ANNUAL REPCRT

Contract: 03-50-022-67, No. 5
Research Unit: 98

Reporting Period: 1 Ot - 31 Dec 1976
Nunber of Pages:

DYNAM CS OF NEAR SHORE | CE

Nor bert Untersteiner
Prof essor of Atnospheric Sciences and Geophysics
Al DJEX Project Director

Max D. Coon
AIDJEX Research Coordi nator

Di vi sion of Murine Resources
Uni versity of Washington
Seattl e, Washington 98195



SECTI ON

I1.

CONTENTS

SUMVARY

INTRODUCTION

A Ceneral nature and scope of study
B. Specific Objectives

c. Relevance to problens of petrol eum devel opnent

111. CURRENT STATE OF KNOALEDGE
V. STUDY AREA
V. SOURCES, METHODS AND RATI ONALE OF DATA COLLECTI ON
VI, RESULTS
VII. DI SCUSSI ON
VITT.  CONCLUSI ONS
X NEEDS FOR FURTHER STUDY
X. SUMVARY OF FOURTH QUARTER OPERATI ONS
A Field activities
B. Problenms encountered/recommended changes
c. Estimate of funds expended
APPENDI CES

1.

Measurenents of Sea Ice Mdtion Determned from OCS Data Buoys - “
Cctober 1975 to December 1976. Submitted previously.

AIDJEX Met-Ccean Buoys -- Interim Data Report

Wnter Ice Dynamics in the Nearshore Beaufort Sea.

PAGE

11

11
13

13



SUMVARY

The objectives of NOAA Contract 03-5-022-67, task No. 5, RU 98, can be divided
into two groups. First, the objective of the field programwas to determ ne the
kinematics of the ice in the Beaufort and Chukchi Seas by satellite tracking of
data buoys. In addition to the position, some of these buoys gathered data on
ocean currents and baronetric pressures. These data are hel pful in understanding
the causes of the kinematics of the ice. The second objective of this work is to
devel op an understandi ng of the dynam cs and thernmodynam cs of nearshore sea ice,
whi ch can be converted into conputer nodels to study the forces, nmotions, and ice
state, which will be useful in understanding the behavior of oil spills, sea ice
interaction with its environment and nannade objects.

The data fromthe 20 buoys depl oyed and anal yzed (ei ght additional buoys have
been deployed in March 1977) show that this is a reliable and econom cal way of
determining the trajectories of sea ice. During nost of the year oil spilled in
the Arctic will be trapped in sea ice and subsequently transported by it. These
trajectories being devel oped by the tracking of data buoys will be the baseline in-
formati on needed to judge how pollutants delivered to the ice will be transported.
Fromthe analysis of this OCS data and the related data from AIDJEX, it appears that
during much of the summer the trajectories of ice could be computed froma know edge
of wind conditions only. However, during extended periods in fall, winter and
spring the trajectories are influenced by the condition of “the pack ice and its
internal stress. Mdel calculations indicate that ice velocities can be determ ned
fromthe AIDJEX ice nodel when high quality wind data are available, together with
some buoy positions to provide boundary conditions for the calculations. These cal-
culations allow one to find trajectories when they are affected by other than w nd

conditions alone. In addition, the nodel calculations provide information about the

stress transmtted through the pack ice. Because it is likely that these ice



stresses and severe ice conditions can be the cause of oil spills, the know edge of
ice conditions and ice stress will be inmportant in determning tinmes and | ocations

for safe operations.

[1. I NTRODUCTI ON

A Ceneral nature and scope of the study

The work reported here involves studying the dynam cs and thernmodynam cs of
nearshore ice along the north coast of Alaska. To understand the response of the
ice requires observation of the kinematics of the ice cover in the Beaufort and
Chukchi Seas. To this end we have determ ned the tracks of numerous data buoys
drifting with the ice. In several cases ocean currents were neasured also. The
trajectories provide baseline information needed to find which pollutants could be
advected by the noving ice. To develop an understanding of the causes and limta-
tions of these notions also requires a mathematical nodel of the dynamc and thermo-
dynam c interaction of sea ice with its environment. Solutions to the nodel we are
using are obtained by nunerical integration. W are thus able to sinulate observed
conditions to study the notion, deformation, stress and state of the ice cover.

The buoy drift tracks and satellite imagery allow a direct test of the field of
motion predicted by the nodel. These tests allow naterial paraneters to be chosen
and show that the nodel accurately represents ice response. These results will be
useful in understanding the behavior of o0il or other pollutants spilled into the

ice, the interaction of ice with its environment, and the evaluation of the |oads

that ice nay exert on marine structures

B. Specific objectives

This work performed can be subdivided into three phases. First, drift data
taken by four RAMS and si xteen ADRAMS buoys have been processed and anal yzed to

provide time series of the notion of each station. Second, the AIDJEX nodel has



used to sinulate conditions observed near the north coast of Alaska during 27 Jan-
uary - 4 February, 1976. The results of the sinulation have been analyzed to

assess how well the nodel performed. Third, another set of ADRAMS buoys have been
depl oyed in the Chukchi Sea (6) and near Prudhoe Bay (2) to allow determ nation of

ice motions in these regions beginning about March 1977.

c. Relevance to problens in petroleum devel opnent

Wth the increase in oil drilling and shipping activities that are occurring
on the North Slope of Alaska and the Mackenzie Bay area of Canada, we nust count on
the accidental release of oil or other pollutants into the nmarine environnent.
The effect of such a spill is one of the primary concerns of the OCSEAP project.
The question that we address relates to the transport of the pollutant fromthe
spill area into other regions of the Arctic and also tothe forces that the ice may
exert on a marine structure. Qur efforts represent a nmultiple attack on the prob-
lem of determning the kinematic and kinetic response of the ice-ocean system under
avariety of conditions. Although the observation of ice and water trajectories
provides an inportant baseline of information, it is inadequate for describing the
nost probable conditions that mght exist during the next five years, or for delin-
eating the range of conditions that are expected to occur, or for identifying the
extremes that could occur. Gven 50 or so years we could establish such statistics
of ice motions. But the problem of petrol eum devel opment is urgent. The only data
sets for which such statistical neasures exist are observations of baronetric pres-
sure and local surface winds. Therefore, we turn to nodeling to learn howto relate
ice drift to the winds, thereby allowing us to consider the necessarily wide variety
of conditions. Fortunately, the AIDJEX nodel has been devel oped to the point where
it can be used to make the analysis. Since the AIDJEX model has been based on the

smal | - scal e physical processes that allow the ice cover to deform we are able to



understand the response of the nodel and al so obtain inmportant information in addi-
tion to ice drift--the deformation, ice thickness distribution, and the | oads
exerted by the ice. Since these forces cannot be measured without full-scale exper-
inments (a prohibitively expensive project), the nodeling effort is identified as a

necessary part of the plan.

111. CURRENT STATE OF KNOWEDGE

The state of devel opment of air-droppable data buoys (ADRAMS) indicates that
this is a fully devel oped technol ogy which can be used to obtain data in arctic sur-
roundi ngs. The present data set from these ADRAMS buoys describes the conditions
of ice notion in many |ocations in the Beaufort Sea for one season

The AIDJEX ice model has been tested and, although further devel opment will be
needed, it appears that when sufficiently high-quality data are available, the no-
tion, deformation, thickness distribution and stress in the arctic ice pack can be

det er mi ned

[V.  STUDY AREA

The study area is the Beaufort and Chukchi Seas.

v.  SOURCES, METHODS AND RATI ONALE OF DATA COLLECTI ON

The data for thisprogram wastaken by three types of buoys in the OCS area of
the Beaufort and Chukchi Seas.

The neteorol ogi cal / oceanographic buoy is basically a short (18 ft.) spar buoy
which is inserted into the ocean through a 10-inch hole drilled through the ice
Current sensors are suspended fromthe bottom of the buoy. After installation, the
buoys become frozen into the ice but become free-floating in summer. The hulls are
9-inch dianeter polyethylene tubes. The designed operating life is in excess of

one year



Data transmi ssion and buoy tracking utilizes the Random Access Measurenent
System (RAMS) aboard the NIMBUS-6 satellite. Air pressure, air tenperature, buoy
headi ng, and ocean current speed and direction at two depths are sanpled every
three hours. Ten-minute averages are conputed for all data. Twenty-four hours of
data are contained in menmory and transmitted to the satellite. Power is provided
by air-cell primary batteries. The comunications systemis a specifically nodi-
fied Buoy Transmit Termnal (BIT) devel oped by the National Data Buoy Office for
buoy application.

The air-droppable buoys (ADRAMS) consists of a 22-inch diameter ™lexan" sphere
mounted on a 15-inch diameter, 12-inch high foamcrash pad. The electronics and
battery pack forma single unit inside the spere, which is free to rotate in any
direction on its Teflon bearings. The electronics nodul e contains a pendul ous
wei ght so that regardless of the final resting position of the sphere after deploy-
ment, the antenna will be properly oriented.

The systemis powered by newy devel oped inorganic lithiumbatteries. These
batteries allow operation down to the |ow tenperature limt of the system -50°C.

A rugged BTT (Buoy Transmit Terminal) was devel oped to survive the shock of an
air drop,as well as the low tenperatures of the arctic ice pack

The third type of buoy is an ADRAMS buoy to which a pressure sensor has been

added.

VI. RESULTS

Positions of the 20 drifting data buoys have been edited and interpolated to
provide daily values. These results are presented in Appendix 1, titled “Measure-
ments of Sea lce Mtion Determned from OCS Data Buoys - COctober 1975 toDecenber

1976,” by A. S. Thorndike and J. Y. Cheung. This appendix discusses the techniques



used to analyze the raw position fixes. In it are also presented in graphical
formthe trajectory and the time history of velocity (speed and direction) of each
station.

All drift station trajectories have been drawn on the Beaufort Sea and Chukchi
Sea base maps supplied by the OCSEAP Project Ofice. These maps were supplied to
Dr. Gunter Weller at the Barrow Synthesis Meeting, 7-11 February 1977.

The results of the oceanographic neasurenents from the RAMS buoys are pre-
sented in Appendix 2, titled "AIDJEX Met-CQcean Buoys--Interim Data Report” by M
G MPhee, L. Mangum and P. Martin.

The results of the nodel calculations to simulate the nearshore sea ice dyna-
mcs are presented in Appendix 3, titled, “Wnter Ice Dynamcs in the Nearshore

Beaufort Sea,” by R S. Pritchard, M D. Coon, M G MPhee and E. Leavitt.

VIl . DI SCUSSI ON

The report in Appendix 3 describes the ice conditions and dynamcs in the
Beaufort Sea from 27 January through 3 February, 1976. W describe observed
response of the atnosphere, ice, and ocean. The tine period was chosen because
the ice conditions and notion are very interesting and because there is a consider-
abl e amount of high quality data fromthe AIDJEX program taken during this period
of time. The notion of the ice during this period is greatly influenced by the
internal stress of the ice pack. A flaw lead is developed along the north coast of
Al aska, extending fromPt. Barrow to the Mackenzie Delta. Shoreward of the flaw
lead the ice showed little motion; seaward of this lead the ice noved appreciably.

However, even in the regions where there is appreciable motion the anpunt and

irection of it is greatly influenced by the internal stress.

A sinmulation of the ice dynam cs for the nearshore region of the Beaufort Sea

has been nade using the AIDJEX ice nodel. During the simulation, part of the data



from AIDJEX stations are used to drive the nmodel and the remmining data are used to
verify the quality of the sinmulation.

There is no motion during the first two days. Wen notions begin, they are
westward. The ice in the western part of the area noves first with the eastern
portion responding later. In the nearshore a fast ice region exists that is sepa-
rated from the nmoving pack by a discontinuity. These conditions are verified by
NOAA satellite imagery and data fromthe drifting buoys. The nodel sinulates these
features accurately, including the velocity discontinuity. This test of the AIDJEX
nmodel shows that we understand how ice responds on the |arge scale todriving
forces and we are able to describe this relationship at times when the ice stress

exerts a dom nant influence.

VITT . CONCLUSI ONS

The technology for building and depl oyi ng air-droppable buoys to obtain infor-
mation on ice trajectories has been devel oped to a point where it is reliable and
economcal. The ice trajectory data determined fromthe buoy notions will be use-
ful in devel oping an understanding of the trajectory of pollutants spilled under
or into the ice

Thus far the data indicate that the pack ice outside the shear zone on the
North Sl ope of Al aska would transport the oil to thewest and that if it were far
enough north after noving west of Barrow, it would continue to go north and west.
Sonme of this oil could be trapped in the Beaufort Gyre. Depending on degradation
rates, this oil could be transported back to Canadian waters. The remaining oi
woul d apparently enter the transpolar drift stream  However, oil renaining near
shore could be transported south into the Chukchi Sea. The possibility of oil

noving into the Bering Sea cannot be assessed at this point.



The AIDJEX nodel has been shown to provide a physically realistic simulation
of the dynam c response of sea ice to winds during the winter when ice stress is
significant. Furthernore, the notion is seen to conpare extrenmely well with ob-
served notions of buoys and manned canps. In the nearshore regions the plasticity
nmodel represents fast ice areas. These areas are separated from the noving pack
ice by rapid variations or discontinuities. The |ocation of the flaw | ead agrees
with satellite imges. A close |ook at deformations and stress shows that we may
i nprove sone details of the response by changing the yield surface shape and we

expect to pursue that work soon

X, NEEDS FOR FURTHER STUDY

The program of work that we are reporting on has been shown as crucial to
understanding transport of oil by sea ice, and the upper |ayer of the ocean, also
the forces that the ice may exert on narine structures. W have reported results
that describe observed ice and ocean trajectories and have shown how a mathematica
nodel (the AIDJEX nodel) relates ice notion to the wind field. However, because
t he OéSEAP program has been operational only for two years, the observed notion data
in the nearshore Beaufort Sea are limted to the period from Cctober 1975 to Decem
ber 1976. Simlarly, the nodeling program even when all results devel oped under
t he AIDJEX/NSF funding are included, covers only a linmted range of time and space
where sinulations have been tested. In this section, we identify the work that
nmust continue if we are to understand the role played by the ice cover in transport-
ing oil and exerting forces. Qur ains are to increase geographic coverage, to
obtain data at different times of year, to determne season-to-season variations,
to sinmplify the nmathematical nodel, and to balance the |evels of sophistication of
ice and ocean nodels in the nearshore environnent. It is obvious fromthe descrip-

tion that the state of the art of understanding ice notion has not advanced



uniformy. This is true because of the far greater conplexity under sone condi -
tions. On one hand, in the summer conditions when the ice is wind driven (neaning
no ice stress, not that ocean currents are negligible) (McPhee, to be published), we
are ready to study the range of ice response using historical wind data. Ve note
that the area-w de barometric pressure may control ocean currents. On the other
hand, in the rest of the year when the marginal zone is ice covered, no effort has
yet begun to understand the inportant interaction of ice and ocean on smaller

scal es.

A nost alarmng question arises as we consider that oil spilled near Reindeer
Island at the end of COctober would be transported to the west of Pt. Barrow by the
fol lowi ng June, as shown by buoy trajectories reported in Appendix 1. Since there
is a well-known southerly notion in the Chukchi Sea south from Barrow to Cape
Li sbourne we nust ask, “under what conditions can oil be transported during spring
breakup fromthe Beaufort Sea through the Bering Strait and into the Bering Sea?”
The consequence of such transport would be devastating on that rich eco-systemn.
Fortunately, the stage is set to devel op amathematical nodel of the Chukchi Sea
that will allow this “breakout” problemto be analyzed. The AIDJEX nodel has
al ready been shown to be an accurate simulation tool in simlar circunstances. And
the ongoi ng data buoy programwi |l provide drift tracks and barometric pressures in
this region beginning in March 1977. Therefore, the inportant question of under-
standing large-scale notion in the Chukchi Sea can be addressed immediately. In
addition to studying the notions observed with presently depl oyed buoys, satellite
imagery will enhance our know edge of the ice conditions. Analysis of these data
will help to determne paraneters of the nodel and to identify which features are
most inportant. As part of this model devel opnent, the ocean nust be considered as
an inportant conponent. Ccean current data are available and nust be analyzed to

find the relative inportance of ocean currents.
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As a result of current mobdeling activities and data anal ysis we have | earned
that sinpler nodels may be used to relate winds to ice drift under certain condi-
tions. We have shown theoretically that area-w de wind stress averages contro
drift rates--with the effect of ice stress being small if the area is |arge enough
(Pritchard, to be published). This result is obtained fromthe Al DIEX nodel, but
the accuracy with which that nodel represents ice drift |ends confidence to the
results. Therefore, we feel that the analysis showing linited effect of interna
stress on large scales is reasonable. However, the results show that the distance
over which this force becomes negligible depends upon the strength of the ice.
During the sumrer when |arge amounts of open water are present, the average dis-
tance can be quite small--even | ess than 100 km-so that |ocal wi nd-driven drift
can be used to predict motions. However, in winter when the ice is conpact and
strong, the distances over which air stress nust be averaged increase to the order of
1000 km  This means that the average ice notion within such a region can only be
defined at distances more than 500 km from shore. Because of this linmtation we
feel that additional nbdeling using the entire AIDJIEX nodel in the nearshore region
is necessary. However, for the conditions that satisfy this linmtation we feel
that the currently described sinple nodel should prove useful in correlating w nds
and ice trajectories. This will allow statistical evaulation of historical w nd
data and a confident prediction of nean ice trajectories and the range of wvaria-
tions of these trajectories.

The OCS data buoy programthat has been in progress during 1975-1977 should be
continued to fill several data gaps. The nmost significant is the need to depl oy
buoys in the same areas as before to ascertain the year-to-year variability that
occurs because of different atnmospheric and ice conditions. In addition, buoys
depl oyed in separate |local regions, such as the high speed flume off the Al askan

coast of the Chukchi Sea, can answer specific questions. Identification of these
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areas and tines of year at which deploynent should be made al so depends on ot her
ongoi ng prograns. The decision should receive strong input frominvestigators who
are testing air, ice and/or ocean nodels that are being devel oped.

Finally, nore thought nust enter the understanding of ice and ocean dynam cs
on space scales less than 100 km At times when the ice cover may deform the
response of the ice-ocean systemis unknown on these scales. On these scales it
is inportant to understand how | oads are transmitted to structures and to |earn how
to protect these structures fromstormsurges or from the inpinging pack ice. Such
a study could allow the barrier islands to be used as protective structures if the
manmade structures were properly designed and |ocated. It isobvious that final
results of this work will be at |east several years in conming, but it is desirable

to begin a pilot program soon.

x.  SUMVARY OF FOURTH QUARTER CPERATI ONS

A Field Activities.

1. Field trip schedule
The field party arrived at NARL on 25 February and worked there until
23 March. NARL aircraft support as follows: Twin Qtter, 25 February;
C-117, 2 & 7 March; C1SO 14, 17 & 22 MNarch. NOAA helicopter support
on 9, 17, 18, 19 and 20 March. Chartered Volpar aircraft support from
Arctic Quide in Barrow on 13 March.

2. Scientific party
In addition to the aircraft crews the personnel involved in the work
were: Pat Mrtin, who coordinated the various activities; Ml d arke,
who took care of electronic troubl eshooting and repair and handled the
data processing and analysis; and Dave Bell, who assisted in the assem

bly and depl oynent of the buoys.
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3. Methods
The buoys nentioned in this report are sanpled by the Random Access
Measurenent System on board NI MBUS-VI. Position and baronetric pres-
sureare determined 6-12 times per day.

4*  Sanple localities

The depl oynent sites of the buoys are as foll ows:

Buoy ID Dat e Latitude Longi t ude
1064 2 March 67°05'N 168°00'W
1035 2 March 68°50'N 168°59'W
1052 2 March 70°40'N 165°40'W
1617 7 March 72°20'N 166°00'W
1023 13 March 69°40'N 173°40'W
1305 13 March 70°55'N 173°45'W
0632 22 March 70°37'N 147°15'W
1601 22 March 70°50'N 147°00'W

5* Data collected or analyzed
There have been no significant new data collected during the fourth
quarter 1976. Data analysis fromearlier periods are presented in
t he appendi ces.
6. Mlestone chart and data subm ssion schedul e
a. Cctober 1976 Buoy deploynent (in agreenment with Gunter \Weller,
this depl oyment was held off until March 1977, and has been
conpl et ed).
b . January 1977. Conplete data anal ysis of buoys in the Beaufort
Sea. Data report conplete (See Appendix 1).

c. June 1977. Data report conpleted (See Appendices 1 and 2).
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d. June 1977. Mddel calculation in progress (See Appendix 3).
e. Cctober 1977. Model report (see prelimnary report, Appendix

3).

B. Problens encountered/recommended changes.

The principal problem encountered with the spring field work was with arrange-
ments to depl oy buoys west of 169° west longitude. Though witten notification of
the need for such arrangenents was given on 3 Novenber, it was apprently inpossible
for the OCS office to obtain the necessary clearances on time. Therefore, the
m ssion wasflown by charter aircraft on March 13. This charter flight was con-
ducted by an operator unfamliar with and unequi pped for air navigation techniques
necessary for the safe conduct of such flights. These facts were known in advance
and were wei ghed carefully by the participants who decided to accept the risks and
proceed with the mssion. In the future such operations should be planned well in
advance with non-nilitary aircraft.

Al the buoys depl oyed stand a good chance of drifting to positions where the
data will no longer be of use to the proposed study, but where recovery of the buoys
for reuse will be feasible. Such missions are not a part of the proposed work, but
shoul d be considered by OCS.

c. Estimate of funds expended.

As of 28 February 1977, actual expenditures under this contract total ed
.$150,609. The estimated obligations for March are anticipated to be approxi nmately

$38, 239.
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MEASUREMENTS OF SEA ICE HOTION DETERMINED FROM OCS DATA BUOYS
OCTOBER 1975 T0 DECEMBER 1976

by

A. S. Thorndi ke and J. Y. Cheung
AIDJEX

ABSTRACT

During 1975 and 1976 neasurements of sea ice notion were nmade as
part of AIDJEX, and the Quter Continental Shelf project. The
raw data fromthe 20 platforns deployed in the continental shelf
regi on have been edited and interpolated for presentation in
this report.

1. INTRODUCTION

The objective of the Arctic Ice Dynamics Joint Experinent, asset
forth in its nobst general statement, was to reach an understanding of the
dynam ¢ and thernodynamc interaction between the ice cover and its environ-
ment [Maykut et al., 1972]. One conponent of the experinment was an array
of drifting stations at which frequent neasurements of position were made
For the present report those neasurenents have been edited and interpol ated
using Kalman snoothing techniques to give position and. velocity estinates
at evenly spaced tinme points. (The raw nmeasurenents thensel ves are not
reported here, but are available through the AIDJEX Data Bank.)

This report is linmted to buovs deployed in the continental shelf
regi on. For data fromother platforns which were tracked during AIDJEX,

we refer the reader to Thorndike and Cheung [1977].

2. THE RAN MEASUREMENTS

The neasurenents weremade With the Random Access Measurenment System

(RAMS), which uses the techniques of Doppler Satellite navigation. The



i
raw measurenent is the frequency of a signal transmitted from the ice station
to the satellite. The nmeasured frequency is affected by a Doppler shift

related to the rate of change in distance between the satellite and the

ice station, which is itself related to the unknown ice coordi nates and

the known satellite orbit. During each satellite orbit several frequency
. measurenents were nmade and from them an over-determ ned solution was found
for the unknown coordinates. The Doppler counts were nade for discrete
| -second bursts transmitted fromthe buoy each mnute. Typically, 20
neasurenents per pass were collected, stored, and transmitted to a receiv-
ing station on the ground. Fix calculations were done at NASA and the
resul ts passed to AIDJEX on magnetic tape. The best of these buoys got
about 15 fixes per day. A few RAMS buoys operated for only part of each
day and had a nuch lower data rate, approximtely 4 fixes per day. (See
Brown and Xerut [1976], Burke and Buck [1975], and Martin and Gl espie

[1976], for details of the hardware systens.)

3.. PREPRCCESSI NG

. The first step in preprocessing was to reduce each position
fix to an abbreviated format containing 80 characters which sunmmarize
the fix. Only the fix itself, the tinme of the fix, and several paranmeters
relating to the quality of the fix were included in the summary format.
Raw data--the Doppler counts, say--are contained only in the original data

tapes. The abbreviated format is summarized in Appendix 1.

The raw data sequence from RAMS platforns is seriously contam nated
with bad fixes. A glance at aplot of the raw time series (Figure 1) illus-
trates the problem Because outlying fixes have a deleterious effect on
the Kalman filtering results, an attenpt was made to renove them during
preprocessing. The algorithm enpl oyed conpares each fix latitude with
the median of the latitude of the 10 fixes preceding and the 10 fixes
following it. Wien the differences exceeded a preset tolerance, the fix
vas elimnated, The algorithm was applied twice, with a smaller tolerance

' the second tinme. The same procedure was then applied for longitude. The
tol erances used were 20 km and 5 km for buoys with a high data rate anti

40 km and 10 km for buoys with a | ow data rate.



Data were filtered in 20-day blocks. Sone overlap was provided to
give continuity at the end points of each block, so actually the raw data
were prepared for filtering in overlapping 26-day chunks, and |are avai . | -
able fromthe AIDJEX Data Bank in that form

Vi sual checks were an inportant part of the procedure. Plots of
the data points were produced before and after preprocessing. At tinmes
it seemed fromthe plots that we were not detecting certain bad fixes,
or that we were throwing out good ones, and it was necessary to adjust
the tolerance levels. This wasespecially true for buoys with a | ow data
rate. The final data plots (Figure 2) provided assurance that the data

were ready for filtering.

4.  KALMAN SMOOTHIRG

In the smoothing scheme used here an assunption is nade regarding
the motion of the ice. If the state of the ice at time ¢, is represented
by a vector X,, containing, say, the position, velocity, and acceleration
of each point in the ice pack, then the state at some future time is
assuned to be partially determ ned by Xy:

Xp41 =0 Xy +T Vi1 (L)

where ¢ and T are known fromthe physics of the situation, and ¥, +71 repre-
sents an unknown random perturbation. In Kalman's fornulation, which we

follow, the random effects are assumed to be Gaussian and white:

Qif . = m and
co\' (W, Hy) = (2)
0 if n ¢ m.

We have chosen & = 100 nihr™® [Thorndi ke, 1973]. Qualitatively choosing
a small value of @ is equivalent to assuming that the ice noves in a com
pletely predetermned wav. (See fromequations 1 and 2 that @ = O would

inply that X, 43 = @ X;;.) A large value of @ corresponds to assuming that



the ice experiences large sudden changes in its acceleration. For this
probl em we have defined &4 = £,41 - %, and

x position 1 A A?%)2
X = |z velocity , ©&®=10 1 A, (3
. x acceleration 0 0 1
and
A%/6
ro= |A%2|* 4)
A

An identical equation can be witten for the y-coordinates. The
two coordinates are treated independently. Treating the stations one at
atimeinthis way is equivalent to assuming that different stations experi-
ence independent random perturbations in acceleration. W know that this
is “not true [see Thorndike, 1974, p. 114, Fig. 5}. But since an objective
. of the program was to study the differences in notion between the stations,
we chose not to build into the data processing schene any physical coupling
between the stations. Otherwise, interpretation of, say, strain estinates
woul d be clouded by an underlying assunption that one station knew what

t he other was doing.

The variance & affects the high frequency response of the processing
schene.. Figure 3 shows the approxinmate response. Fluctuation wth periods
of less than about two days cannot be resolved with these nmeasurenents
and this Processing schene.

Each measurenent, Z,, is related to X by a matrix X which picks out

re

of X the position elenent:

. where V3 is a neasurement error with assuned variance K.



The structure of R reflects our understanding of the neasurement
process. In the equations (Appendix 2) which give the snoothed estimates
of X, data points are weighted according to the neasurenent error variance

assigned in R.

Important for our application of the RAMS systemis the presence of
several RAMS platfornms at fixed sites on land. For each satellite pass
it is possible to deternmine the error at the fixed reference platforms and”
to apply a correction to the fixes obtained fromthe sane pass by our
movi ng buoys.

The algorithmused finds the fix error in the direction of satellite
notion at the reference point and subtracts that error in the direction”of
the satellite notion at the buoy. The application of this translocation
principle inproves the accuracy of the RAMS fixes and all ows us to process
data fromthe RAMS buoys one buoy at a tine. A constant value of R = (2 km?’

has been used in processing the RAMS data.

The general smoothing problemis to estimate X at time %, using the
entire set of observations {Z;}Z =1,...,M, and to give the error variance
of that estimate. The solution equations, due to Kalman, are reproduced
in Appendix 2. Tables and plots which follow summarize the results of our
calculations. Typical estimation error variances for each quantity are
sunmari zed in Table 1. \Wen neasurements were scarce the variances increased
of course. Figure 4 shows the time periods for which the variance exceecled
anominal limt, at which times the results nmust not be taken too seriously.

ACKNOWLEDGMEXNT S

The authors want to enphasize that the work reported on here, for
which they were responsible, is only a part of the total effort involved in
this buoy program Pat Martin had the responsibility for monitoring the
design and production of the buovs and for their deployment. Max Coon
and others fromthe AIDJEX nodeling group nmade deci si ons about where the
buoys were to be depl oyed. Gllespie wote the software to read the data

fromthe NASA tapes and got theminto a formsuitable for our processing.



Finally Bill Seechuk at NASA provided inportant support and was
remarkably patient in dealing with our many requests for near real tinme

dat a.

The work was supported by the National Science Foundation Gant Arctic
Sea I ce Study number OPF76-1080l, and by the National Qceanographi ¢ and
At mospheric Administration Quter Continental Shelf contract 03-5-022-67 ,

entitled Near Shore |ce.

REFERENCES

Brown, W P., and EE G Kerut. 1976. Air droppable RAMS (ADRAMS) buoy.
In Ocean 76, Proceedivgs of the 1376 International Conference on.
Engineering in the Ocean Envirorment. _IEEE Publ. No. 76 CHO 1118-9

CEC, section 14, Dl-6.

Burke, S. P., and B. M. Buck. 1975. The SYNRAMS ice station. In Ocean 75,
Proceedings of the 1975 IEEE International Conference on Engineering
i-N the Ccean prpc¥onwnenv. | EEE Publ, No. 75 995-1 OEC, pp. 413-417.

Martin, P., and C. R Gllespie. 1976. Arctic odyssey--five years of data
buoys in AIDJEX. In Proceedings of the Symposium or Meteorological
Observations from Spin?, Thelr Contributiorn to the First GARP Global
Experiment, National Center for Atnospheric Research, Boul der, c0,
pp. 328-334.

Maykut, G A , A S. Thorndike, and N, Untersteiner. AIDJEX scientific plan.
AIDJEX Bulleiin, 15, 67 pp.

Meditch, J. S. 1969. Stochastic Optimal Linear Estimation and Control.
McGraw-Hill, New York.

Thorndike, A. S, 1973.  An integrated system for neasuring sea ice notions.
In Ocean 73, Procecdings of the 1973 IEEE International Conference on
Engineerting in the Ocean Enviromwnent. |EEE Publ. No. 73 CHO 774-0
CEC, pp. 490-499.

Thorndi ke, A. S. 1974, Strain calculations using AIDJEX 1972 position data.
AIDJEX Builletin,l4, 107-179.

Thorndike, A. S., and J. Y. Cheung. 1977. AIDJEX neasurenents of sea ice
motion, 11 April 1975 to 14 Nay 1976. AIDJEX Bulletin, 3 5, 1-149,



APPENDIX 2

AIDJEX MET-OCLEAN BUOYS

Interim Data Report

by

M, McPhee

L. Mangum

P, Martin
AL DJEX Cffice



L. INIRCDUCLT OF

This docunent presents current measurements nmade from ice- bound drifting data
buoys in the Arcti ¢ Qcean. It is intended as a “first-1o00k” compil ation of the
Odat a, interpretati on and concl usi ons have been kept to a minimum.

Four me teorologica 1/ocean ographi ¢ (M/0) data buoys were deployved in November,
1975, at locations chosen along the 1000 m ischbath in the continental shelf break
north of Alaska and Western Canada. It was anticipated that the buoys, each of
which was equi pped to neasure rclative current: speed and direction at 2 m and 30 m
belewthe ice, would add to our meager knowledge of how near-surface currents in
the nost intense part of the anticyclonic Pacific Gyvre interact with the continental
shelf regime. In addition, the boundary layer structure inferred from the measured
currents could be conpared with similar neasurements made at manned ice stations to

estimate momentum exchange between the ice and upper ocean within the shear zone.

O Il.  BUQY PERFORMANCE AND RAW DATA

A brief summary of M/0 buoy performance is listed in Table 1, In conformance
with AIDJEX notation we have listed time in days from the begi nning of cal endar
1975, e.g., day 366 is 1. January 1976.

Environmental data were collected from$1/0 1 for 145 days and frcm MO 4 for
332 days as shown. The other two buoys furnished no oceanographic data.

Each buox consists of a tube 6 mlong and 0,3 min diameter frozen into a hole
drilled through the ice. Savonius-rotor current nmeters with current follow ng vanes
(manuf actured by Hydro-products) are attached to a suspended pipe mast fixed rigidly
to the buoy chassis. The magnetic bearing of a reference azimuth for the buoy is
sensed with a conpass housed in the tube. Sanples of current speed and direction,
magnetic azimuth, and meteorol ogical parameters arc taken every three hours. The

current speed is averaged for 10 minutes, while direction sanples are instantaneous



O

in order to aveid 0°-360° crossover ambiguity. The buoy's memory holds a full day's
samples, which are repeatedly tranmsmitted so that when the Rimbus VI weather satel-
lite is within view, the data are reccived and stoved for later playback to a
tracking station. NASA performs basic processing of the raw data and furni shes the
results to our office On magnetic tape. Geographic positions are computed by NASA
based on Doppler frequency measurements made by the spacecraft. The position data
cre further enhenced by processing developed at AIDIEX (see Thorndike and Cheung,
1977).

The buoys were built by the Applied Physics Laberatory, University of Wash-
ington, under coutract for NOAA Environmental Research Laboratory, monitored by the
NOAA Data Buoy Office and AIDJEX. Depleyment was from holicopter and requived ap-
proximately two hours on the ice per installation.

Figures 1 and 2 (adapted from Thorndike and Cheung, 1977) show drift tracks
for the two buoys from which oceanographic data were received. /0 1 left the air
on day 452, but began transmitting again about two months |ater. Envi ronnment al
data during the later period appear to be garbled; this was unfortunate Since buoy
drift in the vicinity of Barrow Canyon is often anomalously swift and it would have
been particularly useful to have surface current neasurenents there.

Figures 3 and 4 show the magnetic azinmuth data required for defining true cur-
rent directions. In order to get the actual magnetic azimuth, the raw data shown
require a correction, unique to each buoy, that is dependent on the conpass direc-
tion and the local horizontal field strength. Correction curves were obtained by
extrapol ating fromerrors neasured at Seattle and Barrow where the field strength is
known.

Raw data fromthe current neter sensors are received as integer counts and

converted to dinensional units using calibration data supplied by the designer.

. Figures 5 through & show calibrated data sanples (8 per day) as they were received.
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The current bearing shown is the apparent direction of the current relative to the
. buoy azimuth. The? scatter is large but not uunexpected, particularly since no provi-

sion for vector averaging was made. From previcus work under ice we expect turbu-
. | ent eddies with time scales of frem 5 to 10 m nutes and these woul d introduce

large variations in directions sampled instantaneously cven With steady drift.

This would be especially true for the 2 m measurements. Another source for large

variations on scales of a few hours is inertial oscillation of the ice cover and

upperoccan . We found at the manned stotions that it was not uncommon for the

apparent direction at 3% m to swing full circle in one inertial period. Thus the

extrewe scatter exhibited in Figures 7 and 8 for the 30 mdirection is expected.

It does not show up in the 2 mdirection because the water at that level is oscil-

| ating in phase with ice. An interesting aspect of these oscillatiens i s that their

onset is apparently about two months earlier than was observed at the mznnedcamps
. the previous summer. Presumabl y the oscillations are damped when the ice i s thick,

but occur freely when the ice can no longer support internal stress gradients.

111.  PROCESSED DATA
For useful results it was clear that some sort of filtering of the current

data was required, and as a first attenpt we applied @ "cosine bell” running mean,
i.e., each snooched sample was cal cul ated by averaging the correspondi ng unsoothed
sample with th~ 1.2 preceeding and succeedi ng samples, all with the proper cosine
wei ghting. The effect in the frequency domain is a lowpass filter with little
energy content at periods shorter than 12 hours. The filter attenuates nost of the
energy at the inertial period, which is 12.6 hours at 72°N.

O The filter was applied to the zonal and meridional. velocity conponents. These

wer e obtained by subtracting the corrected magnetic, heading from the current direc-

. tion, then adding the magnetic declination at the buoys' positions. Also, from



intercompari son between the ice notion and the 2 m and 30 m currents, we belie’ ve

that the 30 m sensor of M/0 1 and both sensors of MO 2 were installed backward.
so that. 180° is added to each of those bearings. |t should be pointed out that
O inst allat ion requires coupling current meters tothe pipe in the field and the de-
sign permitted a 180° misalignment.
Results of the cal cul ations described above are shown in Tigures 9 threugh
1Z. We have reconvertad the ameoth componcents to speed and hearing and have shown
them compared to the ice speed and bearing as determined fromthe smoothed satellite
dota. The reference frame is chosen such that the actual current at either level
i s obtained from the vector addition of the ice velocity and the measured current.
In other words, 1f the water at 30 M were still, the 30 mcurrent would (ideally)
have the same speedasthe ice and its bearing would be 180° out of phase with that
of the ice.
. With this in mnd, the speed plots show manv of the characteristics we have
seen at the manned camp, j.e., the 30 mspeed is usually close to and shows many
of the same fluctuations as the ice speed. The 2 m speed also follows, but at a -
reduced magnitude, indicating that the water at 2 mis following the ice (causing
reduced shear). An interesting event is apparent beginning about day 360 in the
30 mspeed at MO 1 (Figure 9). Note that the current speed is sustained at a level
apprecidbly higher than the ice speed for several days. A sinmilar event occurs at
buoy M/0 4 about 1.0 days later. It is possible to conjecture that the events are
fromthe sane baroclinic disturbance which is propagating eastward at about 40 cnis
(the buoys are approxinmately 400 km apart). There is also a sustained current dur-
ing February, March, and April 1976 at MO 4 in the absence of nuch ice drift. It

apparently sets west as woul d be expected in the southern part of the. gyre.



The intent of this report has not been an exhaustive analysis of the buoy

@ data, and much remains to be deone. In view of the fact that the buoys pioneered
in having current measuring capability, the results are encouraging. We have had

.trou}tlc interpreting the dircctional measurements and consider some of the direc-
tional data suspect; however, this may be more due to prejudice from previous ice
gtation ewperience vather than the actual evidence. We do peint out that when a
towing velocity is provided by the ice, the directional measurement requires higher
precision to determ ne the actual current direction tO the same accuracy than if
the current meter were fixed. This is comething that should be considered in de-~
signof future buoys. 1t also seens well within present technical capability to
provide vector aver aging electronics. A sensitive temperature Sensor seens feasible
and would be useful, particularly during the summer months, to indicate the amount

of stratification.
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TABLE 1

MET- OCEAN BUOY PERFORVANCE

Deployed
RAMS Position Enviroament al
M/0Q Buoy Pl atform Posi tion Dat e Data Data Renar ks

1 1416/1420 71°32'N 2 Nov 75 307-4.52 307-452 Env. data pcor quality
147°W (306) 519- 697 after 430

2 1451/1467 71i°20"N 2 Nov 75 307-608 none Position data only
149°W (376)

3 1143/ 1175 73°44°N 5 Nov 75 none none Failed soon after
130°W (309) deployment

4 1245/1273 71°N 3 Nov 75 308- 640 308-640

. 135°w (307)
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ABSTRACT
. Ice conditions and motion in the nearshore Beaufort Sea from 27 January to
3February, 1976 were strongly affected by ice stresses. W chose to sinulate this
.response using the AIDJEX nodel. There is no notion during the first twodays.
Wen notions begin, they are westward. There is atinme lag with ice in the eastern
portion responding later. In the nearshore a fast ice region exists that is sepa-

rated from the noving pack by a discontinuity. These conditions are verified by

NOAA satellite inmagery and data fromdrifting buoys and Al DJEX manned canps. The
model i s shown to sinmulate these features accurately, including the velocity discon-
tinuity. This test of the AIDJEX nodel shows that we understand how i ce responds
on the large scale to driving forces and are able to describe this relationship at
times when the ice stress exerts a domnant influence on the response. This nodel
allows us to use winds (including the large set of historical winds) to deternine
ice velocity (and trajectories) and to estinmate the |arge-scale average forces that

pack ice may exert.

INTRODUCT ION

This report describes the ice conditions and dynamics in the Beaufort Sea from
January 27 through February 3, 1976. In addition to describing observed response
of the atnosphere, ice, and ocean, we present a sinulation of the ice conditions
using the AIDJEX ice nodel. The time period waschosen because the ice dynam cs
conditions and notion are very interesting and because there is a considerable
amount of high quality data fromthe AIDJEX program taken during this period of
time. The notion of the ice during this period is greatly influenced by the inter-
Onal stress in the ice pack. A flaw lead is devel oped along the north coast of
Al aska, extending from Pt. Barrow to the Mickenzie Delta. Shoreward of the flaw

lead the ice has very little notion;, however, seaward of this lead the ice shows



appreciable notion. However, even in the regions where there is appreciable notion

o the anount and direction of it is greatly influenced by the internal stress. A
detailed description of these conditions is given in this report.

. In Figure 1 we show the region of interest together with the position of data
stations for the AIDJEX program [the data station numbers shown in Figure 1 are the
same as those used by Thorndi ke and Cheung (1977) and in Appendix 1 to report on
sea ice notions observed during AIDJEX and as part of this work]. Stations numbered
1, 3 and 2 were nanned canps where extensive neasurements in the atnospheric and
oceani ¢ boundary layers were taken. These canps are also identified by radio call
nanes of Caribou, Snow Bird and Blue Fox, respectively, We have used directly the
positions and baronetric pressure neasured at each canp. The data fromthe Al DJEX
stations and NOAA satellite imagery are used in the next section of this report to
describe the ice conditions during the time period in question.

‘ A simulation of the ice dynamcs for the regon shown in Figure 1 has been
made using the AIDIEX ice nodel. In the simulation, part of the data from Al DJEX
stations is used to drive the nodel and the remaining data are used to verify the®

quality of the sinulation.

ICE CONDI Tl ONS

Daily velocity (average velocity during a day) is shown for eight days for all
stations in Figure 2. On January 27 and 28 there is essentially no notion of any
station. As will be shown later, there is appreciable air stress applied to the
ice during those days. On January 29 the westernnost stations begin to nove and
over days January 30 and 31 there is a predomnantly western nmotion of all stations

.except for those in the A askan nearshore area, where the stations have essentially
no notion. During February 1, 2 and 3 the ice notion reverses. To obtain a nore

detailed view of how the ice notion devel ops during this time, velocity time



histories are shown for several of the stations in Figures 3 and 4. Figure 3
@ indicates the north-south and east-west conponents of the velocity for stations 3
(Snow Bird) and 2 (Blue Fox). The major velocity conponent during the tinme period
' is directed east-west. W also see that the east-west notion of station 3 begins
a half day before station 2. This indicates that the disturbance that causes the
notion travels fromwest to east across the Beaufort Sea and this disturbance pro-
duces motion in the ice which is predomnantly in the east-west direction. This
fact is supported by motions of other stations, e.g., 66 and 17, shown in Figure 2.
Figure 4 shows the velocity tinme history for stations 44, 1 (Caribou), and 22. From
Figure 1 it can be seen that these stations are aligned more or |ess north-south.
The largest velocity conponent at stations 44 and 1 are directed in the east-west
direction. W also see that station 1 and 44 begin their notion at essentially the
same tinme (even though the peak occurs later). Again, the disturbance noves west to
east. Station 22 shows no appreciable notion during the tine period. This indicates
that there is a large velocity difference between stations 1 and 22, which is, of
course, what was seen in Figure 2 with the average daily velocities.
The characterization of the notion that energes from Figures 2,3and 4 is
also indicated clearly in NOAA satellite imagery for the period shown in Figures 5
through 8. Al figures show the |ocations of the AIDJEX stations, and Figure 5
shows the outline of the area of interest. The NOAA i mages show a devel opnent of
a series of cracks in the ice running essentailly north-south fromthe flaw lead to
the northernnost boundary of the area of interest. The flaw lead is not apparent
in the earlier imagery, but by 2 February it is fully devel oped. It is at the flaw
.1ead that the velocity discontinuity apparent in Figures 2 through 4 arises. It is
the opening of cracks running north-south that produces the east-west motion of the
stations indicated in Figures 2 through 4. The progression of these cracks occur-

O Yingin tim sequence fromwest to east across the area is consistent with the



velocity tinme histories shown in Figure 3.

[ In addition to exam ning the kinematics of the sea ice, it is inportant to
| ook at forces acting on the sea ice. W begin by discussing the atnospheric
B «boundary | ayer nodel used in the AIDJEX nodel sinulation. Specifically, we discuss
the procedure for determ ning the drag coefficient and turning angle from observed
conditions. A simlar discussion follows in the oceanic boundary layer. Finally,
we study the forces acting on the ice and the resulting notions of the manned canps
(Cari bou and Bl ue Fox).
The baronetric pressure field defines the atnospheric geostrophic flow U.
The planetary boundary |ayer relates the surface traction exerted by the atnosphere

on the upper ice surface Ia to the geostrophic flow [Brown, 1976]. The air stress

is computed as a quadratic function of HUH applied at an angle o countercl ockw se

fromU:

1
_ k x Vp (1
pa Jc‘(‘.
T = C
1, = o ¢ llullB, v (2
wher e
P, = air density,
fc = 14.15 x 10" ° See-| 1S the Coriolis paranmeter at 76"N latitude,
CD = a dinmensionless drag coefficient,
zos O ~sin O
B =
2, )
sin o cos O},
k = unit vector upward and orthogonal to plane of nmotion, and

. Vp = horizontal gradient of baronetric pressure p.
The surface air stress can also be related to the square of the nmeanwi nd speed

® neasured at 10 neters above the ice surface



T, = pa CroU30 (3)

where cis the 10 neter drag coefficient. Combi ning (2)

.D as a function of Cio and the ratio U;¢/G.

CD = Cig (U10/6)?

and (3) we can express

Sone neasurenments of Cofroma site near canp Big Bear in spring 1975 are

reported by Leavitt et al. (1977). The nean value of C;o was 1.3 x 107 but the

measurements showed a variation with wind direction, from1.0 x 10*°to 1.5 x 10-°

These neasurenents were taken over snpooth floes and do not include the effect of

“fornmf dragdueto pressure ridges or rubble fields. For typical ice conditiorns

in the Beaufort Sea Arya (1975) predicts that the drag due to ridges would be

approxi mately equal to that over the snmoother ice; for exanple; this would suggest

-3 . . .
.10 = 2.6 X 10 *. Carsey and Leavitt (1977) have calculated air stress by integrat-

fng wind profiles through the boundary layer. These wind profiles were obtained by

tracking the notion of balloons (pibals) as they ascended through the boundary |ayer.

A prelinmnary estimate of U, from these data is 2.7 x1) Wnhie~ agrees with Arya.

The confidence linmt on this estimate is 0.7 x 10°

Prelimnary analysis of pibal data and recorded surface winds for this period

suggest (U30/G)*= .3 and a turning angle o = 28°. These values are used to conpute

the drag coefficient

c. ~ 0.8 x 10°

D ()

which is used to conpute air stress fromthe geostrophic wind for the simulation.

.urther conpari sons between surface and geostrophic w nds suggest that the nean

turning angle for this period is 35° rather than 28°, but the standard deviation in

this estimate is 15°. The value used is therefore within the range of uncertainty.



A conparison between geostrophic and surface wind derived stresses at each of
@ the manned canps is shown in Figures 9-11. The agreenent is excellent except for

30and 31 January, when the east-west conponent of air stress obtained from geo-
strophic vel ocity exceeds the value deternmined from surface winds. Baronetric pres-
sures at the manned canps have been found to be in error by 0.1 nb at this tine.
Corrected values reduce the air stress by about 20%  The corrected air stress is
shown in Figures 9-11. The uncorrected val ue has been used in the sinmulation pre-
sented later in this report.

Figure 12 shows a bal ance of dynamic forces derived from snoot hed records of
measured quantities at station Caribou sanpled at 1200 GMI on 30 January. The
force balance is a sumof air stress 1, water stress  , Coriolis force IC and a

resi dual Rwhere

T+t +f +R 0 (6)
~w ~C ~

~

~a
. The water stress is related toicevel ocity by

T, = o8, 6 Ikl By
(7)
cos (1T+B) -sin (mB)
B = lsim (+8) Cos (n+B)
and Coriolis force is
fo =-mf kX

wher e O is the water density, mis the ice nass per unit area (300 gmcmz), fc is
the Coriolis parameter and 8 is the angle of turning. The resultant vector R is
required to bal ance the equation and represents internal ice forces, sea tilt, and
‘ ice inertia. W have used summer conditions when the ice is not conmpact enough to
support appreciable internal stress (i.e., Ris small) to evaluate the water stress

@ constants. The best results were obtained with C‘w = 0.0055 and B = 23° using



observed surface winds, and a drag coefficient C,= 0.0027. During 30 January it
is clear that Ris an appreciable force acting on the ice. Therefore, ice stress
(s an inportant factor in any sinulation of this period.

‘ Figures 13, 14 and 15 show tinme series of forces and velocities as neasured
at the three nmanned canps. In the top segnent of each plot are shown the air stress
conmponent as determined fromthe 10-meter wind (Ia =0, CrolU1 ) Uig)s along with the
negative conponent of the resultant vector, . From(6) and (7), it is clear that
£ and T, will be equal and opposite when there is no ice nmotion, thus the plotted
curves coincide for the first few days. When the ice velocity increases, the water
drag and Coriolis force becone increasingly inportant. W further analyzethe
forces by considering how the ice would behave if it were too weak to support an
internal stress gradient. Then & = 0 and (6) can be solved for the wind-driven

velocity, v Solutions for wind-driven drift are shown along with the neasured

d
elocities as the lower traces of each plot. (Cbserved notions are constrained to

an east-west direction by the ice stress. Wnd-driven drift has a |arger north-
south component. This is also indicated by the sizable southward conponents of
internal force on 30 January atCaribou (Fi gure 12) and Snow Bird even though there
was practically no north-south conponent of surface w nd.

An inportant question to ask is how nuch does the internal ice stress affect
the trajectory of a given point? To this end, Figure 16 indicates the observed tra-
jectory of station 1 (Caribou) and the w nd-driven trajectory. It can be seen
clearly that the difference between these trajectories is very large. At the end of

the eight-day period there is a difference in position of approximtely 25 kilometers.

'Ehe internal ice stress has retarded the notion of the ice by this anount.



MATHEVATI CAL MODEL

. Conservation of nmomentumin this system accounts for air stress T, wat er
stress T1,, divergence of ice stress V0 (¢ is the Cauchy stress in excess OF iso-

etatic equilibriumintegrated through the thickness in this two-dinmensional material

model ) , Coriolis accel eration —mfck?m and sea surface tilt (mf @xgg)
C

= 3 + ° — X -
my ¥yt Veg-mf kx@-2) (8)
where m=massper unit area, and f_= 14.15 x 10 > See-l1 is the Coriolis paraneter

at 76"N latitude. The notation (*) inplies differentation along the particle path

and V is the spatial gradient operator.

The oceani ¢ boundary |ayer is represented by a quadratic drag law similar to

that used in the oceanic boundary-layer as shown in equation (7). \ater drag,

however, is a function of the ice velocity relative to the geostrophic current Qg

.he relationship is

e = e G llz-g llB@-2) 9

where all variabl es except gg have been defined previously. The .eostrophic flow

is assumed to be given by long-term nean observed val ues. In Figure 17 we present

the values. Values at internmediate |ocations are computed by |inear interpolation

bet ween val ues defined on the 75 km square grid.
The el astic-plastic constitutive | aw devel oped by the AIDJEX nodeling group
(Coon et al., 1974; Coon and Pritchard, 1974; Pritchard, 1975) relates stress to the

deformations. W assume a stiff linear elastic response.

. o = (M -M) Ltreg+ 24 ¢ (lo)

where ¢ is the elastic strain. Moduli used in each sinulation are presented in

.Table 1. The moduli are large enough so that elastic strain cannot exceed 0.2
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percent. The rate of change of elastic strain is determned from

Qe

-He +e¥ = D-D (11)

.where stretching D 1/2(L + QT) and spin ¥ = 1/2(L = QT) are obtained fromthe vel-
ocity gradient L = Ww. The plastic stretching Qp is defined by the normal flow rule

-y 2

where A is a positive multiplier. Finally, the yield criterion
$(g, p*) < O (13)

conpletes the description. The yield surface has been assumed to have the shape of
a "squished teardrop” as shown in Figure 18. The famly of curves has been nornal -

ized by p*. The surfaces are defined by

Le
. o = opp t tan b OI(l + cl/p*) * (14)

where b is the angle at which the curve approaches the origin (g = 0). W have
chosen b = 30° since this value has been found to be reasonable <a previous simla-
tions (Pritchard, Coon and McPhee, 1977). Yield strength p* determnes the size of
the surface given by equation (14). For the set of sinulations we have varied p*
as a paraneter, setting it to a constant in each calculation. Thus, we have used a
perfect plasticity nodel.
An inportant feature of the AIDJEX ice nodel is the ice thickness distribution

It is this variable that distinguishes ice conditions by describing the relative
area covered by ice of each thickness. One of the properties of the ice npdel that

epends on thickness distribution is the yield strength p*. In our current state
of thinking we believe that strengths found fromthickness distributions are too

.Iow to allow realistic sinulation of ice notion and deformation (Pritchard, 1977).
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Therefore, we have bypassed this part of the model in favor of varying p* as an

arbitrary input parameter. The results of this work provide critical information
on strength needed to sinulate ice response and shall provide direction as we re-
formulate the redistribution function and the energetic argument that enable us

to determine strength from the thickness distribution.

QUASI - STEADY NUMERI CAL | NTEGRATI ON

In previous simulations (Coon et al., 1976; Pritchard, Coon and MPhee, 1976)
we have input air stress fields each six hours and boundary velocities each three
hours with values determned at intermediate tinmes by linear interpolation. Solu-
tions were then obtained using a difference approxinmation known as the | eapfrog
scheme (Pritchard and Colony, 1976). This scheme requires nunerical time steps on
the order of 2 minutes for cells that are 40 km wi de using typical elastic param-
eters, say ¥, = 1/2x 10% dyn cn™! and M, = 1/4 x 10 dyn cm ! and an area nass
density of m= 300 gmcmz. The Courant condition is assumed to give ¢ At/Ax < 1/2
where e = [(M1+M2)/ml]§. SeeTable 1 for values used in the sinulation.

The fundanmental concept of the AIDJEX npdel is that the physical processes of
ridge building and lead formation are the nechanisnms that provide deformation. The
nodel further assunes that a |arge-scale spatial average (~ 100 km) is being des-
cribed. We feel it is consistent with these ideas that tenporal variations be
resol ved on scales of the order 1 day. To be nore conpatible with these concepts,
we have nodified the nunerical schene. W have averaged the air stress and the
boundary velocity over each one-day interval and now seek to find the steady state
response of the nodel to the constant driving forces. The ice acceleration may be

rewitten

® o=y +LD (15)
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where vy is the partial derivative of velocity v{x,£) with tine and L v represents
.advecti on. Since we seek steady solutions (by which we mean that velocity is con-
stant, not zero), we see that an Eulerian formulation is sinpler to visualize. In

B that case ,vt: O The contribution of advection to the nomentum bal ance is an

apparent force

fo = mLy =

The nmagnitude is on the order of

L1 < m izl - o]l (17)

where velocity gradient ||[L]] =1 x 10°see-l1 in the marginal ice zone and velocity

”U” ~ 20 cm see-’ 1n the pack ice so that as a worst case
£ 1l = .06 dyn cm (18)

. hich is an order of magnitude smaller than significant forces in equation (8).
Therefore, we neglect advection in the sinulations.

For conmpl eteness, we nust simlarly evaluate the advection of elastic strain
in equation (11). However, we have no accurate estimte of the spatial gradient of
elastic strain. Therefore, wthout proof we neglect this advection termalso, but
note that the elastic response is as nuch a nunerical artifact as a physical real-
ity. Furthermore, elastic strains are constrained to be less than .2% by choosing
moduli (M1 and M2} to be large. From these argunents we feel that the assunption
is valid.

Qur results show that sonme variations still occur during the last cycle of
iteration. It is at this time that we are assuming the solution to have reached

Qt eady state. Forces appear to vary less than 0.1 dyn cm?®during the last hour of

iteration (approxinmately 60 cycles) and this difference is acceptable. Since the



13

quasi - steady concept is a new one, We have not felt justified in developing a
.cri terion to decide when the solution has coverged because we have only begun to

deci de whether or not we should continue the quasi-steady solution nmethod. Present
Bi ndi cations are that the nethod is an inprovenent over our previous schene in which

solutions vary continuously and we shall begin to look into the convergence ques-

tion in nore detail.

PROBLEM CONFI GURATI ON

The | ocations of 17 data buoys and three manned canps have been shown in Fig-
ure 1. W have chosen to use the four northernnost and the two westernnost buoys
(one buoy common to botl) to provide boundary conditions for the sinulation. The
boundary is assuned” fixed to shore zlong the North Slope fromPt. Barrow east to
Banks Island. The notion of each of the other two section of boundary is obtained
using a spline interpolation polynomal with zero second derivatives at the end

' poi nts. For exanple, a spline interpolation ’polynom al using four data buoys and a
fixed point provides velocities at each grid point lying along the northern boundary
of the grid. A generally rectangular grid is set up in the interior of the region.
The interior points are chosen so that each additional buoy or canp lies either on
agrid point or onaline to sinmplify interpolation of solutions for conparison.

The fifteen interior stations allow us to test the performance of the nodel at re-
produci ng obsetved nmotions. W have regenerated a grid for each day of the cal cu-
lati on because of the notion that occurs. This detail is necessary so that the

conputed results can be interpolated properly for direct conparison with observa-

tions.

.RESULTS

Wnd-driven drift velocity is presented in Figure 19. This velocity is obtained

0 as a balance between all forces considered in the conplete AIDJEX nodel except for



14

ice stress divergence. The wind-driven velocity is calculated at each point inde-
pendent of information at surrounding points using the air stress fields shown in
Figure 20. During 27 and 28 January when air stress was quite small over nuch of
the donain and was |ess than about 2 dyn cm’ near the Al askan North Sl ope, the
wind-driven velocity ranged froma low of about 5 cm sec™! that reflected transport
on the geostrophic ocean current to high speeds on the order of 25 cm see-| where
the winds are largest. These results may be conpared with the observed ice drift
(Figure 2) which is essentially zero during these two days. During the next three
days (29, 30 and 31 January) the winds rise and the air stress increases to a range
of values on the order of 2-5 dyn cm® The air stress is nore nearly honogeneous
on each day blowing toward the west. The wind-driven drift shows nost of the donain

noving to the northwest at about 20-30 cm sec™!.

During the last two days the w nd
pattern within about 100 km of the Al askan North Sl ope shows a steep gradient with
wind-driven drift results either zero or turned northward. The speeds are |arger

t han observed at these tinmes but nore striking is the fact that the icewas observed
to drift westward but the wind-driven drift is to the northwest. During the |ast
three days (1, 2 and 3 February) the winds fall off and turn northward and finally
to the northeast. At these times the wind-driven drift generally follows the direc-
tion of the observed notion but speeds are typically twice as high as observed
speeds. The nost striking feature that is nodeled poorly by wind-driven drift is

t he nearshore behavior when ice is notionless in a band nearly 200 km w de al ong
the North Slope and separated by the flaw | ead that appears as a velocity discon-
tinuity in the observed motions (Figure 2) and the satellite inmagery (Figures 5-8).
Instead, the wind driven drift varies snoothly everywhere with spatial gradients
dictated by gradients in the air stress field.

The ice nodel is included in the simulation so that the effect of ice stress

divergence nay be considered. W have performed the simulation three times during
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the time interval 27 January - 3 February. During each of these sinulations the

. yield strength p* was held at a different constant val ue throughout the domain.

The values are shown in Table 1. The internediate yield strength of p*=10°dyn
cnit was chosen to agree with the |ower bound estimate of Pritchard (1977) during
the time interval 10-24 February 1977, just 7 days after the sinulation tine chosen
for the present study. Although a lower bound, the estimate is thought to be a
reasonable estimate of the actual value. W have also used values an order of mag-
nitude snaller and larger to see how sensitive the resulting notions are to such
variations. For convenience of presentation, we shall first discuss the velocity
calculated using the internediate yield strength (Run 3C). Then we shall show the
effect on the velocity field due to changing yield strength, Finally, we shall
return to the best estimate to ook in nore detail at the deformation and stress
fields that are obtained.

The sequence of nodeled ice velocities determned with yield strength
p* = 108 dyn cm™! is presented in Figure 21. The accuracy with which we have sim
ulated velocity seenms renmarkable. The simulated velocity is “to be conpared with
observed velocity at each available station as shown in Figure 2. During 27 and
28 January the nodel velocity is nearly zero throughout the domain, which agrees
with observed notions. During 29 January as the winds rise we find notion to the
northwest in the western half of the domain, which agrees with observed notions.
Except for the two buoys at approxi mately 150 km northeast of Pt. Barrow, the wvel-
ocity of each interior check buoy and manned canp is accurate to within a few

centimeters per second. The discrepancy between the two nearshore buoys and nodel

.resul ts is caused at least in part by the velocity profile assumed as a boundary

condition. W have interpolated the boundary velocities between the five buoys
along the boundary to input the velocity of each grid point. Furthernore, all

points along the fixed shore have zero velocity. Therefore, the boundary velocity
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smoot hly approaches zero as we approach shore. This does not allow the |arge vel-
ocity gradients that are observed to appear near these regions. During 30 January
the ice speed increases to about 20 cm see’ with the wind and the flow to the
west . In the Al aska nearshore region steep gradients normal to the shoreline
appear. The velocity out to about 80 kmis small, conparing well wth observed
motions. To the east we find that the nodel ed velocity field continues to nove
with a | ead opening along the shore at Banks Island. The observed velocity decays
rapidly in the last 200 km of this region. It is possible that either inaccuracies
in the winds, incorrect yield surface shape or the lack of tensile strength of the
ice model could cause this error in the approximation. During 31 January, wi nds
are simlar to 30 January with the velocities being conparable also. By this day
the region off Banks Island is observed to be noving at the sane velocity as the
area to the west. The nost striking feature of the velocity field during 31 January
is the region of fast ice along the U S.-Canada .orth slope that is separated from
the nmoving pack ice by an abrupt change in velocity--a discontinuity. As seen in
Figure 2e, the three buoys within this region are stationary and nearby ones are
moving rapidly. W interpret this discontinuity as the flaw | ead reaching from
Pt. Barrow to Banks Island. W have sinulated the existence and |ocation of this
discontinuity accurately. Furthernmore, the snooth velocity field in the pack ice
is simulated accurately also. During the last three days of the sinulation (1, 2
and 3 February) the details of the velocity field become |ess interesting but we
find that the nodel ed velocity does. come around and nmatch the observed notions
accurately. The conparison is accurate throughout the domain with negligible mo-
tions in the Al askan nearshore correctly represented

It is inportant to point out that while it istrue that the prescribed boundary

velocity has a strong influence on the resulting velocity field, the accurate rep-

resentation of the velocity field throughout the interior of the domain could only
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be achieved by a nodel that represents sea ice response correctly in a variety of

deformation states. W shall denonstrate this point by simulating the response

using the sanme plasticity model but with different valuesof yield strength.

. In Figure 22 we present the set of eight velocity fields that result when a
yield strength p* = 10"dyn em™ ! is used (Run 3B). A conparison with wind-driven
drift velocities (Figure 19) shows that velocities nodeled by the | owstrength
yield surfaces are simlar. In the interior the velocities conpare within -

a few centinmeters per second in magnitude and are oriented in approximtely the
same direction but turned consistently to the left by ice stress divergence by
10- 20 degrees. Therefore, as with wind-driven drift, the weak ice nodel does not
provide an accurate sinulation of observed buoy and manned canp motions, For ex-
anple, during the first two days when winds are too low to nove the ice we find
that the weak ice model instead allows notion. Furthernore, at the boundaries

.where the velocity is specified by the buoy notions, we find the weak ice model
allows a discontinuity to develop in the velocity field. The junp in velocity
persists at alnost all boundary locations for the entire eight-day period. Final |y,
t he behavior of the weak ice nodel in the nearshore does not sinulate the discon-
ti nuous behavior that” is observed to exist. The nodeled velocity field instead
varies smoothly to the zero boundary val ue specified at the shore. This is not a
reasonabl e representation of the fast ice zone seen in satellite imgery, in the buoy
motions and in the nodeled results with yield strength p*=10dyn cn™! (Run 30).

To learn how sensitive nmobdel ed velocities are to changes in yield strength we
felt it to be worthwhile also to performa simulation with p* = 10°dyn em™! (Run

. 3D), an order of nagnitude larger than the estimted value. However, we felt it
unnecessary to sinulate all eight days. During the first two days (27 and 28 Jan-

uary) when winds were | ow and boundary velocities notionless, the nodel predicted
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no motion with a yield strength of p* = 10°dyn em™!. It is therefore not possible
. to change this velocity field by increasing yield strength. Since sea ice condi-

tions were simlar during the next three days (29, 30 and 31 January), we felt it
. necessary to simulate only one day. We have chosen 30 January as representative.
The nodel ed velocity field during 30 January is presented in Figure 23 for the high
yield strength p*= 10°dyn em™!. Athough the necarshore region has zero velocity
it is seen that the width is far larger than the fast ice region defined by buoy
motions (Figure 2). Approximately half of the entire domain is predicted to be at
rest. As expected, the strength is so high that no discontinuous behavior is exhib-
ited at boundaries, but in the interior nodeled velocities do not conpare closely
with observed velccities., Results sinmilar to those for the days 27-31 January are
expected if the last three days are sinmulated (|-3 February).

In summary, we find that the perfect plasticity nodel may be used to sinulate
the observed velocity field quite accurately when the yield strength is estinated
correctly. In particular, fast ice regions in the nearshore are accurately delin-
eated and pack ice notion is accurately represented. The interface between these
regiras is narrow and is approximated by a discontinuity in the theoretical nodel
(and by a rapid variation across 2-3 cells in the difference approxi mation). Fur-
thernore, we have | earned how sensitive nodel ed velocity fields are to variations
in yield strength. Variations of an order of nagnitude provide nbdel ed velocities
that are simlar to wind-driven if too weak, and strongly domi nated by boundary
conditions if too strong.

Qur attention turns back to the internmediate strength simulation (Run 3C). W
now present a nore detailed view of the results since the velocity field has been
shown to be accurate.

The deformation is shown in Figure 24 for each of the eight days simlated

. using -the strength estimated at p*= 10°dyn em~! (Run 3C). W have presented
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the stretching D which is the symetric part of the velocity gradient L Vp.

This is the variable considered as strain rate in small deformation theories and

is the variable npst descriptive of velocity differences throughout the domain.
Wthin each cell of the numerical grid we have displayed the principal values of
stretching oriented in the correct directions. Qpening and closing in each direc-
tion are differentiated by dashed and solid lines, respectively. A line of 1 cm
length on the figure represents a stretching value of 8 x 107"sec (approxinately
8% per day). During the first tw days (27 and 28 January) deformations are negli-
gible as were the notions. During 29 January deformations begin to occur around
the nearshore with opening at Banks Island and with both shearing and opening north
of Alaska. W note that principal values of equal magnitude and opposite sign
represent pure shearing--that is, shearing acconpanied by no dilatation (area

changes). During 30 and 31 January a simlar pattern of deformation occurs but

. principal values are larger. Mxinmm shearing (DII = Dy - Dy, the difference be-

tween principal values) in the two cells approxinately 100 kmnorth of the U S. -
Canada | and nass is about 16 x 107 sec (. 16% per day). This larger deformation
iscalculated in a narrow band about two conputational cells wide (~ 80 km) and rep-
resents the velocity discontinuity that we discussed earlier (Figure 2). Since the
nunerical technique does not predict discontinuities explicitly, we nust interpret
these features by studying both the velocity and the deformation fields, [t is
seen that deformation in the center of the domain is an order of nagnitude smaller
than in the nearshore region. It should be pointed out that we had expected a
region of uniaxial opening to occur along a line running generally northward from
the shear zone. This is seen in the satellite inmages (Figures 5-8) in the form of
| eads running north to south. This feature of the observed conditions is not rep-
resented in the sinmulation. W shall return to the discrepancy later. During the

last three days (1-3 February) the deformations do not show a sinple and significant
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pattern until 3 February when the northwest corner is seen to undergo shearing of
o about 6% per day,whereas the entire part of the domain near shore is not deformng.
The stress states sinmulated during the eight-day period are presented in Fig-
.un:ez 25. At each node point we have determined the stress state as the average val ue
found in the surroundi ng nodes. The principal stress values are shown propor-
tional to line length in the directions in which they occur. A line length of 1 cm
represents a value of stress equal to the yield strength of 10°dyn cm™®. Wile we
cannot test the stress state by direct conparison with observations, we can |earn
at least to some extent whether the stress state is physically reasonable. For
exanpl e, we see that during 28 January - 1 Feburary when ice is blown away from
Banks Island that the stress is small in that region. This result is desirable
since we expect little ice stress to arise in regions that are undergoing opening.
Simlarly, where the ice is being blown into a region the stress is seen to be |arger
.(e.g., the western boundary on 30 January). Howev~r, We are not satisfied that
principal values of stress in the center of the domain during 30 January are on the
order of 5 x 107 dyn em *. It is in this region that we have seen the leads opening °
in a generally north-south direction. W find it difficult to understand how stress
may be transnitted across these leads in an east—west direction. We believe the
shape of the yield surface nust be nodified to correct the stress state in this re-
gion. W have prelinmnary results of such a sinmulation using the triangular yield
curve shown in Figure 26. Using the triangular yield curve allows the stress state
to be uniaxial where plastic flow occurs. Prelimnary results indicate that the
principal values are aligned with the |eads and a zero stress occurs nornmal to the
.1cads. We further believe that the uniaxial opening deformation that is not observed
fn the present sinulation (with a squished teardrop) will probably occur when the
triangl e yield surface is used. In summary, we find the stress fields to be reasen-

.abl e except for one detail and we understand how that problem may be elim nated.
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The force bal ance at each location provides inmportant insights relating
° response to the driving forces. In Figure 27 we present the sequence of plots
showi ng the forces acting at the node nearest the location of manned canp Cari bou.
In Figure 28 we present simlar results for the node nearest the |ocation of nmanned
canp Blue Fox. The differences between the two plots depict spatial variations
that occur between points that are about 150 km apart. During each day the results
are simlar but can vary by the order of 25 percent. In each plot of force balance

we present the calculated ice drift asa dashed vector. The air stress T wat er

stress Iw’ ice stress divergence fo and Coriolis force fCare al so shown. In addi-
tion, we show a vector £ that is required to sumforces to zero. It is conmposed of

sea surface tilt, of inertia which is a neasure of the lack of convergence to steady
state conditions and of plotting errors on the order of 0.1 dyn cm’  During 30and
31 January when winds and ice notion are highest, the force balance plots are espe~-
eially useful. Since these two days are simlar we concentrate on results of only
one day--30 January.

W confine our further attention to the Figure 27 and consider results at
Caribou because these may be checked directly with Figure 12. |L should be noted
that during 30 January (see Figure 2d) the observed notion of the two manned canps
Caribou and Snow Bird appear to be about 20-30 degrees countercl ockwi se from ot her
nearby points. This appears fromsatellite imges to occur because the canps are on
a large single floe that is surrounded by several leads and is rotating, Therefore,
we do not want to be confused by this anomal ous notion. The conparison between
nodel ed and observed forces is reasonably accurate. Mny of the differences can be
explained. First, we have already shown (Figure 9) that the geostrophic air stress
' input to the nodel is about 20%too large. This is shown also in the force bal ance.

It is a cause of a large difference between fg and B (we note that stress divergence

. shoul d be the largest contributor to E) because a reduction of T by 20%woul d cause
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that vector difference to be subtracted from fg. Furthermore, the anomal ous
@ observed vel ocity of Caribou neans that the nodeled velocity is a better representa-
tion of large-scale motion than the notion measured at the canp. This observed
.velocity inturn is used to conpute fc and T in Figure 12. Rotating each clock-
wi se woul d better align the “observed” forces with conputed results. The water
stress conputed from observations negl ects geostrophic ocean currents which are
about 5 cmsee-1 in the direction of notion. This accounts for the fact that the
water stress in Figure 12 is about twice as large as nodel ed. The consequence of
this neglect of Qg is to reduce . Thus, halving T automatically adds the vector
difference to £ because RE(= -Is- Ty fc). Consi deration of these three corrections
to the “observed” force balance reduces the discrepancy to about 0.5 dyn T In
t hat case fO and § are aligned to within about 20°. This conparison is felt to be

~

excel l ent considering the uncertainty in each of the many conponents.

.SUMMARY

The AIDJEX nodel has been shown to provide a physically realistic sinulation of
t he dynam c response of sea ice to winds during the winter when ice stress is signi-
f icant. Furthernore, the notion is seen to conpare extrenely well with observed
motions of buoys and manned canps. In the nearshore regions the plasticity nodel
represents fast ice areas. These areas are separated fromthe noving pack ice by
rapid variations or discontinuities. The location of the flaw |lead agrees with sat-
ellite images. A close | ook at deformations and stress shows that we nay inprove
some details of the response by changing the yield surface shape and we expect to
pursue that work soon.

B In addition to gaining a greater scientific understanding by studying the

results of this sinulation, we are a large step closer to answering a question of

. more immediate concern. That is, how can we relate the ice drift to given w nd
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condi tions? We have shown that the AIDJEX nodel, including air, ice and ocean com-
ponents, allows the large-scale ice drift to be determined. Thus, it is now
possible to use the large set of historical winds data to drive a nodel and deter-
mne what ice drift occurs in the wide variety of conditions. Since the amount of
ice drift data is very sparse, this provides a dramatic increase in our know edge
of ice trajectories

Ice trajectories are not the only variables that become better known as a
result of this nmodeling effort. The stress state in the ice cover is also inportant
and our model also allows stress to be studied. The stress in the AIDIEX nodel is
interpreted as the | arge-scal e average of the forces that are transmtted between
ice floes on the small scale. Although nuch worx remains to relate the |arge-scale
stress to forces that may be exerted on an individual ship or marine structure, we
are sure that the large-scale stress is an indicator of relative size of those

forces.
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. TABLE 1. MODEL PARAMETERS FOR VARI QUS SI MULATI ONS

| Par anet er | Run ldentifier
Narme Symbol (Units) Run 3B Run 3C Run 3D
Strength p* (dyn cm ') 10’ 10° 10°
Bul k Mbdul us My (dyn em ') 0.5 x 10'° 0.5 x 10'* 0.5 x 10'2
Shear Modul us M, (dyn em ')  0.25 x 10'°  0.25 x 10'"  0.25 x 10'2
Ti e St ep " At (see) 300 120 40
Mean Thi ckness m(gm cm?) 300 300 300
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%\qﬁ Jé \:’ ﬁé
a) 27 January b) 28 January

C) 29 January d) 30 January

Figure 2. Daily Averages of Data Buoy and Manned Canp Velocities. Scale vector
iIs25cm see—'. The U S. and Canadian coastline conpares with the nodel boundary.



A

, — I — 2]
. g) 2 February h) 3February

Figure 2. (cent.) Daily Averages of Data Buoy and Manned Canp Vel ocities. Scale

vector is 25 cmsee-1. The US. and Canadian coastline conpares with the node
boundary.
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IR~VHRR | mages (orbit number 5487,
frames I1FO001 and I272238) Covering the Sinulation Region on 27 Janu-

Figure 5. Reproduction of NOAA 4,

ary 1976 at Approximately 2100 GMI.  The boundary of the nunerical grid
(Figure 1) is shown. Triangles and circles indicate |ocations of

manned canps and data buoys, respectively.



Figure 6. Reproduction of NOAA 4, IR-VHRR |nmmges (orbit numbe. 5524,
frames I1F0001 and I2F2238) Covering the Sinulation Region on 30 Janu-
ary 1976 at Approxi mately 2100 GMT. Triangles and circles indicate
lcoations of manned canps and data buoys, respectively.
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Figure 7. Reproduction of NOAA 4, TR-VHRR |mages (orbit nunber 5549,
frames I1F0001 and I2F2238) Covering the Sinul ation Region on 1 Feb-
ruary 1976 at Approxi mately 2100 GMT. Triangles and circles indicate
| ocations of manned canps and data buoys, respectively.
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Figure 8. Reproductions of NOAA 4, TIR-VHRR Tmages (orbit nunber 5562,
frames I1F0001 and 12F2238) Covering the Sinulation Region on 2 Feb-
ruary 1976 at Approximately 2100 GMI.  Triangles and circles indicate
| ocations of manned canps and data buoys, respectively.
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Figure 12, Force Balance at Station 1 (Caribou) at 1200 GVMI on 30 January.
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Fi gure 18.

Squi shed Teardrop Yield Curve.
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' ¢) 29 January d) 30 January

Figure 19. Wind-Driven (Fre=-Drift Ice Velocity. Scals vector is 25 cm sec™ .



. g) 2 February h) 3February

Figure 19. (cent.) Wnd-Driven (Free-Drift) lce Velocity. Scale vector is 25
cm sec™*.



. C) 29 January d) 30January

Figure 20. Daily Average of Air Stress Field. Scal e vector is 4 dyn cm™’.



. g) 2 February h)3 February

Figure 20. (cont.) Daily Average of Air Stress Field. Scale vector is4dyn cml.
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. C) 29 January d) 30January

Figure 21. Modeled Ice Velocity Field with Yield Strength p* = 10°dvn cprl

Scal e vector is 25cm sec™t.



. 0) 2 February h) 3 February

Figure 21. (cent.) Modeled Ice Velocity Field with Yield Strength p*= 10°% dyn cm?
Scale vector is 25 cm seel.




. c) 29January d) 30January

Figure 22. Modeled Ice Velocity Field with Yield Strength p* = 10" dyn cm™!.
Scal e vector is 25cm see-|.
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f) 1 February

31 January

)

e

h) 3 February

g) 2 February

Model ed Ice Velocity Field with Yield Strength

Scal e vector is 25 cm see-|.

(cent.)

= 10" dyn cm™?!.

Figure 22.

P*
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30 January

Figure 23. Mbdeled Ice Velocity Field
with Yield Strength p*=10°dyn cu™ !,

Scale vector is 25cm seel
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Figure 24. Stretching Tensor Field (Dai
Directions Shown. Dashed lines indicate opening and soli i
(approximately 8% per day).

149



c) 29January d) 30 January

Figure 24. (cent.) Stretchirg Tensor Field (Daily Strain) with Principal Values Proportional to Line Length
in Directions Shown. Dashed lines indicate opening and solid lines closing. Scale-vector is 8 x 107 sec=
(approximately 8% per day).

SS



Figure 24. (cent.) Stretching Tensor Field (Daily Strain) with Principal Values Proportional to Line Length
in Directions Shown. Dashed lines indicate opening and solid |ines closing. Scale vector is 8x10-§ec™*
(approxinmately 8% per day).
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Figure 24. (cent.) Stretching Tensor
in Directions Shown. Dashed lines indicate
(approximately 8% per day).

ield (Daily Strain) with Principa alues Proportional to Line Lengt
opening and solid lines closin '

LS



. c) 29January d) 3o0January

Figure 25. Stress Tensor Field with Principal Values (all conpressive) Propor-
tional to Line Lengths in Directions Shown. Scale vector is 10°dyn cm™'.
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. g) 2 February hy 3 February

Figure 25. (cent.) Stress Tensor Field with Principal Values (all conpressive>
Proportional to Line Lengths in Directions Shown. Scale vector is 10° dyn cm™*.
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