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PREFACE

This report conprises five separate papers covering research performed as part of the
Arctic Ice Dynamics Joint Experiment (AIDJEX). The authors include Stephen F. Ackley,
Research Physicist, Dr. William D. Hibler, Research Physicist, and Dr. Wilford F'.

Weeks, Research Glaciologist, of the Snow and Ice Branch, Research Division, U.S. Army
Cold Regions Research and Engineering Laboratory (USA CRREL); Austin Kovacs, Re-
search Civil Engineer, of the Foundations and Materials Research Branch, Experimental
Engineering Division, USA CRREL; Allan D. Hartwell, Geologist, formerly of the Snow
and Ice Branch; and Dr. William J. Campbell, Geophysicist, of the U.S. Geological Survey.

The work was supported by the Advanced Research Projects Agency's Arctic Sur-
face Effect Vehicle Program (ARPA Order 1615) and the National Science Fourdation,
Office of Polar Programs.
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INVESTIGATIONS PERFORMED ON THE ARCTIC ICE
DYNAMICS JOINT EXPERIMENT, MARCH 1971

by

S.F. Ackley, W.D. Hibler, II, A, Kovacs,
W.F. Weeks, A. Hartwell and W.J. Caripbell

INTRODUCTION

The {retic Ice Dynamics Joint Experiment was formulated in the latter part of the 1960°s
(Untersteiner and Hunkins 1969)* when, based on previous measurements and modeis, it became
apparent inat a coordinated, multidisciplinary, iniernational investigation would be useful for
determining the necessary parameters for a predictive model of the motion and deformation of paek
ice. This predictive capability could then be applied to such problems as navigation, climate pre-
diction, construction, and over-ice transportation in the Arctic Basin. A revised scientific plan
has been formulated to implement such a program (Maykut et al, 1972).t The basis of the plan is to
occupy i set of stations (four in the current plan) on the arctic pack for a4 one-year period and per-
form a variety of meteorological, oceanographic, and ice dynamics experiments. These experiments
would specify the driving forces and ice response to the driving forces, thus allowing formulation
of predictive physical and numerical models. This main experiment, currently scheduled for 1975,
was preceded in 1971 and 1972 by a set of pilot siudies in which camps were occupied for shorter
periods of time. Efforts were made to develop techniques, test equipment and provide data for the
formulation of the models and to plan for the main experiment. Post-operations reports of these
studies appear in AIDJEX Bulletins No. 7** and No. 14.11 The pilot studies have proved to be
valuable experiments in their own right, yielding new data and new interpretations in many different
areas of arctic sea ice investigations, arctic meteorology and Arctic Ocean oceanography.

This report, divided into five parts, describes the work performed by the USA CRREL group
working on AIDJEX using data obtained during the 1971 pilot study. Parts 1, 2 and 3 have been
published in the literature; Parts 4 and 5 have not previously been reported. The purpose of this
report is to present in final forn a single compilation of the ice deformation and morphology data
obtained during this program in 1971.

*Untersieiner, N. and K.L. Ilunkins (1969) Arcti~ Ice Deformaiion Joint Experimeni, Final
Report. University of Washingion, ONR Contraci N 00014-67-A-0103-0004, 39 p.

tMaykut, G.A., A.S. Thorndike and N. Untersteiner (1072) AIDJEX scientific plan. Univer-
sity of Washington, Division of Marine Resources, AIDJEX Bulletin No. 15, 67 p.

** AIDJEX Bulletin 7 (1971) 1971 Piloi siudy post operations narratives. University of
Washington, Division of Marine Resources.

TTAIDJEX Bulletin 14 (1972) 1972 Pilot study post operations narratives. University of
Washington, Division of Marine Resources.




PART I: MESOSCALE STRAIN MEASUREMENTS
ON THE BEAUFORT SEA PACK ICE

by

W.D. Hibler, III, W.F. Weeks, S. Ackley,
A. Kovacs and W.J. Campbell

| ABSTRACT

The deformation of a strain triangle approximately 6 x 8 » 11 km located on

! first-year ice in the Beaufort Sea was observed over a two-week period in March

1971, Significant strain events (- 1.5%) were observed during short (6-hour) tine
! periods. The long-

term (one day or more) divergence rate varied hetween 0.04 and

| 0.08 x 1073 urt, Short-term divergence rates showed values as high as 0.29 x

\ 1073 prt, The observed shearing motion indicated that the floes to the east were
moving south relative to the floes to the west. This agrees with the shear pattern
that might be expected, considering the location of the station in the Pacific Gyre.
Studies of fractur~ (lead and crack) orientations iy the vicinity of the strain triangle
indicate reasonable correlations with the orientation of the strain rate ellipse. A
qualitative relation is suggested between the fracture density and the long-term
divergence rate. Correlations were also observed between the divergence of the
wind field as computed from the surface pressure field and the ice divergence.

INTRODUCTION

One of the prime goals of the Arctic 1ce Dynamics Joint Experiment (AIDJEX) is an improved
understanding of the drift of the Pack ice in the Arctic Ocean. In the past this problem hcs inter-
ested a number of investigators who have attempted to analyze the drift tracks of nanned ice sta-
tions and beset ships (Campbell 1968). The first of these investigations (Nansen 1902) considered

a wind stress Ta+ @ Water stress 7 and a Coriolis force C as the ertinent terms in the momentum
equation. More recent work included the gradient current force G and the existence of appropriate
boundary layers. All of these forces can be considered to exist at every point on the ice. For

small areas of interest, such as the floe on which a given station is located, these forces can, in

principle, be measured and expressed in terms of pertinent averages. Even as this work was
progressing, field observations clearly indicated a significant lateral

winds were calm. This

is the least understood of the
1S more precisely the divergence of the

is a function of both the regional stress field
elements such as ridges, hummocks and

and strain history of the ice, As new strains
tures modify the average roughness of both upper and lower ice
of r, and 7w exerted on the surrounding pack, which in turn

forces currently included in the momentum equation (I
internal stress field, . V - 1r). The local value of /
and the distribution of jce types, as well as roughness
leads; in short, it is determined by the thermodynamic
occur, the resulting deformation fea

surfaces. This changes the values
affects /,

Preceding page blank




4 ARCTIC ICE DYNAMICS JOINT EXPERIMENT

The internal ice stress was first treated as a simple frictional resistance by Sverdrup (1928)
and later as an effective viscosity by Ruzin (1959), Reed and Campbell (1962) and Campbell (1965).
The later approach assumes that on a large scale the ice pack can be considered to act as a thin
layer of a Newtonian viscous fluid. Using the viscous model for I, Campbell (1965) has been able
to predict realistic mean drift velocities as well as the actual position of the Pacific Gyre. His
results also show how sensitive the mass transport and ice flow fields are to changes in /. Un-
fortunately his model gives unrealistically high convergence rates for the gyre,

1t is possible to ¢onceive of a number of alternative ways to treat the intern:1 ice stress
problem (see, for example, the papers in AIDJEX Bulletin No. 2, 1970). However, without an
experimental basis for evaluating the results, it would be difficult to choose among the different
approaches. Hence, one of the most urgent needs is for sets of good field observations on the
actual deformation of the arctic ice pack, both under a wide range of ice conditions and on several ‘
time and space scales. Because, in principle, it is always possible to measure G, C, 1, and 7
at the deformation sites, it should at times be possible to determine ! as a residual. Tie variations
in I can then be related to both the regional stress and strain fields and to differences in the large-
scale morphological characteristics of the pack in the study areas.

This paper describes the results of a pilot study of the local deformation of the pack in the
vicinity of Camp 200, the site of the 1971 AIDJEX pilot project in the Beaufort Sea. The purpose
of this study was to test experimental procedures and to obtain inforn.ation on both the total strain
and the variation in the strain rate that occurred during the occupancy of the stations.

PREVIOUS WORK

To the best of our knowledge, there have been only a few attempts to measure the deformation
of the pack ice even though the desirability of making such measurements has been obvious for
some time. The reason for this paucity of data is clear: most field parties operating in the Arctic
Ocean have been based on only one drifting station and have not had the air support necessary to
lay out and monitor strain arrays in areas of active ice deformation.

Two studies of local strains have been made using a theodolite and a base line laid out oa an
ice island. In 1952 C:iary followed the relative motion of several prominent hummocks located in
the pack: within 5 km of the edge of Fletcher's Ice 1sland T-3 (Browne and Crary 1958). The relative
locations of these hummocks did not change significantly over a five-month period. 1n addition,
between 1962 and 1965 a series of similar measurements was made from ARLIS 11 by Senior, Wittmann
and Skiles (1968). In the spring of 1962, the relative motion of four towers located within 1130 m of
the edge of the ice island was monitored every two to three days for a one-month period. During this
tiine period a lead 9 m wide opened within the array and then closed, forming a 3-m pressure ridge.
In the spring of 1963, a larger (nine-tower) array was established and monitored at similar time
intervals for 1% months. The maximum distance of a tower from one end of the base line was just
under 5 km. For the first three weeks, little motion occurred. Then a lead 300 m wide rapidly
opened between the base line and the towers. Later, a number of leads 15 inr wide developed in the
area of the towers. Divergences as large as 0.039 were observed, although most values lay between
+0.01, Similar studies were performed in the spring of 1963 and in the fall of 1963, 1964 and 1965,
but no significant relative motion was observed.

The T-3 and ARLI1S-I1 studies share a common difficulty. lce islands are not typical elements
of the arctic pack. lu general, differences in movement between ice islands and the surroundjng
pack are to be expected. The reason for this is the difference in the roughness of the upper and
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lower surfaces of the ice island as compared :o the ridged sea ice, and the larger Coriolis effect
on the ice island because of its Iarger mass. Sometimes, however, the sea ice near an ice island
appears to move as a unit with the island. For example, Senior, Wittmann and Skiles estimate,
based.on observations from an aircraft, that during much of the period of their strain measurements,
the ice within 8 km of ARLIS-II was moving as a unit. In short, unless independent verification is
available, strains measured in the vicinity of an ice island are not necessarily representative of
strains in the surrounding sea ice.

Dunbar and Wittmann (1963) have also measured variations in the areas of the triangle formed
by NP-10, NP-11 and ARLIS-II and the quadrilateral formed by these three stations plus T-3.
Changes of up to 20% were noted over a 15-day period (the measurement interval), and a maximum
change of 63% relative to the initial area was noted over the total period of measurement (four
months). The areas involved (roughly 140,000 km? and 280,000 km?, respectively) were laige
enough that differences in motion between the ice islands T-3 and ARLIS-II and the surrounding
pack would not be significant. Other numerical measures of the deformation were not calculated.

The only study of the relative motion of a station array located completely on pack ice was
performed near the North Pole (approximately 88°N, 147°E) during the spring of 1961 (Bushuyev
et al. 1970). Four stations were placed in a square with sides of 75 to 100 km. In general, the
stations moved as a block, even down to two small counterclockwise loops which occurred at
roughly the same time (within 6 to 8 hours) in each of iiie otherwise fairly straight tracks. A study
of the station velocities clearly indicated that the ice drift commonly preceded the arrival of the
actual wind and that the Iead time increased with the wind strength. Bushuyev et al. (1970) felt
that the influence of the wind was transmitted through the ice for at least 150 to 200 km. This
again emphasizes the importance of the internal ice stress term in the momentum equation. Al-
though a simple linear relation was shown between the angular rotation of the array of stations and
the vorticity of the wind field, no parameters relating to the deformation of the ice were computed.

This survey of previous work reveals that in a mesoscale study of ice deformation one might
expect strains of anywhere between zero and several per cent. Because studies have not been
made of the homogeneity of pack deformation as a function of the array size, there is little basis
for deciding the optimum size of the strain array. Also, little is known about how frequently the
deformation array should be surveyed. In the past the most frequent observations were made daily.

SITE LOCATION

The site of the 1971 AIDJEX base camp (Camp £)0) was on the edge of a large multiyear floe
roughly 16 km across, located at 73°45'N, 130°15'W (Fig. 1). The drift of the camp was generally
1n a south or southeasterly direction with the rate varying from 2 to 15 km per day.

After an initial aerial examination of the pack in the vicinity of the base camp, it was decided
to establish the strain array in the aporoximately 2-m-thick first-year ice to the northeast. The
general layout of the strain array relctive to Camp 200 and to the mojor fractures and leads in the
vicinity is shown in Figure 2. MRA-3 tellurometers were used as distance-measuring instruments.
Distance measurements alo.g the line a-f3 were obtained beginning on 11 March with complete 1
triangle closures not being made until 12 March, Several closures were made thereafter with the ]
final closure being made on 23 March.
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Figure 1. Location of the 1971 AIDJEX camp (position 0). Also shown are the
locations of the four other positions where the surface barometric pressure was
obtained so that the wind stress could be calculated. Positions 1, 3 and 4 are
located near permanent weather stations. Pressures at positions 1-4 were taken
from Canadian meteorological maps. The distance a(eq 13) was about 320 km.

RESULTS

Computational technique

The following proredure was used to determine the strain rate tensor from the closure data.
Consider a medium wita the velocity at each point of the medium given by v(x). Since we are con-
cerned only with the horizortal motion of the ice pack, the velocity vector is two-dimensional.
Using tensor notation the str.in rate tensor i;j is defined by

1 t'hrl (.)V‘l

G, = il —= 1, 1)

2 2\dx ax.
1 i
To measure the strain rate tensor we need only to measure relative positions between sets of points,
say P and P', as a function of time. In particular, if we choose a coordinate system such that the
line PP' is oriented at an angle € to the x-axis, then the one-dimensional strain rate along PP',
denoted by ¢(PP'), is related to the strain rate tensor by the equation (Nye 1957)

«PP') a4y cos2 0 + 222 sin® 0 + Ry sin@ cos 0. (2)
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Figure 3. Strain and strain rates on the a-f3 line, 11-12 March 1971.

This result is easily obtained by transforming Ei. into a coordinate system with the x-axis parallel
to PP'. By measuring linear strain rates along three or more non-colinear lines, a set of equations
of the form of eq 2 may be solved for éi.. Since in our case only three linear strains were nsed, the
set of equations yielded unique values fcr the strain rate tensor so that least squares averaging was
not necessary. (For a discussion of the least squares solution of eq 2, see Thorndike 1970.)

Linear strains

As was discussed earlier, technical problems prevented closing the strain triangle until
12 March. However, on the 11th, an interesting set of detailed readings was obtained between sites
a and B. The results are shown in Figure 3. The total strain ¢ is given by
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Figure 4. Strain on the o~ line, 11-23 March 1971. The solid

portio:is of the curve indicate times when the length of the line
was measured.

e l= Al
I

where lo is the initial length of the strain line (in this case 8317 m). Figure 3 shows that after an
hour of no variation in ¢, a rapid extension started with expansions of as much as 0.7 m min~!.
After 4.5 hours, the extension essentjally ceased (at 1730 hours) and tnen quickly started again.
If we examine the simultaneous plot of the strain rate ¢, we see that it reached a maximum of 0.116
day'l at 1545 hours, then decreased to roughly zero at 1730 hours, then rapidly increased to 0.142
day'l before finally decreasing to a roughly constant value of 0.111 day"l. These events suggest
that we saw the transfer of momentum through the pack by jostling between floes. At the time we
returned to the base camp, the rapid extension was still continuing. When we reoccupied the a-f8
line at 0945 hours the following day, the value of ¢ was gradually approaching zero, indicating a
near return to the state of strain that existed prior to the extension. The maximum period of time
over which this extension occurred was roughly 22 hours.

(3

Figure 4 shows the strain along the a-f3 line for the complate period of our measurements.
Figures 3 and 4 tell us a great deal about the necessary rate of data acquisition for mesoscal: strain
measurements. Daily readings are clearly not adequate: if we had measured the a-£3 line at noon on
11 and 12 March, we would have concluded that no strains had occurred during this time period. To
clearly define an event such as this extension, readings should be taken at least every 15 minutes,
If one wished to examine the fine structure of the event, such as the cusp in the ¢ curve at 1730
hours on 11 March, readings would be required at least every 5 minutes.

Strain tensor and strain rate tensor

The complete strain triangle was measured over a 10-day period beginning with an initial
closure at 1100 hours on 12 March, Suusequent closures were made on 15, 21 and 23 March. On all
days except 23 March, several sets of closures were made over a period of several hours, allowing

T e e B S e G AR & R R s S e S e e e
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strain rates to be estimated over time intervals of both hours and days. Strain rates eomputed over
time intervals of a few hours will be referred to as short-term strain rates, whereas rates computed
with time intervals of one or more days will be ealled long-term, The strain closure data are pre-
sented as « function of time iy terms of the strains along each leg of the triangle in Table I. Where
different strain lines were measwed at slightly different times, linear extrapolation was used to
estintate strains at the times indicated,

Table I. Net strains along the legs of the strain triangle (units of 10‘3).
Imnal readings (12, 1100): a-f3, 8324.5 m: BC-f3, 5579.2 m; BC~a, 10,729.0 m.

Date/Time

(March 1971) a-f3 BC-f3 BC-q
12 1100 0 0 0
121500 0.463 -0.870 -1.11
1571000 -3.69 -0.46 =-3.30
15/1300 -3.64 -1.02 ~-3.34
15 1600 ~3.50 -1.26 =3.24
2171200 7.75 =e.21 1.45
21/1500 7.82 ey 1.561
2371500 8.45 =2.82 -8.46

While the strain medsurements were being taken, the direction of true north was determined only
approximately (within 5 degrees). Consequently, it was not possible to catculate accurate vortici-
ties, Within this error there was no indication of arotation of the strain array. Therefore, in both
long- and short-term strain rates, it was iassumed that the angles between the a=£3 line and true north
remained fixed. Even if ttiis is not exactly true, the 1nvariants of the strain rate tensor will still
be correct uas they are independent of t,.~ coordinate systen,

In the strain caleulations the vertex angles of the struin triangle were recalculated using the
triangle leg lengths at the begiuing of each t:me interval. The net strain tensor was then obtained
by summing the differential values of the strain tensor in the north coordinate system,

In one form, the two invariants of a two-dimensional strain rate tensor are the two components
of the tensor ulong the principal axes (Glen 1970). The results are presented in this form in
Figure 5. The data wre presented in the convention often used in glacier flow, namely as two
perpendicular lines oriented parall2l to the directions of the principal axes. The lengths of the lines
dre proportional to the magniiudes of the principal axis components. In Figure 5, an outward arrow
indicates extension and i bur denotes compression. From the information iy this figure, the shear
Components of the strain rate tensor in any coordinate systent may be eonstructed. Tre general trend
of the data, with the exception of the strain rate observed hetween 12 and 15 March, is an extension
in approximately the east-west direction.

Another presentation of the two invariants of the strain rate tensor is the divergence rate i“ and

. ; o o s : : . . ) ) .
€ By (in the prineipal axis system these two invariants are oy * ty ad g, ;. respectively). Pre-

vious duthors (Senior, Wittmann and Sihiles 1968) have reported only the divergence rate, a useful,
if not complete, description of the strain, For a direet eomparison with previous work as well as
for later analysis, the divergence, divergence rate, and shear (v-axis in the north direction) are
Presented in Figure 6. As can be seen, the long-term divergence rate varies from 0.042 » 1073 pr-!
t0 0.08 x 1073 he!, The short-term divergence rate, on the other hand, has values as large as
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Figure 5. Principal axis components of the strain rate tensor as a function of time. The long-term
rates were calculated using time intervals of two or more days, whereas the other rates were cal-
culated using time intervals of from one to two hours. The directions of the bars indicate the
principal axis directions with their lengths being proportional to the strain rates.
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Figure 6. The divergence rate 3“, net divergence ¢,; and

net shear (xy 45 @ function of time. The short-term diver-

gence rites were calculated using (ime intervals of from

one to tv'o hours whercas the long-term rates were calcu-
Lated nsing time intervals of two or nore days.
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23Mar.'71

Time 1500 I5Mar.'71

Time 1300/

Figure 7. Net strain ellipses as a function of time. The major

ellipse axis is in the direction of maximum extension (or rinimum

compression) and the minor ellipse axis is in the direction of
minimum extension (or maxiymum compression)

0.293 v 1073 br™! This indhieates that on the time scale of hours large strains occur which are
averaged out when nmeasurements are made over time intervals of several days. The presence of
this type of fluctuation is borne out by the detailed measurewents along the single strain line a=f3
as shown in Figure 4.

For a physical nterpretation of the divergence, it is useful to recall that when the divergence
rate is coustant over i region, the divergence rate equals the change in area per unit time divided
by the area. From the plot of the divergence in Figure 6, we see that the change in area from 12
to 15 Mareh was about 0.4% with the ice converging, while from 15 to 22 March it was about 1% with
the ice diverging,

A useful aid in visualizing the deformation in the strain area during the measurement period
is the strain ellipse, which is defined in the principal axis system by

2
& e ) 4)

(1 (x)" (e ty)'~

This ellipse has a minor axis in the direction of compression (or least extension) and a major axis
in the direction of extension (or least compre-_ion). To show the net strain by using this procedure.
we have consiructed net strain ellipses for 15 Mareh (1300), 21 March (1200) and 23 March (1500).
These times are 74, 217 and 268 hours, respectively, relative to an assumed circle at time zero on
12 March, 1100 hours. The results are presented in Figure 7 with the principal axis eomponents
enhanced by 100. It is clear thut most of the strain is occurring along a line approximately in the
east-southeast to west-northwest direction.

Estimation of errors

The accuracy of the MRA-43 tellurometers when operated at only one cavity tune is better than
0.1 m for differential measurements of distance and better than 1 m for absolute measurements. In
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view of this type of accuracy an upper error limit would be 1.5 m over long time intervals (one or
more days) and 0.1 m over short time intervals (a few howrs). Using these values, the average
long-term linear strain measurement error, o, is 0.02%, and the short-term error is 0.0013%.

To estimate the variation in the strain tensor components due to such measurement errors, we
will assume that the errors are normally distributed with the same variance along each strain line,
With these assumptions, the maximum likelihood (Mathews and Walker 1965) values (in the least
Squares sense) for the strain rate tensor are obtained by solving the set of equations of 1he form
of eq 2. The errors in the strain rate tensor components within this approximation are given by

Axy = o JULLT ()

where .'.\xm denc*es the strain rate tensor errors with

Ax = Aé .\x

1 x’ o = Diyyr  AXg Aiyy

L, = cosgoi, L].2 = sin? 01,, Lia = 2sin0i cos(}i .

Here 0i is the angle between the ith strain line and the east-west axis and L is the transpose of L.
For our particular array, using the angles obtained from the first closure, eq 5 yields

Aiu = 1.40 o, Aéyy 0.95 o, Aéxy =146 0.

Using the values of o mentioned above and eq 5, we arrive at long-term net strain errors for the
divergence and shear respectively of 0.047% and 0.029%. For the strain rate errors, the short-term
divergence and shear errors over a threc-hour interval are 0.01 x 1073 hr~! and 0.006 x 1073 pr~!
respectively. The long-term divergence and sliear errors over a 72-hour interval are respectively
0.0008 x 1073 hr~! and 0.005 1073 he~!. These errors are presented as error bars in Figure 6
and, as can be seen, are quite small compared to the magnitude of the strain events. These errors
do not, of course, represent the magnitude of the variations in the strain due to lateral inhomogen-
eity in the strain field (i.e. different strains for different triangles). We expect that such variations
would be much iarger than the measurement errors. A detailed study of mesoscale strain inhomogen-
eity is presently underway using data collected in 1972,

CORRELATION OF SYNOPTIC AERIAL PHOTOGRAPHY WITH MEASURED STRAINS

Aerial photography of the strain triangle and surrounding area was obtained from NASA over-
flights on 11 and 15 March and by NAVOCEANO overflights on 21 and 23 March. These dates
coincided with strain measurcments. Unfortunately there was considerable variability in the
photography because of changes in the weather conditions, the altitudes flown, and the paths flown,
Overlays of mosaics of the area from 15 and 23 March are shown in Figures 2 and 8. Scale and area
coverage differences arise from the altitudes at v hich the two flights were made — 10,600 m on
15 March and 1500 m on 23 March,

From the photography or which Figure 2 is based, net differences in ice type could be dis-
tinguished and are indicated on the overlay. These distinctions were based on the surficial appear-
ance of the different ice types. First-year ice is characterized by sharp angular ridges, with
relatively flat ice between them. Multiyear ice shows a freckled appearance caused by its undulating
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Figure 8. Overlay of an infrared mosaic of the region near Camp 200

on 23 March taken at an altitude of 1500 m by NAVOCEANO. The

[ractures, multivear ice and thin annual ice were identified by light
and dark tones on the infrared mosair,

“melt” topography. lce 1slands are distinguished by their rolling, washboard-like iopography and
high freeboard. Fractmres show as dark lines becanse of the open water or very thin ice present
within them,

Becanse Figmre 8 was made from imagery obtained at a lower level, more detail is present,
although the areua covered 1s not so extensive. This speeific overlay was prepared from an infrared
mosalc i which different thicknesses of ice are shown quite clearly becanse of differences in their
surface temperatures, The thickest 10e in the mosaic was the multiyear ice (2.5 to 5.0 m). This
lee appears datk on the mosaic and is shown in the lower left of the overlay. Lighter tones indi-
vate the thinner firstsyeuar ice (up to 2 m thick) that made np most of the ice in the area of the strain
thanele  Within this matrix of first-year ice, two types of thinner ice existed. The thicker of these
two made up the 2000-m-wide refrozen lead that crosses the BC-a and «~f lines and is shown by
stippled shading in Fignre 8. Its exact thickness wus not measured, but it is estimated to be z1m,
The thinnest ice (0 to 40 cm) occurred in the fracture systems that were aetive during the strain
measarements on 21 and 23 Marclh. This jice appears as hright, sharp lines on the infrared mosaic
(higtiest surface temperature) and is shown by the dashed lines in Figure 8.

From Fignres 2 and 8 it is apparent that the active leads are not strongly affected by iee
thickness variations, since on both overlays leads cut throngh first- and multiyear 1ce without
deflection. One can also see in Figure 8 that the active lead system does not coincide with pre-
existing thin ice areas, possibly beeause the orientiations are slightly different, Tle thin ice area
showed considerable activity on 11 March and was presumahly still a relatively weak zone on 21
and 23 March,

Details of the fracture strneture were analyzed by determining the total fracture length in any
given direction, Each fractire was broken into straight line segments from 100 to 300 m in length,
and their orientation :and length were measnred. The total length in each orientation (10" intervals)
for each dayv of Imagery was then tabnlated and converted to a4 percentage of the total length of
fracture. The resnlts are shown in Fignre 9. In addition, the totul length was divided by the area
vovered by the mugery to pive fracture density analogens to the ridge density nsed by Mock,
Hantwell and Hibler (1972 and the drainage density often used in hydrology.

Becatse strain data and inery are variable 1 time, detail and coverage, the comparisons be-
tween them must be mosle with some care. We can hypothesize, however, that the net orientation of
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Figure 9. Histogram identifying the fracture orientations obtained from

aerial imagery measured in a clockwise direction from the east-west line.

Changes in fracture density agree with convergence or divergence of the

pack, indicated by the long-term sirain rates. Net fracture vectors on the

15th and 21st agree with the direction expected from the short-term strain
rates (Fig. 10).

the fractures (if any) should be correlated with the state of stress of the ice pack as manifested by
the short-term strain rate. To make this comparison, a net fracture vector was calculated from the
results in Figure 9 by using Krumbein's method as described in Mock, Hartwell and Hibler (1972).

'This method uses twice the angle of each fracture orientation to convert the 180° distribution to a
nonsymmetric 360° distribution.

We calculated

0:

[E { sin 26 ]
arctan

1
2 2 fcos 20

and

r - [(S1sin 202 + (X1 cos 20)2)% .
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c.15Moarch '71

Wasl Eaosi

b. 21 March ‘71

Figure 10. Strain rate ellipses for short-term strain rateson 15
and 21 March 1971.

Here 4 is the estimate of the resultant vector direction, r is the resultant magnitude of this vector
in percent, and f is the percentage of the total lead length in each orientation category. For a
directionally random population, r is zero. Referring to Curray (1956), who provides a chart for
evaluating significant deviations from zero for I, given the total number of samples, we find that in
all cases illustrated in Figure 9 we may reject the hypothesis that our sample is directionally
random at the 0.01% level. The directions of the resultant vectors are shown by solid arrows in
Figure 9.

On two days, 15 and 21 March, both short-term strain data and aerial imagery were available.
For purposes of correlation it is useful to represent the strain on these days by the strain rate
ellipse, which is completely analogous tothe strain ellipse presented in eq 4 except that strain
rates instead of strains are used. As in the strain ellipse, the strain rate ellipse has a minur axis
in the direction of compression (or least extension) and a major axis in the direction of extension
(or least compression). The strain rate ellipses for 15 and 21 March are illustrated in Figure 10.
An angular relationship hetween the major axis of the Strain rate ellipse and the net lead direction
may be hypothesized as follows. Once leads are formed, we assume that the deformation of the
pack consists of two motions: shear along the leads and extension (or compression) perpendicular
to the leads. Consequently, 1or a diverging strain the major axis of the ellipse would vary from
90° to 45° relative to the lead orientation, with 90° for pure extension and 45° for pure shear. Con-
versely, for a converging strain the major axis would vary from 0° to 45° relative to the lead
direction, with 0° for a pure compression and 45° for pure shear. Using this model, we note that
on 21 March (diverging rate) the fracture orientation was at 9° (from true north) and the major ellipse
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a. 11 March 1971. b. 23 March 1971.
Figure 11. Sequential aerial photography showing shear deformation along the lead that crosses
the a~f8 line approximately 1.5 km from 3 and runs NNW-SSE (see Fig. 8).

axis was at 68°, with the difference being between 45° and 90° as expected. Conversely, on
15 March, when we observed a converging strain, the lead orientation was at 70° and the major
ellipse axis was at 95°, with the difference lying between 0° and 45° as expected.

Although these agreements are qualitative, they do point to a possible way to estimate the
direction (within 45°) of the major strain axis from observations of the fracture structure obtained
by aerial imagery. This, of course, assumes that it is possible to determine from the imagery
whether the ice pack is converging or diverging.

Another correlation migit be expected between th: long-term divergence rate and the lead
density. In particular, if between two days the lead density increased, we would expect that a
diverging strain had occurred. A decrease in lead density would indicate the converse. To test
this hypothesis, we have calculated the changes in lead density and compared them with the long-
term divergence rate. The vesults are summarized in Table II. As can be seen, there is general
agreement, except for the period 21-23 March. We note, however, that the deformation duriug this
period was dominated by a large shear along a single north-south fracture. This fracture can be
seen in Figure 11 (see also Hartwell 1972, for a detailed catalogue of motions along leads,

Table II. Observed changes in lead density and the lonz-term divergence
rate of the ice pack during the same time period.

Change in lead density Divergence rate
Time period (km™") (long-term)
11 o 15 March 1.025 to 0.287 (neg) Negative
15 to 21 March 0.287 w0 1.259 (pos) Positive

21 to 23 March 1.259 10 0.404 (neg) Positive
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including this particular shear). This may be a case in which the strain triangle was not averaging
deformation over a large enough area to yield correct results. 1t is quite easy to construct an ex-
ample of a triangle with only shear occurring along a single fracture wiiich cuts through the tri-
angle. Such an example would yield a positive divergence where no divergence had occurred, The
wind stress data discussed in the next section also indicate that a convergence would have been
expected between 21 and 23 Marcl, so that a measurement anomaly may well have occurred.

Aerial imagery is useful for documenting the particular type of shearing motion. The measured
net shear is indicated in Figure 6. From the measurements it is not possible to determine the exact
type of slippage (it could be east-west or north-south). The en-echelon fractures to the north of
Site B (Fig. 8) suggest that eastern floes are moving south relative to the western floes. This
conclusion is verified by a detailed examination of the sequential photography (Hartwell 1972),
Such a net shear agrees with the general motion of the Pacific Gyre “at the measurements were
taken on the edge of the gyre with the outer part moving more rapidly tnan the inner part, causing
4 north-south slippage of the type observed.

In summary, the experience of the 1971 pilot study has made it clear that sequential aerial
imagery is a great help in interpreting strain observations in the pack ice. However, because
significant large-scale strain events occur during time periods of the order of hours (e.g. the events
of 11 to 12 March), it is quite easy to miss those events on synoptic aerial imagery taken at daily
or greater intervals. 1t is ulso clear that, at present, imagery cannot provide the details needed for
short-term correlations with meteorological factors, nor with the act al measurements of divergence,
net strains and, most important, strain rates that are required for modeling purposes. At the present
time, grouond stations must still be relied upon for such critical ice dynamics information.

CORRELATION OF ESTIMATED WIND STRESS AND STRAIN

To estimate the wind stress field, the wind velocity field was calculated from barometric
pressure readings by using the expression

1 oP oP
B Eell et = K e 8)
lpfa}' 2 O (
1 oP oP
= Bl = = R 9
hs vk 1ot x 2 dy »

whete ¢ and v are the x and y componenis of the wind velocity, P is the surface barometric pressure,
p the air density, [ the Coriolis parameter, and K, and K, are positive constants. The first terms

in eq 8 and 9 represent the geostrophic wind with a modification expressed by the constant K1 due
to the offect of the frictional drag along the earth’s surface. The frictional drag also causes the
surfac? wind to have a component moving across the pressure isobars from high to low pressure
(Petterssen 1969, p. 158). This component is represented by the second term in eq 8 and 9. The
exact values of K1 and K2 may vary depending on the surface roughness. Here we are only con-
cerned with qualitative correlations so the exact magnitudes are not critical. The divergence of the
wind velocity field by the above equations is given by

2
v-v--K,92P, (10)
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Because of the approximate for.n of the barometric pressure data available to us, it was impossible
to calculate meaningful shear components of the wind stress field; we therefore examined only
correlations between the divergence of the ice and the divergence of the wind velocity field.

Assuming the wind stress on the ice is proportional to the wind velocity, a compressional
stress will be introduced into the ice which is proportional to ¥ - v. This may easily be seen by
considering adjacent infinitesimal sections of the ice and determining the force one section 2xerts
on another due to the wind velocity gradient. With a constant velocity, for example, there would be
no compressive stress because the external shearing force would be the same everywhere (neglect-
ing variations in surface roughness).

To the extent that other external stresses, such as water stress, may be neglected, we would
expect the convergence rate to scale with the compressional wind stress:

4 = - KWw?P) 11)

where K is some parameter depending on the compactness. Intuitively this result might be expected
) to apply to very compact ice (high internal ice stress) which cannot move rapidly, so that Coriolis
and water drag forces can be neglected.

The other extreme approximation that could be made would be to neglect the internal ice stress
completely and consider, for example, unconstrained wind-driven ice on the open ocean. In this
case certain theories yield an ice divergence rate proportional to V2P (with a sign opposite to that
in eq 11).* Consequently, for purposes of empirical correlation V2P is clearly a useful parameter
to compare with the divergence rate, with the sign of the correlation (if any) giving some indication
of the internal ice stress magnitude.

To calculate V2 P, we utilized the surface harometeric pressure at the five locations indicated
in Figure 1. With reference to this figure, pressure Py (at Camp 200) was provided by Hans
Prelkkinen of the Canadian Polar Continental Shelf Project. These pressures were taken two to
three times daily and were therefore extrapolated to six-hour intervals for comparison with other
data. The position rf pressure P4 t7as taken to coincide with the location of Sachs Harbor on Banks »,
Island, where surface pressures were available at six-hour intervals through the Canadian Mete oro-
logical Service. Other pressures were taken from surface isobaric charts supplied by the Canadian
Meteorological Service, with stations 1 and 3 nearly coinciding, respectively, with the Mould Bay
weather station on Prince Patrick 1sland and the Barter Island station on the Alaskan coast. Data
were available at six-hour intervals and a time series of pressure data was constructed beginning
at 1800, 7 March. All data were converted to GMT minus six hours, which was approximately the
local time at Carip 200. The distance from P to the other pressure locations was about 320 km.
From these five pressure values, the Laplacian of the pressure field was calculated by using a
finite Jdifference grid, with a the distance between the grid points:

Py 4Ry 4 1B s RL 2 4P
1 2 3 4 0
v?P - : (13)
" 82

Since here we are only concerned with examining the proportionality, we took a/2 - 1,

The results are presented in Figure 12 where we have plotted ~y2 P versus time, together with
the divergence and divergence rate as functions of time. To smooth the pressure data, we removed
the high frequencies with wavelengths shorter than 24 hours by passing a digital, low pass, unity
gain filter over the ~92 P curve. The filter has a pass band extending from 0 to (1/96) hr~! and a

*Drew Rothrock, personal communication.
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Cigure 12. The Laplacian of the surface pressure field, the diver-

gence rate and net divergence as tunctions of time. The unit length

referred to is about 160 km. The dots on the divergence curve repre-

sent actual measurements, with the smooth ~urve simply connecting

the measurements. The estimuted divergence between 11 and 12

March was bused upon visual ground observations, asrial photography
and the linear strain along the a=f3 line.

stop band beginning at (1/24) hr~!. The tilter was designed according to the procedure discussed
by Hibler (1971) and had less than 0.6% side lobe error. Also note that in Figure 12 im extrapolated
divergence curve is given for the time period between 11 and 12 March. This extrapolation is based
on observations of the lead 5iiueture by using aerial photographs as well as ground observations,
and is supported by the strain data ta’ en along the a=f line during tie same time period.

As can be seen, a reasonable correlation exists between the wind velocity field divergence
and the ice divergence rate. The ice between 10 and 12 March indicated a divergence followed by
a4 eonvergence which agrees with the estimated wind stress which is positive or the 11th and
negative on the 12th. The trends of the later data after 15 Mareh are also in agreenent, i.e. the
wind stress divergence generally increases and the ice divergence rate is positive,

In general, the results presented in Figure 12 suggest a correlation between the negative
Laplacian of the pressure field :and the ice divergence rate, although the data collected are not
snfficient to pernit us to make any definitive statements about such a correlation. This is
especially true dne to the complexity of the ice motion and the neglecting of other stresses besides

wind stress. Clearly more complete data are needed to find ont whether such correlations are gen-
erally noted.
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CONCLUSIONS

A number of conclusions can be drawn from our study that have considerable bearing on the
AIDJEX Project. These are as follows,

1. The analysis of mesoscale strains in the ice pack has proved to be of considerable
interest. However, for such a study to be of maximum usefulness in the analysis of ice deforma-
tion, the strains should be determined at some fixed time interval. The measuremonts along strain
line a=f3 on 11-12 March suggest that this time interval should be no greater than one hour. When
significant ice deformation is occurring, an interval of 15 minutes would be even more satisfactory.
We do not fee! ihat tellurometers are a suitable instrument for such measurements unless they are
automated so that only one end of  strain line has to be occupied.

Therefore, during the 1972 AIDJEX field program we used both continuous-wave and pulsed-
laser range finders to determine the distances between the main camp and a serics of remote towers.

2. It is important that strain measurements be made on several scales so that small scale floc-
floe interactions as well as larger scale ‘*continuous’’ deformation of the pack can be analyzed and
related. Only when such studies are completed can sound statements be made about optimum sizes
for strain arrays. An examination of the aerial imagery taken during the overflights (sec, for ex-
ample, Figures 2 and 8) as well as visual surface observations definitely suggest that in most cases
the ice divergence as measured within the mesoscale array does indeed correlate with the ice
divergence as observed over a larger area. Perhaps such mesoscale strains will serve as an ade-
quate index of the macroscale deformation of the pack.

3. The correlations between fructure orientation and the orientation of the strain-rate ellipse,
as well as between the lead density and the divergence rate, are cncouraging. They suggest that
aerial imagery may eventually produce useful quantitative information on the deformation of the ice
pack. However, at the present time more combined ground truth and remote sensing data will be
required both to increase our confidence in such correlations and to make them more quantitative,

4. In designing the present experiment it was always hoped that the observed correlation be-
tween the divergence of the wind field and the behavior of the ice would prove to be simple. The
results are certainly encouraging in this regard. They suggest that detailed mesoscale studies of
the relations between the wind flow characteristics and the two-dimensional deformation of the ice
pack will prove to be most profitable.
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PART Il: STRUCTURE OF A MULTIYEAR PRESSURE RIDGE

by

A. Kovacs, W.F. Weeks, S. Ackley and W.D. Hibler, 111

ABSTRACT

Three transverse profiles across a large pressure ridge located in the Beaufort
Sea are preseuted. The ridge sail extended 4 m above sea level and the ridge keel
13 m below. The cross sections of the ridge keel can be described as roughly semi-
circular, suggesting that form drag coefficients for flow transverse to the long axes
of multiyear ridges may be as high as 0.8. Examination of several salinity, tempera-
ture and brine volume profiles shows that much of ihe ice in the ridge has a very
low salinity and is quite strong. All the inter-block voids that initially existed in
the ridge at the time of its formation have been completely filled with ice. These
observations, coupled with icebreaking experience, indicate that multiyear ridges
are, indeed, significant obstacles to even the largest icebreaking ship and should
be avoided if possible. A very large first-year ridge with a sail height of 12.8 m
is also described. This is the largest free floating ridge yet recorded.

INTRODUCTION

A major problem in the development of the Arctic is the lack of a cheap, reliable, large volume
transportation system capable of year-round operation. In many aretic areas such as the Canadian
Archipelago, a sea route seems to be the only possible solution. The principal obstacle to the
development of such 2 iouie is, of course, the highly variable and at times extremely formidable
sea ice cover. This ice cover has restricted the operation of surface ships to a few months each
summer. Even then there are areas where icebreaker assistance is required. However, the recent
test cruises of the S.S. Manhattan clearly showed that “super’’ cargo vessels can be designed and
built within the framework of current marine technology that are capable of winter navigation in
arctic waters. To optimize any such design one must fully understand the nature of the more
significant obstacles that can be expected in the ice cover. Similar information is also needed for
the safe design of offshore structures and harbor facilities. Most such structures are fixed, and
cannot maneuver around the more obvious obstacles but must take the ice as it comes.

With the exception of ice islands, which are rare and can usually be easily recognized by radar,
the most formidable obstacles in the ice pack are the pressure ridges and hummocks, i.e. those
linear to irregular accumulations of ice caused by the compressive and shear interactions between
ice floes; such features may become very large indeed. The highest free-floating ridge sail that vie
are aware of was 12,8 m above sea level whereas the deepest keel recorded in submarine sonar data
extended some 47 m below sea level (Lyon, personal communication). Impressive as these figures
are, ridges of this size fortunately appear to be quite rare. Indeed, ridge sails in excess of 5 m
are rare,

Operational experience has shown that the bulk properties of geometrically similar ridges may
vary greatly. For instance the S.5. Manhattan was able to progress with relative ease through most
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first-year ridges hut encountered eonsiderable diffieulty with apparently similar multiyear ridges,
Actually it might be expected that the properties of first-year pressure ridges would be hirzhly
variable. This wonld primarily depend upon the degree of bonding developed between the ice blocks
that wake np the ridge. The hest bonding should develop when the jce being incorporated into the
ridge is very cold. Many of the first-year ridges that have heen studied in detail were poorly honded
(Weeks er al, 1971). Ina multiyear ridge, on the other haud, the meltwater produced during the sum-
wer ean drain downward into the core of the ridge. Here the water refreezes, cementing the ice
blocks together into a solid, resistant mass of low salinity jce, At least two melt seasons are
usually required for the voids between the ice bloeks to become vompletely filled.* That the core
of an old multivear ridge was usually a particnlarly resistant obstacle was recognized quite early
by Russian vestigators (Burke 1940, Zubov 1945).

Copsidering that multiyear ridges are comnonly considered the most formidable obstacles in
the pack, it is amazing that there ure no detailed sbservations of either their overall structwre or
the state of the jce forming them, The only publi%ed investigation of a multiyear ridge of which
We are aware is by Spichkin (Gakkel’ 1959) who determined the Cross-sectional profile of such a
ridge where it was intersected by a lead. This revealed that the underwater portion of the ridge

Was massive compared with the above-water portion. No other data were apparently obtained,

This report presents the results of a study designed to add additional information on the struc-
ture and properties of multiyear ridges. The observations were made in the Beanfort Sea roughly
550 km north of Tuktoyaktuk, Northwest Territories, at Camp 200 of the Canadian Polar Continenta]
Shelf Project, the base of the 1971 Arctie Ice Dynamics Joint Experiment (AIDJEX) pilot study.
The observations include the determination of the surface relief of the ridge and the snow thickness
using standard surveying techniques, the profiling of the ridge keel using a sonar technique utilized
by Kovacs (1971), and the sampling of the ice in the inner portions of the ridge by drilling and coring.

PROFILES

An aerial view of the ridge is shown in Figure 1. The location of each of the three profiles is

marked. The detailed Cross sections are shown in Figure 2. This figure also shows the longitudi-

estimate the keel depth of profile C to be 11.5m. The height of the sail on cross section C is
3.4 m. Using the values of sail heights and keel depths reported above, the average freeboard to
depth ratio for this multiyear ridge was calculated to be 1 to 3.3, This ratio is lower than the 1 to
4.5 ratio recently determined by Kovacs (1971) tor first-year pressure ridges but is in excellent

wider than the above-water portion. Note that in cross section B-B there is a major discrepancy

*Allan Gitt, personat communication,
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Figure 1. Aerial view of the multiyear ridge studied (center of photograph) and the surrounding

terrain. The photograph was taken after the study was completed and a storm had swept the ice

surface clean of a major portion of its snow cover. First-year ice can be seen in the upper left-
hand corner. The position of each profile line is marked.

between the ice thickness obtained by drilling and by sonar. We have no explanation for this except
to obscrve that the drilled thickness is a point measurement whereas sonar ‘‘samples’’ an apprecia-
ble area. In a general way the transverse profiles of the ridge keel can be described as roughly
semicircular to semielliptical. Drag coefficients for such form roughness elements are discussed in
Hoerner (1965) and range from 0.8 for a semicircular shape to 0.5 for a semiclliptical shape. Be-
cause of the “‘streamlining’’ effects of the summer melt season and the snowdrifts, the drag coeffi-
cient for the ridge sail would be significantly lower.
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Figure 2. Transverse and longitudinal cross sections of the
multiyear ridge.

In most of the profiles, the upper ice surface at the edges of the ridge sails shows a downward
deflection. This phenomenon has been ohserved in most first-year ridges studied (Weeks
1970, Kovacs 1971). In the case of first-year ridges this deflection is clearly caused by load trans-
fer from the sail to the surrounding plate ice as a result of an isostatic imbalance produced during
the initial ice pile-up. lu the ewrent ridge the deflection is believed to be partly related to snow
loading and partly to keel ablation. The latter would cause the ridge to subside in the process of
seeking isostatic equilibrium. It is expected that during the next melt season these depressions

will fill with meltwater fromthe ablating ridge sail. When these ponds refreeze the following fall,
these deflected areas will probably no longer be discernible.

and Kovacs

The slope of the ridge sail was determined by measuring the angle of the profile lines shown
in the cross-sections (Fig. 2). The slope varied between 12° and 28° and averaged 19°. This is
5° less than the average surface slope determined by Kovacs (1971) for first-year pressure ridges. ]

i
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Figure 3. Fence diagram showing the relative positions of cross sections A, B and C.

This difference, which may well be general, is undoubtedly due to the modification of the shape of
the ridge sail by ablation. No attempt was made to determine the slope of the keel which has a

bowl-like shape.

The fact that pressure ridges act as snow fences is again clearly illustrated in the cress
sections. The greatest snow accumulation was in excess of 1 m and occurred along the toe of the
sail,

INTERNAL PROPERTIES

Exploratory coring at meter 37 on cross section A, at meters 50 and 60 on cross section B, and
at meter 43 on cross section C (see Fig. 2) revealed no cavities of any type and showed the ice to
be sound, as indicated by augering resistance. There were no wide cracks or leads that transected
the ridge so an actual profile could not be examined. However Kovacs (unpublished data) has
examined cross sections of several similar multiyear ridges in the Beaufort Sea. Figure 4 shows a
general view of such a ridge which has split. Note that the ice is extremely massive. Figure 5
shows a detail of the internal structure of another multiyear ridge. The distribution and size of the
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Figure 4. View of the sail of a multiyear pressure ridge located in the
Beaufort Sea. Note the massive nature of the ice.

Figure 5. Internal structure of a multiyear pressure ridge from the Beaufort
Sea. Note the lack of voids between the angular blocks composing the ridge.
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Figure 6. Salinity, temperature and brine volume profiles of the ice at Meter 37 on cross
Section A,

subangular ice blocks incorporated into this ridge as well as the refrozen water between the blocks
is clearly shown. The lack of interblock voids is striking. Note also the dark plankton band within
the largest ice block. Based on this information, our coring observations and, as mentioned earlier,
the difficulties experienced when ships attempt to break through multiyear ridges, we suggest that

the ice blocks composing most multiyear ridges are completely bonded together by the freezing of
interstitial water,

Figures 6, 7 and 8 show the salinity, temperature and brine volume profiles ootained by coring
into the ridge. Figure 8 also gives the density profile of the ice to a depth of some 3.5 m. All
the ridge profiles show the salinity to be virtually zero at the surface.

As shown in Figures 6 .nd 7 the ice remains fresh for a depth of 1 m. The ne
was also found to contain 3

This increase in air content

ar-surface ice
large number of air bubbles, suggestive of extensive brine drainage.

is reflected in the sharp decrease in ice density near the top of the
ridge sail (Fig. 8). Figures 9 and 10 show similar profile data obtained from the multiyear ice
adjoining the ridge. In all of the profiles there is a gradual increase in the salinity with depth.

At the bottom of the ridge the salinity averages roughly 4.5 %, whereas at the bottom of the pre-
sumably undeformed multiyear ice, the value is very slightly higher. All the salinity profiles show
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Figure 7. Salinity, temperature and brine volume profiles of the ice at Meter 50 on cross
section B,

the wide scatter that is particularly eharacteristic of multiycar ice (Schwarzacher 1959,

Unterstciner 1968) and to a lesser extent of first-year ice (Weeks and Lee 1962). A point of interest
1s that much of the ice represented by the profiles shown in Figure 10 formed in a melt pond and is,
in fact, first-year ice. This is suggested by both the ice topography surrounding the coring site and

the salinity profile itself, The pond clearly exhibited a pronounced salinity stratification prior to
freeze-up.

The temperature profiles shown in Figures 6, », 2 and 10 all show by the curvature in their
upper portions that a gradual warming of the ice cover is under way. This trend is, however, not
yet apparent in Figure 7 where the thick snow cover formed in the lee of the ridge has caused a
delay in the arrival of the warming trend at the ice surface.

The brine volume profiles shown in Figures 6, 7 and 8 are as expected: effectively nil at the
surface with a gradual increase toward the bottom in response to the increase in the temperature
and salinity values, Because of tne time of year (March), the ice temperatures would be expected
to be near their annual minimum corresponding to a maximum in ice strength (Weeks and Assur 1968)

If we assume that the overall ridge is in isostatic equilibrium we can calculate a mean density
for the ridge ice by determining the ratio of the ice above sea level to the ice helow sea level. The
SHOW cover wus converted to an equivalent ice volume by assuming an average snow density of
045 ¢ em™3, The observed ratio was 1 to 7.7, corresponding to a mean ice density of 0.91 g em™3
in good agreement with an average measured density of 0.90 g em™3, This suggests that multiyear
rndges may be close to being in overall isostatic balance. Although a sample of one can hardly be
cousidered as proof of this conjecture, it is reasonable to assume that this well may be the case.

.
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Figure 8. Salinity, temperature, brine volume and density profiles of the ice at Meter 43
on cross section C.
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Figure 9. Salivity, temperature and brine-volume profiles of the ice at Meter 89 on cross section B. 1
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Figure 10. Salinity, temperature and brine volume profiles of the ice at Meter 97 on cross section B,

Figure 11. Large free-tloating ridge sail observed in'th> Beaufort Sea near Cainp 200.
The highest point on the sail is 12.8 m above sea level.

LARGEST RIDGE SAIL

An extremely large pressure ridge was observed near one of the oceanographic sta:ions (about
10 km from the AIDJEX base camp). To the best of our knowledge this ridge has the highest free-
floating sail yet sighted (and documented) in the Arctic Ocean (12.8 m above sea level). The ice
in the ridge was first year and the large ice block located on the top of the ridge was 2.2 m thick,
3 m wide and 7 m long. The ridge had clearly been active in the recent past and a lead existed
along one side of it at the time of our visit. The high poition of the ridge was very limited in
lateral extent (= 100 m). If we estimate the keel depth of this ridge by using the (keel depth/sail
height) ratio of 4.5 observed by Kovacs (1971) on first-year ridges, we obtain a yalue of 57 m, some
10 m more than the deepest previously observed keel.
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CONCLUSIONS

The multiyear ridge studied in this report was large and structurally massive, All the initial
voids between the blocks composing the ridge have been snbsequently filled with solid ice. In
addition much of the ice in the ridge has a very low salinity. It is, therefore, reasonable to assume
that ridges of this type represent a significant impediment to shipping and should be avoided if at
all possible. They also represent a major problem in the design of potential offshore structures
such as shipping terminals and drilling platforms.
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PART lll. TOP AND BOTTOM ROUGHNESS OF A MULTIYLAR ICE FLOE
by

W.D. Hibler, II1, S.F. Ackley, W.F. Weeks and A. Kovacs

ABSTRACT

A spectral study of the snow and ice topoeraphy on a multiyear ice floe has
shown that the snow cover, although attenuating the roughness amplitude of the
ice surface, does not cover it completely. In general the snow surface variance
is lower by a factor of % to ' than the ice surface variance. The correlation be-
tween snow and ice surface roughness is highly significant for long wavelengths
(> 8 m), but fails to be significant for short wavelengths (< 4 m). These results
“gree with what might be expected intuitively in that long wavelength variations
are not masked appreciably while short wavelength variations are well hidden.
Although the ice sheet as a whole is in free-floating, isostatic equilibrium,
pronounced local deviations from isostatic equilibrium are common. The trend
is for icc drafts to deviate more than expected from isostasy for thin ice and less
than expected for thick ice. Estimates are also made of the nimber of ice thick-
ness measurcments required to obtain the mean thickness of the multiyear floe to
any spccified accuracy.

INTRODUCT!ON

Little work has been done on the correlation betwecen the roughr.ess of the upper and lower
surfaces of sea ice. At first thought this might appear surprising inasmuch as the surface rough-
ness is important in controlling the wind and water drag exerted on the ice. However, there is
still no indirect method of determining the thickness of sea ice, much less a method of doing this
remotely as a continuous profile. Drilling is, of course, time consuming and tiring, but is virtually
the only means of determining freeboard and draft at a point. Present observations on ridging in
first-year ice suggest that although lack of local isostatic equilibrium is common, a good overall
correlation between top and bottom roughness is to be expected, Whether this is generally true for
multiyear ice has not been previously studied.

The following is a preliminary look at the freeboard to draft correlation problem in multiyear
ice. In addition a study of the relation between the snow swiface and the true ice surface of the
multiyear floe was completed. This is of interest because 1emote sensing techniques using laser
profilometry record the elevation of the snow surface and not the true ice surface.

The study site was part of a multiyear floe approximately 5 km? in area, located in the Beaufort
Sea at the site of the 1971 AIDJEX pilot study about 550 km north of Tuktoyaktuk, N.W.T. An
aerial photograph of the study area is shown in Figure 1 of Part I. Figure 1 of Part III shows the
plan drawing of the profile lines where 1-1 refers to the ridge shown in the aerial photograph. At
the time when the photo was taken the 1ce surface was effectively scoured free of the snow that is
shown in Figure 2. The structure of the large multiyear pressure ridge in the right portion of the
figure was also studied and is the subject of another paper (Kovacs et al. 1972). The differences

Preceding page blank
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Figure 1. The locations of the profile lines alons > ich snow and ice elevations and random thick-
ness measurements were taken (see Fig. Dart Il for airphoto of multiyear floe),

in roughness between first- and multiyear ice are quite evident from the ‘‘freckled’’ appearance of
the multiyear ice as shcwn in the figure compared to the smooth first-year ice whose surface is
marked only by snowdrift feaiures.

Ficure 2 shows cross-sectional views of the five elevation profiles that were studied. The
snow depth and the ice elevation above sea level were determined at 1-m intervals along each pro-
file by leveling. In addition ice thicknesses were determined by drilling at 31 locations. The
figure clearly shows the undulating topography characteristic of multiyear floes.

RESULTS

Snow surface/ice surface corelations

In murh remote sensing data, in particular in laser profiles and digitized roughness plots made
from aerial photographs, the surface of the snow is ‘‘seen’’ rather than the true ice surface. It was
apparent by observation at the study site that after a storm, snow drifting could change the effective
surface sampled by remote sensing. From a visual examination of the profiles shown in Figure 2
it initially appears that the snow covers up much of the interesting roughness. A nicre detailed
examination of the surface roughness indicates that this may not be the case. Figure 3 shows both
snow 2nd ice spectra along all profiles. The spectra were calculated using a Hamming spectral
window and a maximum wave number of 50. The confidence limits are indicated. Computational
detail and a discussion of the particular interpretation of the power spectra of sea ice can be found
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Figure 2. Cross sections of the 5 profiles studied, illustrating snow and ice elevations and random
thicknesses. The vertical scale is exaggerated by a factor of 10 compared to the horizontal scale.
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in Blackman and Tukey (1958) and

Hibler and LeSchack (1972) respectively,
For our analysis here, the spectra may
be considered a plot of the amount of
variance or roughness versus the frequen-
Cy or wavelength of the roughness. The
plots shown in Figure 3 are normalized
to the total variance so that the area
under the spectral curve in any given fre-
quency band gives the total variance or
mean square roughness in that region.

From Figure 3 we see that as ex-
pected the spectral components for the
Snow surface are generally all smaller
by a factor of % to ¥ than the spectral
Comiponents of the ice surface. This
means that the roughness has been
smocthed out and consequently wind
stress measurements (Banke and Smith
1971) might be expected to change as the
sSnow cover shifts. Taking the Square
root of the variance to be sSome measure
of the mean roughness height we see that
a factor of 2 variation in the mean rough-

ness height can easily be caused by shifts
in the snow cover.

The other point obvious from Figure
3 is that the general shapes of the snow
surface and ice surface spectra are much
the same for the same profile, with many
of the same spectral peaks occurring in
the snow surface spectrum as in the jce
surface spectrum. These peaks indicate
that the snow cover, although attenuating
the amplitude of the ice surface, does SO
in such g way that the dominant spectral

Ccomponents, especially at low frequencies,
are still observable.

To obtain a more Quantitative analysis
of how well the snow surface correlates

Figure 3. Snow elevation and ice eleya-
tion power Spectra along five profiles,
The spectra are normalized so thai the
total area under the Spectral curves
equals the total variance for any given
profile, The y-axis amplitude represents
the variance per frequency interval, The
80% confidence limits are as indicated,
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Figure 4. Frequency response of convolution filter weights (a) and

correlation coefficient amplitudes (b) for each filtered profile, The

line connects the average correlation results in each pass band,

The 10% contidence level represents the valye that would be ex-

ceeded 10% of the time by the correlation coefficient obtained from
18 random samples of uncorrelated normal varjates,

with the ice surface at different frequencies, we passed three band pass filters over the parallel
Snow and ice profiles A'-A', B'-B' and C'-C', and plotted the results. This procedure has the
advantage of indicating at what position correlation takes place. We also calculated the correlation
coefficient hetween snow and ice profiles for each band passed result, When determining the de-

Quency response of the filters (less than 1% side lobe errors in all cases) to

gether with the average
correlation coefficient for each frequency band is given in Figure 4. The 10

% significance level for
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the correlation coefficient (using 16 degrees of freedom) is given by the dotted line. The plot
clearly indicates the stronger correlation for wavelengths lenger than 8 m. 1n fact the average 4
correlation coefficient for the lowest frequency band is 0.80, which is greater than the average
total correlation coefficient (for all frequencies) of 0.72.

The filtered proiiles for each of the three pass bands together with ‘he unfiltered results are
given in Figure 5. Thase plots qualitatively give the same results indicated by the correlation
coefficients, namely thiat wavelengths longer than about 8 m are well correlated whereas shorter
wavelengths have a poorer correlation. In summary the quantitative results suggest that as o rule
of thumb 8 m is the demarcation wavelength, with shorter wavelength variation in the ice surface
being masked by the snow cover while the longer wavelength components are not strongly affected.

Both before and after these measurements were made, high winds blew away much of the snow
cover, Consequently, the resulting surface roughness spectrum changed to one more nearly
approaching the true ice surface. The spectra plotted in this paper give some indication of the
limits of the surface roughness spectrum expected due to such changing conditions.

The spectra of the true ice surface also indicated a dominant low frequency spectral peak at a
wavelength of about 30 m which persisted on parallel profiles. We feel this peak 's representative
of melt hummock spacings for the region analyzed. The low frequency peak did shift as the profile
direction was changed, indicating lineation (Hibler and LeSchack 1972) in the surface approximately
parallel to the nearby pressure ridge shown in Figure 1. 1t should be noted here that the profiles
analyzed do not include the pressure ridge, so that we are discussing here only the *‘flat’’ part of
a multiyear floe.

Freeboard/ice thickness correl ations

To study the correlaticn between surface roughness and thickness and the bottom topography
we calculated a correlation coefficient of 0.60 for the correlation of freeboard to draft and a co-
efficient of 0.79 for the correlation of freeboard to thickness. Both these numbers indicate a linear
correlation significant at better than the 1% level by an analysis of variance test.

To determine the ice draft and/or the ice thickness from the freeboard, we can calculate the
regression line between these variables. The resulting equations are d = 1.337f + 2.80 and t -
2.32f + 2.80 where d and t are the ice draft and the thickness respectively and f is the freeboard
(all in meters). Using these relations, the root mean square errors between the predicted and ob-
served values of draft and thickness were in both cases 0.36 m. These nunters indicate the
improvement that can be made in draft or thickness estimates by having intormation of the local
freeboard available. (The standard error of the estimate of 0.36 m obtained by using the regression
line is significantiv less than the standard errors of the estimate on draft (0.46 m) and thickness
(0.60 m), see Table 1).

Tablz I. Summary of statistical results (31 holes).

Mean ice draft 3.24m
Ice draft standard deviation 0.46 m
Mean ice thickness 3.57m
Thickness standard deviation 0.60 m
Mean freeboard 0.33m
Freeboard standard deviation 0.20 m
Mean snow depth 0.16 m
Snow depth standard deviation 0.13m
Correlation coefficients

Depth o freeboard 0.60 m

Thickness & freehsard 0.79 m
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Figure 6. Ice freeboard/ice depth ratio ({/d) versus ice thickness (t). The isostatic balance line
was calculated assuming ice and sea water densities of 0.91 and 1.03 g cm™3. 1n the effective
isostatic balance the weight of the snow was also included.

Both linear regression lines deviate significantly from the result expected if the ice is in
isostatic balance. In particular the isostatic balance result would be of the formt = ad where a =
(density of sea water)/(density of jce). Assuming a sea icc density of 091¢g em™3 (estimated from
the ice cores) and a sea water density of 1.03 g cm'3. we would obtain ratios for d/f and t/f of
7.58 and 8.58 respectively.

The trend of the deviations from isostatic balance is indicated very clearly in Figure 6 where
we have plotted the freehoard/draft ratio vs thickness. Tie isostatic balance line with the snow
cover neglected and an c{fective isostatic balance line considering both the density of the ice and
the depression of the ice sheet by the snow cover are indicated. In calculating the effective line a
mean snow thickness of 0.16 m and 4 snow density of 0.45 g cm~3 were used, based on snow niea-
surements at the site. Also shown is the regression line of £/d ont. The trend is clcurly for the
1ce draft to be greater than expected from isostatic balance for thin ice and the inversc for thick
ice. Therefore, on a point to point basis, the assumption of isostatic balance breaks down.

However, as might be expected since the ice sheet is clearly free-floating, if cross-sectional
areas rather than individual points are used for comparison with the assumption of isostatic balance,
the results are quite good. To illustrate this we note that the mean thickness and mean draft are
proportional to the total cross-sectional area and cross-sectional area below the water level
respectively of the ice floe. If a depression of 0.07 m due to 0.16 m of snow cover is included we
find that the average draft of 3.24 m and the average ice thickness of 3.57 m imply a mean ice den-
sity of 0.915 ¢ cm™2 for isostatic balance. This is in agreement with the findings of Kovacs et al.
(1972) and is a very reasonable value since cores taken in this region of the floe indicated densities
between 0.90 and 0.92 ¢ cm~3. The mean thickness we obtained also comparcs well with the mean
value for Beaufort Sea ‘‘unhummocked’’ multiyear ice (3.47 m) obtained by Koerner (1971).

The fact that individual points deviate significantly from isostatic balance while on the average
the overall ice sheet is in isostatic balance is similar to the situation observed in pressure ridges
(Fukutomi and Kusunoki 1951, Weeks et al. 1972). The form of the deviations suggests that a model
similar to the Wittmann-Makaroff pressure ridge model (Wittmann and Schule 1966) may well also
apply to the small melt hummocks that develop on a multiyear floe. In this model the underside of
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the hummock has a greater horizontal extent than the sail. This would yield deviations of the type
observed, i.e. deep hummocks are less deep than would be expected on the basis of isostasy. The
actual balance would be between the volume of the hummock below water and the volume above water.

Estimating the average ice thickness

One interesting application of the thickness data is to estimate, using sampling theory, the
number of holes needed to obtain the mean ice thickness of the multiyear floe with a specified
accuracy. Based on the 31 measurements, the mzan and standard deviation of the ice thickness is
3.57 + 0.60 m. The frequency distribution of the ice thicknesses is shown in Figure 7 and is to a
good approximation normal. The 90% confidence limits on the true mean are 3.39 and 3.75 m. If
we now assume (Griffiths 1967) that the value of the standard deviation is independent of the sample
size N, a t distribution may be used to estimate the number of holes required to estimate the ice
thickness to a given accuracy. Figure 8 shows the 90% confidence limits on the mean calculated
using this procedure plotted against N. To obtain the mean thickness of the unridged portion of the
multiyear floe accurate to better than 0.5 m, with a 90% certainty, only six holes are necessary. On
the other hand, for an accuracy of 0.1 m with the same certainty, 100 holes would be required.
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PART IV: AIRPHOTO ANALYSIS OF ICE DEFORMATION
IN THY, BEAUFORT SEA

by

Allan D. Hartwell

ABSTRACT

Ice deformation in a 175-km® area of the Beaufort Sea (at about 74°N, 131°W)
between 11 and 23 March 1971 was analyzed by means of sequential aerial photo-
graphs. The approximate time, direction and magnitude of deformational motion
were determined by combining observations of the changes in features related to
ice deformation, such as leads, fractures and pressure ridges, and mesoscale
measurements of strains and strain rates on the ice. During this period a series
of compressions, extensions and shearing motions occurred, producing numerous
changes in ice morphology. The entire area was apparently under considerable
lateral constraint with no observable rotation or rounding of floes. No leads wider
than about 150 m were present. Shearing motion along one individual lead of up to
280 m was documented by the photographs. Relative motion along shear zones

was nearly always dextral or right lateral in accord with the clockwise rotation of
the Pacific Gyre.

INTRODUCTION

The Arctic Basin is dominated by a formidable cover of sea ice that is in constant drifting
motion. The morphology of the ice is constantly changing: convergence and ridging vccur in one
area while divergence with associated fracturing and floe separation occur in another (Kovacs
1971). In order to better understand the large-scale response of sea ice to its environment, a
study of the mesoscale deformation of the [:ack ice in the Beaufort Sea was conducted during
March 1971 as part of the 1971 Arctic Ice Dynamics Joint Experiment (AIDJEX) pilot program.
This study consisted of measurement of strains and strain rates between surface stations in a tri-
angular network during a two-week period from 11 to 23 March (Hibler et al. 1972). In addition
sequential aerial photographs of the ice cover were taken during this period by NASA and U.S.

Navy planes at altitudes ranging from 533 to 10,363 m. This photography permitted observations of
the nature of local ice deformation.

This report presents the results of an analysis of some of the air photos obtained. This study
is specifically relatedto sea ice deformation in a 175-km? area centered on the strain triangle,
From e:ch set of photographs, overlays were prepared of features related to deformation such as
leads, iractures and pressure ridges. The overlays were then photographically reduced to a common
scale so that the changes in specific features could be traced through the two-week period. When
used in conjunction with visual ground observations and strain measurements on the ice, the approx-

imate time, direction and magnitude of events associated with the deformation of the sea ice could
be determined.
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Figure 1. Location map showing strain triangle and ice conditions on 11 March; boxed areas
are locations of Figures 9-16.

STUDY AREA

The field site for this study was near the Canadian Polar Continental Shelf Project’'s Camp 200
in the Beaufort Sea about 560 km north of Tuktoyaktuk, N.W.T., Canada (Fig. 1; see also Fig're 1
of Part I). The camp was on the edge of a large multiyear floe roughly 16 km across, located at
72°45'N, 130°15'W. The floe was surrounded by first-year pack ice about 2 m thick. This ice con-
tained a considerable number of pressure ridges and fractures as well as some thinner zones of old
refrozen leads. During the two weeks of the study the ice cover underwent considerable deformation.

METHOD OF ANALYSIS

This study is based on aerial photographs obtained during overflights by a NASA Convair 990
and a U.S. Navy (NAVOCEANO) NC-121K on 11, 15, 21 and 23 March 1971 (Table I). From mosaics
of these photographs overlays of 1) leads and fractures and 2) pressure ridges were prepared at a
common scale for each of the four days.

From these overlays changes in specific features were traced through the two-week period in
order to estimate the direction and magnitude of specific deformational events. For example,
extension or compression along leads and fractures was determined by graphically restoring the ice
cover to its unfractured ccadition and measuring the approximate magnitude and direction of net
movement from the aerial photographs. Likevise, shear-type motions could be easily recognized
and measured from observed offsets of pack ice features such as old ridges. Numerous new pressure
ridges formed during the period of observation and in some instances the amount of deformed ice
they contained could be estimated.

Reference is made here to measurements of pack ice strain between the triangular network of
Stations a, 8 and BC (base camp) established by Hibler et al. (1972) using distance-measuring
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Table I. Photo coverage, 1971 AIDJEX pilot program.

Local  Approximate No. of Weather conditions/
Date time® altitude, m  runs Area covered image quality
11 March 1606-1625 1,067 5 Legs of strain triangle and strip Excellent
(NASA) extending SE from main camp
15 March 1312-1514 10,360 10 Regional coverage N and E of main Fair
(NASA) camp cut to about 35 km
1525-1535 3,048 2  Regional coverage NE of main camp Fair
including two strain stations
1538-1553 1,067 3 Legs near but not coincident with Good
strain triangle
21 March 1428-1550 533 12 Strain triangle area Poor
(NAVOCEANO)
23 March 1355-1417 529 3  Legs of strain triangle Excellent
(NAVOCEANO)
1448-1650 1,524 10 Regional coverage Good

*Local time is 7 hours behind Greenwich Mean Time.

instruments (Fig. 1). Their data (Fig. 3) provided a measurement of the net deformation (i.e. strain
rate tensor) for the region while the overlays were used to catalog and identify specific local de-
formational events and history. The initial lengths of the triangle legs as measured on 12 March
were: a -~ - 8.3 km,a-BC - 10.7 km, and 8- BC - 5.6 km.

ICE DEFORMATIONS

11 March

The initial ice conditions in the study area are shown in the 11 March photographs (Fig. 1) and
in the corresponding overlay showing the lead and fracture systei at that time (Fig. 2). There are
a large number of existing ridges. There are also two large leads (26-35 m wide) and numerous
smaller ones (4-17 m wide). Other discernible features are the large refrozen lead of thinner ice
near Station a and the multiyear floe near BC. Two recent deformational events are clearly shown
in this photography. The first of these is an older localized NW-SE shear of 23 to 29 m along three
fracturés midway between a and BC. This shearing produced some minor ridges and at the time of
the photography the fractures had refrozen with a thin cover of ice (see Fig. 11a). The second
event is a major NE-SW extensiou of up to 35 m that opened almost all of the fractures in the ares
and was continuing at the time of the photograply (about 1620). Strain measurements made between
1200 and 1820 on this same day showed countinuing extension of up to 98 m along the a—f line and
31 m along a-BC (Fig. 3). By late in the day ground observers noted that a large number of leads
had opened in the study area and a large fracture had split the multiyear floe on which the camp

was located, cpening a 30-m lead along a pressure ridge roughly 200 m from their living quarters
(Hibler et al. 1972).
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Figure 2. Lead and fracture system on 11 March. Arrows indicate type and direction
of relative movement; approximate magnitude is given in meters. Earlier movement
indicated by parentheses.
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Figure 4. Lead and fracture system between 12 and 15 March; note NE-SW shear zones.

i2 March

Sometime during the night the movement ‘‘reversed’’ and compression occurred across the en-
tire strain network (Fig. 3). By morning most of the leads had closed and some new pressure ridges
formed. A large number of cracks and leads were present 1n the vicinity of 8 but the station was
still intact (Hibler et al. 1972). By 1100 the a-f and a~BC lines had shortened to their original
lengths and readings were finally obtained along 8- BC, thereby ‘‘closing’’ the strain network.
During the afternoon a-f and a-BC showed 13 m and 1 m compression respectively whereas -BC
had 5 m extension (Fig. 3).

13-14 March

Althoug:. no photography or strain measurements were obtained during this period, it was
apparent from the strain measurements, ground observations and photography of 15 March that addi-
tional compression of up to about 35 m occurred aiong the a— 8 and a- BC lines (Fig. 3). This
NE-SW compression closed all of the major fra:tures in the study area, producing some ridging and
localized shearing. In addition two new E-W dextral or right lateral* shear zones developed, one
across Station 8 (7-9 m shear) and the other parallel but 3.5 km north of Station 8 (up to 63 m shear;
Fig. 4). This shearing motion was a small-scale replicate of a much larger regior.2l scale deforma-
tion that was occurring across a series of nearly parallel shear zones, suggesting that the ice cover
was deforming as several very large floes (Hibler et al. 1972).

15 March

No significant deformation was observed on this day. Along 8- BC several meters of com-
pression occurred, whereas the other two began to show a few meters of extension (see Fig. 3).

*Movement of right side down or to the right relative to the left side.
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Figure 5. Lead and fracture system between 16 and 20 March; note large extension to left and
shear in center.

16-20 March

Although no photography or strain measurements were obtained during this period, examination
of the 15 and 21 March photographs and the strain data of 21 March indicate that extensive deforma-
tion occurred across the entire study area (Fig. 5). Active E-W dilatation apparently continued,
opening two long leads, one west of 8-BC about 142-149 m and the other near a about 41-62 m, and
numerous smaller ones (4-22 m). A major dextral NW-SE shear zone with 56-104 m movement de-
veloped across the center of the strain network. This movement apparently also caused an 8-19 m
dilatation along the old shear zone running through 8. In addition a lead formed along the pressure
ridge at a, destroying the tent which marked the station.

21 March

By the time of the photography up to 22 m of NE-SW dilatation had occurred along three newly
refrozen leads (Fig. 6). Along a- BC and a- 3 several meters of continuing dilatation was measured,
whereas 8-BC showed no change (Fig. 3).

22 March

No photography or strain measurements were obtained on this day, but from the photographs and
strain measurements of 21 and 23 March it is apparent that extensive deformation occurred (Fig. 7).
Major NW-SE dilatation of up to 216 m with some shearing and new ridging occurred in the center of
the study area and east of a (50-168 m). The long lead west of 8-BC had 74-89 m of E-W com-
pression but did not close completely.

23 March

During the night a general N-S compression occurred, causing offset of 47-108 m in the refrozen
lead west of the strain triangle, 69 m in the center of the study area, and 36 m east of a (Fig. 8).
The strain measurements show that very little deformation occur cd during the day (Fig. 3).
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Figure 6. Lead and fracture system on 21 March.
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Figure 7. Lead and fracture system on 22 March; note continued shearing in center of strain tri-
angle.
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Figure 8. Lead and fracture system on 23 March.

NET DEFORMATIONAL CHANGES

The deformations which occurred in this study area over the two weeks of observations are
photographically documented using comparative photos of 11 and 23 March (see location map,
Fig. 1).

Station a

Extensive changes occurred in this area. In Figure 9 the narrow lead on the right was slightly
compressed, before refreezing (Fig. 9b). The new lead visible in Figure 9 forme1 on the 22nd due
to NE-SW dilatation. Note how it cuts across numerous pressure ridges where the ice is somewhat
thicker and causes only minor cracking in the relatively thin refrozen lead. At St.tion a extensive
fracturing, 30 m of lateral offset, and several new pressure ridges developed during 16-20 March

(Fig. 10). Fracturing developed parallel to the main ridge and helped produce a new ridge adjacent
to the original ridge (Fig. 10b).

a-BC Line

Along this leg of the strain triangle leads closed from the east and west on 13-14 March, re-
freezing and causing numerous small pressure ridges. In Figure 11b a 20-m-wide strip of ice was
compressed into a new ridge, Note how solid the original fracture zone has become due to refreezing
and how completely the original lead has healed due to the parallel directions of extension and
compression. Figure 12 clearly shows the large lead which developed on 16-20 March and further
sheared on 22 March, resulting in about 250 m of net dextral offset in a NW-SE direction. Note the

continuing NW-SE offset that was occurring in the refrozen ice across the lead at the time the photo
was taken (about 69 m; Fie, 12h).
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b. 23 March.

Figure 9. Fracturing near Station a.

a. 11 March. b. 23 March.

Figure 10. Fracturing and deformation at Station a.
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b. 23 March,

Figure 11. Lead along the a ~-BC leg which deformed about 20 m of ice as it closed.

a. 11 March. b. 23 March.

Figure 12. Large lead along a - BC leg which prodiced about 250 m of offset.
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[ a. 11 March. b. 23 March.

! Figure 13. Ridge that formed near Station BC,

Station BC

There was relatively little deformation in this area. Figure 13 shows the only major change,
a fracture which sheared about 6 m NE-SW during 16-20 Marcu, creating a long, prominent ridge.
Note its straightness and remarkably uniform vertical profile as shown by shadows (Fig. 13b). This
new ridge looks very similar to the much older ones which surround it. The nplifted blocks such as
the one in the upper right also show the thickness of the ice (about 2 m).

B-BC Line

This leg of the strain triangle showed only a small amount of deformation during the study
(Fig. 3). Tue only significant change was the closing of the lead visible on 11 March and the
formation of a small ridge (Fig. 14b). This closure was somewhat urusual in that the lead apparently
refroze and then fractured again along the southern edge, forming a small, irregular ridge during the
subsequent compression.

Station B

A number of changes occurred in this area. The lead present on 11 March (Fig. 15a) closed and
refroze, forming a new ridge (Fig. 15b). The fracture visible on 11 March also formed a new ridge
during the same compressional event (13-14 March); later, on 16-20 March, it refractured and the 60-
m-wide lead formed (Fig. 15b). Note the NE-SW compression with attendant finger rafting in the
refrozen lead at the time of photography.

a-f Line

Along this leg of the strain network extensive dextral shear occurred, forming the largest new
ridge observed anywhere in the study area (Fig. 16b). The shear motion, like that in Figure 12,
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b. 23 March.

a. 11 March.

Figure 14. Lead along the PB-BC leg that closed and formed a new ridge.

23 March.

b

11 March.

d.

Figure 15. Deformation at Station B.
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a. 11 March. b. 23 March.

Figure 16. Large dextral shear and new ridge that formed along the a-f8 leg.

started on 16-20 March and further sheared on 22 March, resulting in a net right-lateral NW-SE move-
ment of about 280 m. This shearing motion deformed a strip of ice up to 65 m wide, building a long,
nearly continuous ridge about 5-10 m wide and 3-4 m high (Fig. 16b).

PRESSURE RIDGE DISTRIBUTION

The distribution of all pressure ridges more than about 0.6 m high in the study area as of
23 March is shown in Figure 17. These data clearly demonstrate the ubiquitous nature of the ridges.
In order to measure the orientation characteristics of these ridges, a representative study sector was
arbitrarily chosen (square outlined in Figure 17). All ridges within it were subdivided into segments
which could be approximated by straight lines. Next the orientation and length of each segment
were tabulated. The mean segment length was calculated and then used to define a *‘standard ridge’’
(122.1 m). The frequency distribution of standard ridges as a function of direction (Fig. 18) shows

a preferred orientation in the eastern and southern quadrants but a random orientation in the northern
quadrant,

The Rayleigh test techniques of Curray (1956) and Krumbein (1939) were applied to these data
to define a ‘“‘preferred’’ orientation (127°) and to test if the observed ridges were randomly oriented.
The results yielded a probability of < 0.00001 that the observed distribution could have been drawn
from a randomly oriented population (Mock et al. 1972). Similar results were obtained with a
variance ratio test and a goodness of fit test (Mock et al. 1972). From these results and the apparent
absence of large rotational movements of the ice “‘floes,’’ we conclude that the dominant ridge-
forming compressions and shears have come from the east and west.

o
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Figure 17. Pressure ridges greater than about 0.6 m high, 23 March. Square area is study sector for measurement of ridge orientation.
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Figure 18. Frequency distribution of *‘standard’’ ridges as a
function of direction,

SUMMARY AND CONCLUSIONS

During the two weeks of this study, at a time when no major cyclonic passages occurred, a
variety of deformation events were observed in this region, Five main types of deformation were
observed: 1) fracturing, 2) extension along fractures and formation of leads up to 150 m wide,

3) compression of leads and crnmpling of their thin, refrozen ic cover into small ridgzes, 4) lateral
compression of adjacent ice sheets and creation of ridges, and 5) shearing motion of up to 280 m
and creation of ridges. Dnring the study period the entire area was apparently under considerable
lateral constraint with no sigaificant rotation or rounding of floes sueh as Anderson (1970) observed
in paeck ice 72 km northeast of Point Barrow. Shearing motion was nearly always dextral or right
laterat in accord with the elockwise rotation of the Pacific Gyre. At many locations fractures and
leads developed with apparent "*disregard’” for ice thickness and thinne: zones of refrozen leads
(snch as in Figwes 9 and 10),

This stndy demonstrates that a rather complete interpretation of the deformation history of a
given scctor of sea ice may be made nsing sequential aerial photography in conjunction with surface
strain measnrements. For optimum resnlts overlapping flight lines should be flown at several dif-
ferent altitndes. With 4 15.2-mm (6-in.) lens, the following flight altitudes are recommended:

1. 8000-10,000 m for regional coverage of major lead systems and distribution of large multi-
vear floes.

2. 1500-2000 m for distribntion of fructures, leads, pressure ridges and ice types.

3. 600-800 m for detailed delineation of deformation features for sequential studies.

Even with low-altitude j hotography such as that of 21 March (533 m) or 23 March (529 m) it
was impossible to detect any significant deformation in “passive’’ features away from fractures,
leads or relatively new pressnre ridges.
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PART V: DATA ON MORPHOLOGICAL AND PHYSICAL
CHARACTERISTICS OF SEA ICE IN THE BEAUFORT SEA

by
S.F. Ackley, A. Kovacs, W.F, Weeks and W.D, Hibler, III

Introduction

The data reperied here represent incidental measurements made at the main AIDJEX Camp 200
and at the strain network camps. In general, the data are not sufficiently representative to draw
detailed conclusions from so the results are listec only to make them accessible and to document
them for possible future reference.

Block size determinations in newly formed ridges

Two measurements were made of block sizes in newly formed pressure ridges. This parameter
is of some interest since a recent model of the ridging process in sea ice has indicated that experi-
mentally*measured block sizes assist in the calculation of the fracture energy necessary to build
pressure ridges (Parmerter and Coon 1973)*.

The two sets of measurements were made at two locations near strain site B8 (Fig. 1). The
ridge at site A (from ground observations) apparently formed by a compression with the principal
compressive direction normal to the edge of the thin ice in that area. This ridge thus corresponds
roughly to the case modeled by Parmerter and Coon. If we reasonzhly assume that the same direc-
tion of motion caused the ridge at site B, then this ridge formed by a motion roughly parallel to the
thin ice in that area or a shearing deformation mode. The data on block sizes for each ridge are
listed in Tat.e I. The block thickness was 0.19 m for both ridges.

Table 1. Block sizes.

Site A Site B
Block width No. of Block width No. of
{m) blocks {m) blocks
<0.50 1 0.90 to 0.95 3
0.50 to 0.55 3 0.96 to 0.99 0
0.56 to 0.60 5 1.00 to 1.05 2
0.61 to 0.65 5 1.05 to 1.1 0
0.66 to 0.70 3 1.1 w 1.15 3
0.71 to 0.75 5 1.15 t0 1.2 1
0.76 t0 0.8C 2 1.25 10 1.3 0
0.81 to 0.85 1 1.31 t0 1.35 2
0.86 to 0.90 4 1.36 to 1.4 1
0.91 to 0 95 0 1.41 0 1.556 0
0.96 to 0.99 0 1.55 to0 1.60 2
1.00 to 1.05 2
1.20 t0 1.25 2

*Parmerter, R.R. and M.D. Coon (1973) Mechanical models of ridging in the arctic sea ice cover.
AIDJEX Builetin No. 19, Division of Marine Resources, University of Washington.
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Figure 1. Location of sites for block size determinations
approximately 300 m west of Camp . Data from the two
sites are shown in Tables I and II.

Table II. Statistical averages of the measured values.

Site 4 Site B
Mean block width 0.73m + .19 m 1.19m + 22 m
No. of measurements 33 14
Mean width/thickness 3.8 6.2

Salinity — temperature measure~cats

In addition to tiie measurements reported in Part II, Structure of a Multiyear Pressure Ridge,
two additional vertical profiles were also obtained (Fig. 2, 3) as well as some near-surface salinities
in thick first-year 1ce and in newly formed ice (Table III) measured in concurrence with ground-based
microwave ellipsometer studies conducied by A. Edgerton and D. Williams of Aerojet-General Corp.

Two salinity values of freshly formed ice in a “‘pond”’ cut from a new lead northwest of camp
for ellipsometer studies are listed below. The salinities are average values over the thicknesses
indicated (sea water salinity 32%,).

Ice thickness Salinity
3.8cm 18%,
8 ¢m 20%

These sample.: were collected soon after the ice formed and the salinity values represent that
of newly formed ice, probably with very little brine drainage.
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Figure 2. Salinity-temperature profile from station 133, protile line C. (Refer to Parts 1l and 11l of

this report for details on the profile line locations.)
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Figure 3. Salinity-temperature protile from first-year ice located

just beyond the north end of the runway at the main camp. Ice thick-

ness = 1.85 m. Depth measured down from top ice surfa~=, Six cen-
timeters of snow on top surface.

Table I'l. Surface salinity and temperature measwements.

Measurements made in same general locale (beyond north end of
runway on first-year ice) as profile shown in Figure 3.

Temp Depth Salinity
(°c) (em) (Yoo)
Site A -19.68 18 10.0
: 1
Site B -19.4 6.4




