICE
mnu OF GREAT VARIABILITY . 3t
: OF FAST ICE EOGE
ZONE WHERE THIN ICE IS OFTEN
BEING COMPACTED
T 20N oF MixED iNFLUENCE
\\\\\\ (NQRTOK ICE/BERING PACK) :1 . A .
-~ P0RT HOLL'!! AR apered lv‘l Anllﬁl«
- e & A Dereatt
864 REA OF RECURING POLYNYAS froftiagtni & Semems

os RQ et

[ =ﬂ L -] %0 00

™
, 166 154 G Tt 162

158




-3

|

mymm_]'(-l'm*-l

- J W

N W W W

o e = SEWARD PENINSULA
~\

fBERING SEA ' R
' MID -LATE SPRING CONTIGUOUS ICE EDGE

'

| =ecae1873 MAY 5-22 ;
———— 1974 MAY 18- JUNE 4
Pasessrens 1975 MAY4-21

| oo 1976 APRIL10-27 -
| xxxx AVERAGE

SATHWE TRY 1N METERS

EXTT

BRISTOL BAY

UL i As

WARNC X

Prepared By W4 Ytringer
sne L4 Borratt
Orefiing by L& Schrowrs




F R,

&

BERING SEA

Pl

MIGRATION OF CONTIG{JOUS ICE

"

-=--=WINTER _
e LATE WINTER-EARLY' SPRING

~:==- MID TO LATE SPRING

BATHYMETRY i ME TERS

AOMETCRS

£

Prepared by W J ‘Irl‘"‘h
ond 14 Suerer
Oratting by LK scnrer .

|l




	Nearshore Ice Conditions and Hazards in the Beaufort, Chukchi, & Bering Seas
	Table of Contents
	I. Summary of Objectives, Conclusions and Implications
	II. Introduction
	III. Current Stateof Knowledge
	IV. Study Area
	V. Sources, Methods and Rationale of Data Collection
	VI. Results
	VII. Discussion
	VIII. Conclusions
	IX. List of References



