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Characteristics of pack ice stress in the Alaskan Beaufort Sea
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Abstract.

Ice stresses in a multiyear floe were continuously monitored over 6 months in

the fall-winter-spring of 1993-1994. Stresses sensors were installed at sites near the edge
and at the center of the floe, which was located in the pack ice of the Alaskan Beaufort
Sea. Compressive stresses in the major principal stress component varied significantly
among the measurement sites, being of greater magnitude and exhibiting more high-
frequency variations at the edge than at the center of the floe. Maximum compressive
stresses, measured at a site 400 m from the edge of the floe, ranged from 100 to 300 kPa.
Tensile stresses (maximum of 50 kPa) and the minor principal stress component (=50
kPa) were relatively constant at all measurement sites. A cross-correlation analysis
indicates that the minor principal stress is strongly correlated to changes in the ice
temperature. This result suggests that the minor principal stress component provides a
good first-order approximation of thermally induced stresses. Correlation between the
major principal stress component and the ice temperature at the center site was also high,
but weakened near the edges of the floe where the ice-motion-induced stresses became
more significant. Attempts to filter the major principal stress signal to separate the
thermal and ice-motion-induced stresses were unsuccessful. This result implies that the
ice-motion-induced stresses, distinguished by variations in magnitude of the order of
hours, also have a significant low-frequency content similar to the thermal stresses. These
low-frequency changes occur over a period of days. Seasonal variations in the
characteristics of the stress were also evident and are likely to reflect the developing

continuity of the pack as the winter season progresses.

1. Introduction

The internal ice stress generated by ice motion is a funda-
mental term in the momentum balance equation used to gov-
ern ice dynamics models. A widely applied ice dynamics model
for the Arctic basin was developed by Hibler [1979]. In this
model and derivatives of it [e.g., Semtner, 1987; Oberhuber,
1993; Pollard and Thompson, 1994; Weatherly et al., 1997] the
ice is represented by a viscous-plastic rheology that relates the
internal ice stress to deformation. Deformation is, in turn,
dependent on an empirically defined ice strength, which is a
function of the ice concentration and thickness. The ice
strength is chosen by comparing model predictions of ice con-
centration and drift to data collected from drifting buoys, sat-
ellite imagery, and submarine-based ice thickness profiles. For
basin-scale models this comparison suggests that the compres-
sive strength of the ice is of the order of 1-10 kN m™!
[Thorndike et al., 1975; Hibler, 1979]. 1t is typically assumed
that this maximum compressive strength is a reflection of the
forces associated with ridge building in the ice pack [Rothrock,
1975; Hibler, 1980; Hopkins, 1996].

Direct measurements of pack ice stress have been made in
several studies. Comfort et al. [1994] report the results of a
series of field experiments, held during spring 1986, 1989, and
1991, where stress sensors were installed in the center of mul-
tiyear ice floes in the southern Beaufort Sea. Applying a finite
element model, it was estimated that stresses at the edge of the
floes, assumed to be indicative of ridge-building forces, ranged
from 24 to 1191 kN m™* during these experiments. Coon et al.
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[1989] and Tucker and Perovich [1992] measured ice stresses in
drifting pack ice in the eastern Arctic for 2 months during fall
1988. Their results suggest that ridge-building forces were 37
and 100-200 kN m™", respectively. Nikitin and Kolesov [1993]
summarized calculated ridging forces for a variety of ice types.
These forces ranged from 150 kN m ™ for 0.30-m-thick young
ice to 1720 kN m™! for second-year ice that is 2.5 m thick.
Combined, these investigations indicate that ridge-building
forces estimated from stress measurements are an order of
magnitude larger than the ice strength derived from ice dy-
namics models.

The overall goal of our work is to improve the understanding
of the relationship between the modeled and measured esti-
mates of ice strength. Once this relationship is established,
measurements of ice stress and deformation can be appropri-
ately used for a direct, rather than implicit, evaluation of ice
dynamics models. The internal ice stress term in the momen-
tum balance equation of an ice dynamics model represents the
globally averaged pack ice stress, which is not the same as the
ice stress that occurs at a point of local failure at a boundary.
Intuitively, it would seem that the stresses at the center of a
multiyear floe would be the most comparable, since they pre-
sumably represent the integration of all the edge stresses. This,
in fact, has been the working hypothesis for a number of ice
stress investigations, but it has never been thoroughly tested
[Croasdale et al., 1988]. '

To specifically investigate the distribution of stress in a mul-
tiyear floe, we installed stress sensors at the center and edge of
a floe in the pack ice of the Alaskan Beaufort Sea. These
sensors were continuously monitored for 6 months, from Oc-
tober 1993 through March 1994. In this paper we present an
analysis of the ice stress measurements, focusing on a compar-

21,817



21,818

RICHTER-MENGE AND ELDER: ARCTIC PACK ICE STRESS

160°W 140°W 150° W 130° W
75°N
Qe+
1dJan 94 \o) 1.N°V 33
\ 1 Feb 94 ' .. Sa
»__J ' 1 Dec 93
@~ Mar 94 10ct 93
26 Sep 93,
1 Apr 94, SiMI Starts
SIMI Ends
Pt. Barrow,
Alaska

70°N }

Figure 1.
(SIMI).

ison of the stress time series from the sensors located on the
multiyear floe. The results of a cross-correlation analysis be-
tween ice temperature and ice stress and of an effort to apply
signal-filtering techniques to separate thermally and motion-
induced stress are discussed to more clearly establish the ori-
gins of the stress. The process of stress transmission through
the pack and its seasonal dependence are also addressed.

2. Field Measurement Program

Our work was done as part of the U.S. Office of Naval
Research’s 5-year accelerated research initiative, Sea Ice Me-
chanics Initiative (SIMI), which began in October 1991. This
program supported field, laboratory, computer, and theoretical
studies to explore the relationship of the mechanical behavior
of sea ice observed at various scales, ranging from 1072 to 10°
m. Of specific interest was the possible application of labora-
tory results in the description of geophysical-scale ice failure
processes.

The main field program of SIMI was held over the fall-
winter-spring season of 1993-1994. In late September 1993 the
U.S. Coast Guard icebreaker Polar Star was used to establish a
base camp at the edge of the pack ice in the Alaskan Beaufort
Sea. The site chosen for the camp was a multiyear floe approx-
imately 450 km north of the Alaskan coast (75°N, 142°W)
(Figure 1). The multiyear floe was roughly 2 km in diameter
and had an average ice thickness of 1.44 m in mid-November.
The most distinguishing feature of this floe was a significant
area of level, first-year ice, approximately 200 m wide and
extending 1500 m from the edge toward the center of the floe.
There were no pronounced ridge sails in the floe.

The camp was occupied from late September until early
December and from early March through early April. One

Drift track of the multiyear floe that served as a base camp for the Sea Ice Mechanics Initiative

brief visit was made to the camp in mid-February to evaluate
its condition. When the camp was abandoned in early April
1994, the floe had drifted approximately 250 km to the west
(74°N, 155°W). As shown in Figure 1, most of this movement
occurred during December and January. The total rotation of
the floe over the course of the experiment was estimated to be
60°, clockwise. While no one occupied the camp between De-
cember and March, our equipment was designed to run auton-
omously. This allowed data collection to continue uninter-
rupted through the entire experiment.

2.1.

Central to our investigation was the collection of high-
quality, in situ measurements of ice stress. These were made
using the cylindrical, vibrating wire sensors described by John-
son and Cox [1982]. These sensors have undergone extensive
laboratory tests to determine their reliability [Cox and Johnson,
1983} and have been successfully used in other Arctic field
programs [Johnson et al., 1985; Tucker and Perovich, 1992].
Each sensor provides information on the stress acting at a
point in the horizontal plane of the ice cover. Stresses are
determined by measuring changes in the radial deformation of
a cylindrical steel annulus, using a 120°, three-wire rosette. The
wires in the rosette stretch across the hollow center of the
annulus at the midpoint along its length. Changes in the diam-
eter of the annulus cause a change in the frequency of vibration
of each wire, which are plucked magnetically. Knowing the
material properties of the steel annulus, this change in fre-
quency can be directly related to the stress applied to the
sensor.

The laboratory tests done by Cox and Johnson [1983] to
evaluate this stress sensor design involved embedding the sen-
sor in both fresh and saline ice blocks and loading the ice

Stress Sensor
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Figure 2. Locations of stress sensors on the instrumented multiyear floe. All of the sensors were placed near
the surface of the ice, an average of 22.1 cm below the ice surface, with the exception of the site at the center
of the floe where sensors were also located at depths of 1.0 and 2.0 m.

blocks in a biaxial load frame. The results indicated that over
a loading range of 0 to 2 MPa the measured stress was within
15% of the applied stress and the stress direction was typically
correct to within 5°. The tests also established that the resolu-
tion of the stress sensor was 20 kPa. Temperature sensitivity
tests showed that stresses vary linearly with temperature at a
rate of about 5 kPa °C™ . To allow corrections for the temper-
ature effect to be made to the data, each sensor is equipped
with a thermistor. This thermistor also provides a measure-
ment of the ice temperature at the sensor at the time of the
stress measurement.

Calibration tests to determine the specific relationship be-
tween the diametral deformation and the vibration frequency
of each wire in each stress sensor, each wire’s temperature
sensitivity, and the reading of each wire at 0 kPa, 0°C are
required before field use. For this investigation each sensor
was calibrated by placing it in an air-filled pneumatic sleeve
that applied a uniform, hydrostatic pressure. The sleeve was
located in a temperature-controlled environmental chamber,
which was held constant at 0, —10°C, or —20°C. At each of
these temperatures, readings from each wire of the sensor were
taken at applied stresses of 0, 250, and 500 kPa. The stress was
ramped upward and then downward during the course of the
calibrations.

The most critical calibration measurement in the stress anal-
ysis is the response of the wires at 0 kPa, 0°C. It has also proven
to be the most sensitive, changing during shipment and instal-
lation and exhibiting a linear drift during the course of an
experiment. To define any changes in this calibration term
during shipping, sensor readings were taken in an ice bath once
we arrived in the field. After the sensor was frozen into the ice
cover, the output at 0 kPa was again determined during a
period when there was no ice motion and no significant tem-
perature change. Since the temperature of the sensor during
this reading was below 0°C, the reading had to be adjusted to
0°C using the laboratory results on temperature sensitivity. A

final calibration was made at the end of the experiment by
cutting a block of ice around the sensor and freeing it from the
sheet. The in-ice calibrations proved to be the most useful. The
0 kPa, 0°C reading applied in our analysis was defined by using
the in-ice determinations at the beginning and end of the

.experiment and assuming that any variation over the period

was linear.

2.2. Sensor Array

Sensors on the central multiyear floe were deployed in an
array designed to investigate the horizontal spatial distribution
of stresses in a floe. Of particular interest was a comparison of
stresses measured at the center and edge of the floe to better
understand the process of stress transmission through the ice
pack. In previous studies, stresses have been measured at the
center of the floe [Comfort and Ritch, 1990; Comfort et al.,
1992], at the edge of the floe [Tucker and Perovich, 1992], or
near a site of active ridging [Coon et al., 1989]. The relationship
between the stresses at these different locations has only been
inferred thorough the use of finite element models [Frederking
and Evgin, 1990].

Our experimental plan was to collect concurrent measure-
ments of stress at one center and-three-edge sites on the floe
(Figure 2). The edge sites initially were located at 120° inter-
vals around the perimeter of the floe, with edge site 3 at the
northern point. The perimeter was defined by the presence of
open water at the time of deployment. This definition of “the
floe” resulted in the inclusion of two significant areas of first-
year ice. At edge site 3 there was a large pan of young first-year
ice that had developed along the edge of the multiyear ice.
Edge site 1 lay just below the 1500 m X 20 m area of first-year
ice that extended from the edge toward the center of the floe.
A total of seven sensors were deployed in the multiyear ice at
each of the edge sites. Five of these sensors were positioned
along a line that extended from the edge to the center of the
floe. They were located at 2, 5, 10, 25, and 75 m from the edge.
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Table 1. Summary of Stress Sensors Used
Ice thickness Wire Depth
Distance From on About Below
Sensor Edge, m October 1, m Surface, m
Edge Site 1
E1-2 2 1.73 0.44
E1-5R 5 1.22 0.25
E1-10 10 0.32 022
E1-75 . 75 0.31 0.20
Edge Site 3
E3-402 402 0.85 0.23
E3-405C 405 0.27 0.21
E3-405L 405 0.80 0.21
E3-410 410 0.99 0.20
E3-425 425 0.28 0.26
Center Site
C1-T ~1200 213 0.38
C1-M 0.98

All sensors operated from October 7, 1993, through March 21, 1994.
Sensor identification numbers (E1-2) indicate the site where the sensor
was located (edge site 1), the distance from the edge of the floe (2 m),
and, if applicable, whether the sensor was to the right (R), left (L), or
along (C) the line running toward the center of the floe (Figure 2). At
center site the location of the sensor near the top (T) or middle (M) of
the ice cover is indicated.

At the 5-m position, two sensors were placed 10 m to the left
and right of the line. This edge layout was chosen to provide
information on the amount of stress attenuation over a short
distance near the edge of the floe and on the distribution of
stress along the boundary. This experimental plan was followed
in our initial deployment, which took place from September 24
to 28, 1993. It was necessary, however, to abandon edge site 2
and relocate edge site 3 400 m back from the edge of the floe
owing to significant deformation events early in the experi-
ment. At the center of the floe, one sensor was located 38 cm
below the ice surface in late September. A thermistor string,
extending above and below the ice surface, was also installed at
this site [Perovich et al., 1997]. On November 29, 1993, two
more sensors were located at the center site at depths of 1 and
2 m below the ice surface. Analysis of the data from this site
indicated that the-2-m sensor did not provide any reliable stress
measurements.

The sensors were removed from the ice between March 17
and 24, 1994. During the course of the experiment, several of
the cables that connected the stress sensors to the data loggers
were damaged by foxes, ending the stress time series at that
sensor site. Measurements from these sites were not used in
the current analysis. A summary of the sensors used in the
analysis presented in this paper and their location on the mul-
tiyear floe is given in Table 1.

The sensors were installed in a 10-cm-diameter hole drilled
in the ice using standard coring equipment. A PVC pipe was
attached to the end of the sensor so that it could be located
downhole. The sensor was suspended at the desired depth by
placing a crossbar, which rested on the ice surface, through the
PVC pipe extension. All of the sensors in this experiment were
located at approximately the same horizontal level in the ice
sheet, with the wire rosette an average of 22.1 cm below the ice
surface. Once the sensor was properly located, it was frozen
into the ice cover. In the fall, when the ice was relatively warm
and porous, this was accomplished by drilling the hole through
the thickness of the ice cover so that it would backfill with
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seawater. Later in the program, holes could be filled by pour-
ing freshwater into them. Our records indicated that the com-
pressive stresses associated with freeze-in were typically 100
kPa and took 2-4 days to dissipate. Tucker and Perovich [1992]
reported similar observations when installing the same sensor
for their program. Synchronized readings from all of the sen-
sors were made throughout the experiment at 5-min intervals.
A survey of the snow and ice thickness distribution along the
legs extending from each edge site to the center of the floe was
made in mid-November 1993. Ice thickness was determined by
drilling a hole through the ice cover. In the vicinity of the edge
sites, thickness was measured every 5 m and next to every
sensor location. After reaching a point 100 m from the stress
sensor closest to the edge, thickness was measured every 50 m.
The results of this survey in the vicinity of edge sites 1 and 3 are
presented in Figure 3. In total we made 137 thickness mea-
surements in the floe during this survey. The mean ice thick-
ness was 1.44 = 0.85 m, with a range of 0.39 to >4.00 m.

3. Results and Discussion

In this presentation of results the sign convention is positive
for compressive stress.

3.1. Spatial Variability

The time series for major (o). and minor (o) principal
stresses measured at edge sites 1 and 3 and center site are
presented in Figure 4. For this comparison the sensors closest
to the edge of the floe were chosen from the edge sites. At edge
site 1 the sensor was 2 m from the edge, and at edge site 3 it
was 400 m from the edge. All three records give near-surface
stresses. The depths below the ice surface of the wire rosette in
the sensors at center site, edge site 1, and edge site 3 were 0.38,
0.44, and 0.20 m, respectively. The time series extend from
October 7,-1993, to March 21, 1994.

Significant spatial variability in the characteristics of the
stress over the region of the floe is readily apparent. A primary
attribute of the stress time series is that the major and minor
principal stresses at all three sites have both a low-frequency
(of the order of days) and high-frequency (of the order of
hours) content. Variations in the relative magnitude of the
high-frequency content in the major principal stress compo-
nent constitute the most pronounced difference in the charac-
teristics of the stress signature between these sites. At edge site
3 (Figure 4a) the high-frequency content in o is persistent and
often dominant. Peak compressive stresses during periods of
significant high-frequency activity typically ranged from 100 to
200 kPa, reaching a maximum of 300 kPa on November 30. At
edge site 1 (Figure 4b) the high-frequency content in o is still
persistent, with periods of significant activity corresponding
temporally to those observed at edge site 3. However, the peak
compressive stress during these events was generally lower at
edge site 1 compared with edge site 3. Peak stresses varied
between 50 and 100 kPa, about one third of the magnitude
measured at edge site 3. It is interesting that the site 400 m in
from the edge of the floe experienced higher stress than the
site 2 m from the edge. This demonstrates the complex process
of stress distribution in a multiyear floe. The distribution of
stress is dependent on the location of points of load transmis-
sion to the floe, the boundary conditions at the points of
transmission, and ice thickness variations in the floe. Low-
frequency changes dominate the major principal stress at cen-
ter site. During periods of significant high-frequency activity at
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Figure 3. Ice and snow thickness distribution at stress sensor edge sites (top) 1 and (bottom) 3, located near
the edge of the multiyear floe. Arrows indicate the location of the stress sensors.

the edge sites, high-frequency changes in o at the center of the
floe were typically less than 20 kPa. In general, the compressive
stress at center site remained relatively low, rarely exceeding
50 kPa. Compressive stresses greater than 100 kPa were re-
corded only once at center site during a low-frequency event
on February 5. This event corresponded to an increase in air
temperature of approximately 30°C (Figure 4d). This was the
most significant air temperature increase during the winter
period. The largest high-frequency peak at center site occurred
on February 23 and represented a total change in stress of
about 100 kPa, with a high-frequency contribution of about 50
kPa. Visual observations of the floe in early March indicated
that a large crack ran through the center of the floe, within
several hundred meters of center site, at about this time.
The peak compressive stress magnitudes at the various sites
agree well with those reported by other investigators measur-
ing stresses in pack ice environments. Monitoring the stress at
the center of several multiyear floes, Comfort et al. [1992]
measured variations in the maximum principal stress of be-
tween 5 and 10 kPa during periods when ice deformation was
known to occur. A significantly larger stress variation of 290
kPa was reached once when a ridge-building event took place
95 m away from a sensor. Tucker and Perovich [1992] measured
peak stresses of 180 kPa on a multiyear floe at a site 200 m
from the edge, where a sensor was located 0.25 m below the ice
surface. These peak stresses occurred during what are de-

scribed as extreme deformation events. Coon et al. [1989] re-
ported a maximum average stress of 35 kPa during a ridging
event located several hundred meters from the stress sensor.

The relative magnitude of the peak compressive stress be-
tween the edge sites during periods of significant high-
frequency activity remained nearly consistent through the ex-
periment, with o; at edge site 3 >0, at edge site 1. The
direction of the major principal stress at the edge sites was also
fairly consistent during the periods of significant high-
frequency stress activity (Figures 5a and 5b). The major prin-
cipal stress direction at edge site 1 was in the NE and SW
quadrant, ranging from N30°E (S30°W) to N60°E (S60°W)
during most events, for example, November 26 to December
15, January 22-30, January 30 to February 4, and March 8-12
(Figure 5a). At edge site 3 during these same periods the major
principal stress direction was in the NW and SE quadrant,
varying from N60°W (S60°E) to west (east) (Figure 5b). One
notable exception was the event from December 14 to January
2 when the direction of o; at edge site 1 and edge site 3 was
more northerly, at N20°W (S20°E) and north (south), respec-
tively. This event is also exceptional in that the magnitude of
the stresses at the two edge sites was more comparable (Figure
4). The difference in the direction of the principal stresses at
the edge sites adds further evidence regarding the complexity
of stress distribution in the multiyear floe.

Consistency in the relative magnitude of peak stresses be-
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Figure 4. Time histories of the major o; and minor o, principal stress components at (a) edge site 3, (b)
edge site 1, and (c) center site, and (d) the ice and air temperature at the center site, from October 7, 1993

to March 21, 1994.

tween the edge sites, in the temporal correspondence of the
occurrence of these events, and in the direction of the principal
stress during each event combine to suggest that the charac-
teristics of the applied loads and boundary conditions affecting
the instrumented floe did not vary substantially during this
experiment. The observation of a repeated loading condition
corresponds to the relatively set weather pattern that develops
during the winter season and provides the atmospheric forcing
for the system. The observation that the floe rotated a total of
only 60° clockwise during the experiment supports the obser-
vation that the boundary conditions remained relatively stable
throughout the winter.

It is evident in Figure 4 that there was little spatial variability
among the three sites with respect to the minor principal stress.
At all sites the minor principal stress was dominated by low-
frequency variations, which typically ranged between plus and
minus 50 kPa. An analysis of the linear relationship of the
major and minor principal stress components between the

edge sites over the entire experiment demonstrates the differ-
ence in the degree of spatial variability between these compo-
nents (Table 2). The correlation coefficients for o, among the
sites varies from 0.59 to 0.24. The correlation coefficient for o,
among the sites is consistently higher, ranging from 0.80 to
0.64. This result suggests that the minor principal stress orig-
inates from a source that also exhibits relatively little spatial
variability. ‘

Tensile stresses were common in both the major and minor
principal stress components and also showed little spatial vari-
ability. The maximum tensile stress in the major principal com-
ponent was consistently near 50 kPa. This finding is similar to
the observations made by Tucker and Perovich [1992]. This
tensile stress is far lower than the tensile failure strength of
first-year sea ice, measured in the laboratory on small (=10
cm) samples. The laboratory tests indicate a failure stress rang-
ing from 200 to 800 kPa, depending on the ice temperature and
its salinity [Dykins, 1970; Kuehn et al., 1990; Richter-Menge and
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Figure 5a. Direction and magnitude of the major principal stress component at edge site 1 during the
experiment. All angles are measured relative to the direction of the leg from edge site 3 to center site, which

was originally oriented along true north (Figure 2).

Jones, 1993]. Using the stress time series from the Tucker and
Perovich [1992] study and stress measurements made during
the thermal loading of a first-year sea ice sheet [Lewis et al.,
1994], Lewis [1995] suggests that the relatively small magnitude
of the maximum tensile stress measured in the field may indi-
cate the role that preexisting cracks play in reducing the overall
strength of the ice. On the basis of a comprehensive set of
fracture experiments on samples ranging in scale from 1 to
100 m, Dempsey [1996] suggests that there is a scale effect on
the nominal tensile failure strength of Arctic sea ice. The

relationship that he derives to explain this observed behavior

suggests that at a scale of 1 km the nominal tensile strength
ranges from 11 to 38 kPa. _

The spatial variability in stress between edge sites 1 and 3
was more pronounced than the variability within a given edge
site. The linear regression analysis of the major principal stress
at the 402-m edge site 3 and 2-m edge site 1 sensors over the
entire experiment indicated a weak correlation of 0.58 (Table
2). The results of a similar analysis to establish the variation in
o, measured by the different sensors within each edge site are
presented in Table 3. This analysis reveals a generally strong
correlation between the sensor pairs at a given site. This is

T T

Direction

300
© 200
o
4
@ 100
o
? 9

-100

Nov 1 Dec 1 Jan 1 Feb 1 Mar 1
Day, 1993-94

Figure 5b. Same as Figure 5a, but for edge site 3.
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Table 2. Correlation Coefficients From a Linear Regression
Analysis of Stress Measured by Sensors at Different Sites
on the Floe

Edge Site 3

Edge Site 1 Center Site
Edge Site 1, E1-2 1.00 0.80 0.74
Edge Site 3, E3-402 0.58 1.00 0.64
Center Site, C1-T 0.59 0.24 1.00

The lower triangle is the major principal stress, and the upper
triangle is the minor principal stress.

most pronounced for sensor pairs 402 and 405C, 402 and 405L,
and 402 and 410 at edge site 3 (Figure 2), where the correlation
coefficient varies from 0.95 to 0.97. For sensor pair 402 and 425
at edge site 3, which is the farthest apart, the correlation
coefficient decreases to 0.85. At edge site 1 the sensor pairs
closest together again have the highest correlation coefficient.
There was a poor correlation between the pair of sensors 2 and
75 m from the edge of the floe. The slope of the regression
lines varied from 0.67 to 1.65, indicating that at these sites
there was a small scale stress variation of +30%.

The correlation of stress between the sensor pairs at edge
site 1 was typically lower than at edge site 3. This may be, in
part, a function of the differences in the thickness distribution
between the two sites. Hallam et al. [1989] and Frederking and
Evgin [1990] have used models to show that under constant
loading conditions the distribution of stress becomes more
complex when the thickness distribution is nonuniform. Mea-
surements by Sukhorukov [1995] suppott this result. It is ap-
parent in Figure 3 that the ice thickness was more varied at
edge site 1 than at edge site 3. The ice thicknesses measured
over the extent of edge site 1 ranged from 0.54 to 2.11 m, with
a mean and standard deviation of 1.21 * 0.55 m. At edge site
3 the ice thickness ranged from 0.49 to 1.47 m, with a mean and
standard deviation of 0.80 * 0.29 m. Variations in the ice
thickness may also explain why the changes in the correlation
coefficient and the slope did not vary systematically as the
distance between sensor pairs increased.

Combining our observations of the spatial variability be-
tween and within the sites on the multiyear floe, it is apparent
that there was significant attenuation of the compressive stress
as it was transmitted from the edge to the center of the floe.
This attenuation did not occur rapidly over short distances
near the edge of the floe. This differs from the results pre-
sented by Perovich et al. [1992], where the magnitude of the
stress 15 m from the edge of a floe was only 24% of the stress
measured 2 m from the edge. According to the finite element
model results of Frederking and Evgin [1990], our observations
of a less dramatic decrease in stress near the edge of the floe
suggest that in this experiment, loads applied to the boundary
of the floe were distributed over an area of several hundred
meters. Using the range of peak stress measured at the edge
sites, which was 50-200 kPa, and the average ice thickness of
1.44 m, the equivalent ridge-building force that would be dis-
tributed over this area is estimated to be 70280 kN m™*. This
is consistent with the results of Coon et al. [1989], Tucker and
Perovich [1992], and Comfort et al. [1994].

3.2. Thermal and Motion-Induced Stresses

Tucker and Perovich [1992] describe three sources of stress in
the drifting pack ice in the eastern Arctic: changes in the ice
temperature, ice motion due to winds and currents, and ice
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motion due to tidal or inertial oscillations. In their measure-
ments the ice-motion-induced stresses generated by tidal or
inertial oscillations became evident as the floe moved into
shallower waters and the pack began to break up. A power
spectrum of the stress time series, presented by Tucker and
Perovich, showed a strong peak at a period between 11.9 and
12.4 hours. A similar analysis of our data produced no such
peak, indicating that under the conditions of this experiment
there was no strong tidal or inertial source of stress. This is not
surprising, given that the experiment took place over the win-
ter when the ice pack has a high concentration and strength.

Thermal stresses are caused by the differential response of
the ice .to changes in the air temperature [Evans and Unter-
steiner, 1971; Bogorodsky et al., 1972; Lewis, 1993]. Variations
in the ice temperature due to changes in the air temperature
first affect the top surface of the ice. The top of the ice cover
attempts to expand or contract in response to the temperature
change, but it is restricted by the lower portion of the ice which
has yet to experience the thermal load. Stresses therefore de-
velop through the thickness of the ice sheet, even though an
actual change in ice temperature may only have penetrated the
top portion of the ice cover.

Variations in the air temperature can occur rapidly and are
often extreme. During this experiment, changes of 10°C to
20°C within a day were common (Figure 4d). The snow and ice
cover act to damp these rapid variations, producing an in-ice
variation of temperature that has a frequency of the order of
days rather than hours. Evidence that these low-frequency
changes in ice temperature produce a correspondingly low
frequency stress is provided in Figure 4. It is apparent by visual
comparison that the variations in the ice temperature record at
center site are similar to the variations in the major principal
stress at center site and the minor principal stress at all three sites.

Quantitative support of the relationship between ice stress
and ice temperature was obtained by cross correlating these
time series. In each cross correlation of ice temperature and
stress we used the ice temperature measured by the thermistor
mounted in the stress sensor. Before performing the correla-
tion analysis, a 40-day high-pass filter was applied to the ice
temperature and stress records to remove any long-term trends
that might be generated by seasonal variations or instrument
drift. The filter was designed and described by Hibler [1972].
An example to demonstrate the effectiveness of this filtering

Table 3. Results From a Linear Regression Analyéis of the
Stress Measured by Sensors Within an Edge Site

Horizontal Correlation
Sensor Distance, Coefficient
Pair m r Slope Intercept
Edge Site 3
402:405C 3.0 0.95 1.11 11.46
402:405L 10.4 0.95 1.29 19.10
402:410 8.0 0.97 0.67 15.31
402:425 23.0 0.85 1.21 11.73
Edge Site 1
2:5R 104 0.82 1.31 —23.44
2:10 8.0 0.88 1.65 8.05
2:75 73.0 0.49 1.04 23.40

In each case the regression line represents o (sensor at distance
site, e.g., 405C) = slope [0y (sensor 402)] + intercept. C, L, and R
denote whether the sensor was along, to the left, or to the right,
respectively, of the line running toward the center of the floe.
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Figure 6. Time series of the major principal stress component at edge site 3 before and after applying a
signal filter designed by Hibler [1972]: (a) unfiltered, (b) 40-day high-pass filter, and (c) 5-day/40-day band-pass

filter.

technique is given in Figure 6, which shows the raw and filtered
measurements for o at edge site 3. The results of the corre-
lation analysis for the entire experiment (October 12 to March
7) are given in Table 4, where the peak correlation coefficient
over a +10-day window is given for each case. There is a
consistently high correlation between ice temperature and the
minor principal stress at all three sites, ranging from 0.86 to
0.80. The major principal stress is also strongly correlated with
ice temperature at center site, with a peak correlation coeffi-
cient of 0.72. The correlation coefficient between the major
principal stress and ice temperature is significantly weaker at
the edge sites. The lowest correlation is at edge site 3, where
the high-frequency content of the stress is most pronounced
(Figure 4). In all cases the location of the peak correlation
coefficient within the 20-day window indicated that the stress
signal was leading the ice temperature. The average lead time

Table 4. Peak Correlation Coefficients From

for these sensors, which were approximately 22 cm below the
ice surface, was 0.6' = 0.3 days, ranging from 0.0 to 1.2 days.
This result demonstrates that stresses begin to develop at
depth in the ice sheet as soon as a change in the ice temper-
ature is felt at the top surface.

The characteristics of the time series. at all the sites also
indicate that the thermal stress measured at the sensor is iso-
tropic in the plane of the ice sheet, which is consistent with
observations made by Tucker and Perovich [1992] and Prinsen-
berg et al. [1997]. During periods of little high-frequency activ-
ity, when we assume that the thermal stresses are dominant,
the major and minor principal stresses are typically approxi-
mately equal, for example, October 12-29, November 4-26,
and January 5-11 (Figure 4). Deviations in the magnitude of
the major and minor stress components increase as the high-
frequency content in the major principal stress signal increases.

a *10-Day Cross-Correlation Analysis

of the Major o, and Minor o, Principal Stress Components and Ice Temperature

Edge Site 3 Edge Site 1 Center Site
Correlation Period Filter Type oy o, oy o, oy [
Oct. 12 to March 7 40-day high pass 0.30 0.84 0.43 0.86 0.72 0.80
: 2-day/40-day band pass 0.33 0.48
5-day/40-day band pass 0.37 0.53
Oct. 12 to Nov. 26 40-day high pass 0.68 0.89 0.78 0.91 0.62 0.75
Nov. 26 to March 7 40-day high pass 0.23 0.85 0.35 0.85 0.83 0.85

A filter [Hibler, 1972] was applied to all time series before performing the cross correlation. The
wavelength of the filter used on the stress time series is indicated for each case.
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This is particularly evident from December 8 to January 2. As
we demonstrated earlier, the stress exhibits strong directional-
ity during these periods of high-frequency activity.

The most significant thermal event during the winter oc-
curred around February 4, when the air temperature rose from
—36°Cto —3°C in 2 days (Figure 4d). This caused an increase
in ice temperature at a depth of 22 cm of approximately 5°C.
Correspondingly, there was a 75 to 100 kPa increase in the
compressive stress at all three sites. More typically, variations
in air temperature during the winter were 10°C to 20°C, caus-
ing changes in the ice temperature of 1-3°C and stress varia-
tions of 25 to 50 kPa. In all cases, each 1°C change in the ice
temperature created a change in stress of 15-20 kPa. This is
the same order of magnitude effect reported by Tucker and
Perovich [1992], who observed a 125-kPa increase in stress with
a 2.5°Cincrease in ice temperature at a sensor 25 cm below the
ice surface of a 2-m-thick multiyear ice floe. Johnson et al.
[1985] measured a 500-kPa increase in stress associated with an
8°C increase in ice temperature at a depth of 0.49 cm in a
1.7-m-thick first-year ice sheet that was adjacent to a caisson-
retained island. Sukhorukov [1995] reported that near the sur-
face of a multiyear floe a 1°C change in temperature caused a
50-kPa variation in ice stress. Prinsenberg et al. [1997] found the
temperature effects near the top of a landfast coastal sea ice
sheet to be 1 kPa °C™', an order of magnitude lower than the
other combined results suggest. This difference may be a func-
tion of the ice environment and stress sensor type. Our stress
measurements and those reported by Tucker and Perovich
[1992] and Johnson et al. [1985] were all made using the same
type of stress sensor, while Prinsenberg et al. [1997] used ro-
settes of mercury-filled disk diaphragms.

Ice-motion-induced stresses occur in response to wind and
current forcing and can result in the formation of ridges, leads,
and rubble fields. Observations of stress and ice deformation
have shown that these ice deformation events are associated
with large and rapid changes in the ice stress [Johnson et al.,
1985; Coon et al., 1989; Comfort et al., 1992; Tucker and Per-
ovich; 1992]. We made similar observations during this exper-
iment. In two cases, November 29 and February 17, visual
inspections of the floe before and after these events indicate
that rapid decreases in stress were associated with cracks and,
subsequently, leads forming across the multiyear floe. No one
was on the floe to make similar observations during other
periods of significant stress activity.

To further develop the understanding of pack ice rheology
using in situ stress measurements like those presented in this
paper, it is necessary to separate out the motion-induced

stresses. A rheology specifically relates deformation to the

stresses caused by that deformation. Given that thermal
stresses produce a dominantly low frequency signal and that
the distinguishing characteristic of the ice-motion-induced
stresses is the rapid variation in magnitude, we explored the
use of signal-filtering techniques to separate the different
stresses. Specifically, we applied a 2-day/40-day and 5-day/40-
day band-pass filter to the stress data in an attempt to isolate
the thermal stress signal. The stress time series at edge site 3
after the 5-day/40-day band-pass filter was applied is given in
Figure 6. Low-frequency peaks in the stress are still apparent,
while the high:frequency variations have been removed. To
assess the effectiveness of this technique, we performed a
cross-correlation analysis of the processed stress and ice tem-
perature for the major principal stress component at the edge
sites. As seen in Table 4, there was only a slight improvement
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in the correlation coefficient when the period chosen for the
correlation ran over the entire length of the experiment. At
edge site 1, for a 5-day/40-day band-pass filter, the correlation
increased from 0.43 to 0.53, and at edge site 3 it increased from
0.30 to 0.37. This result indicates that the source of the low-
frequency content in the stress signal at the edge site is not
strongly associated with the thermal loading. It further implies
that while the high-frequency content in the ice-motion-
induced stress signal is a distinguishing characteristic, there is
also a significant low-frequency content. One possible expla-
nation for this observation is that the pack essentially under-
goes strain hardening during an ice motion event. When
enough momentum is generated for the pack to begin to con-
verge, compressive stresses begin to build. With continued
loading and convergence, the stress increases until areas of
relatively thin ice in the region begin to fail. These local fail-
ures cause a rapid decrease in the stress signal but not a total
loss of strength. Instead, by removing areas of weakness, the
failure of the thin ice acts to strengthen the pack and the
compressive stress can continue to slowly build. This process
creates a stress signature that exhibits rapid fluctuations over-
lying a gradual increase in stress. It continues until the event
generating the momentum ends and stresses gradually de-
crease or until the compressive stresses build to the point that
the thick multiyear floes fail and large lead systems develop.
The consistently strong correlation between the ice temper-
ature and the minor principal stress offers another approach
for separating the thermal and ice-motion-induced stresses. If
the minor principal stress is primarily a function of changes in
_the ice temperature and thermal stresses are isotropic in the
plane of the ice cover, then the ice-motion-induced stresses can
be estimated by subtracting the minor from the major stress.
This approach was applied at the edge and center sites, and the
results are presented in Figure 7. No filters were applied to the
data for this part of our analysis. At all sites the most pro-
nounced characteristic of the estimated ice-motion-induced
stress is the absence of tensile stresses. This is an artifact of the
technique we have applied since, by definition, o, = o;. Under
certain loading conditions, ice-motion-induced stresses may, in
fact, be predominantly compressive. However, even in these
cases, irregularities in the thickness of the multiyear floe are
likely to cause bending, which can result in tensile stresses
[Hallam et al., 1989; Frederking and Evgin, 1990; Sukhorukov,
1995]. The estimated ice-motion-induced stress exhibits both
‘high- and low-frequency variations at all of the sites. There are
no significant changes in the relative magnitude of the peak
stresses nor in the relative distribution between the sites for the
estimated ice-motion-induced stress. Edge site 3 still shows
more pronounced high-frequency activity than edge site 1, and
center site remains dominated by low-frequency variations.
The existence of periods of approximately zero stress, which
occur between the episodes of high-frequency activity at the
edge sites, is intuitively pleasing. These periods of near-zero
stress were not present at center site between November 27
‘and February 20. Instead, the estimated ice-motion-induced
stress at center site is more persistent, varies at a low fre-
quency, and consistently exhibits a maximum of approximately
40 kPa. The difference between charactertistics of the esti-
mated ice-motion-induced stress between the edge and center
sites may reflect the complex process of stress transmission
through floe and, more generally, the ice pack.
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‘Figure 7. Estimated ice-motion-induced stresses obtained by subtracting the minor from the major principal

stress component.

3.3. Seasonal Dependence

A subtle seasonal change in the characteristics of ice pack
behavior is apparent in the stress time history of the major
principal stress at the edge sites (Figure 4). Before November
26, variations in the stress signal are predominantly low in
frequency, with an isolated high-frequency event occurring
from October 30 to November 3. After November 26 the high-
frequency content of the stress signal becomes more persistent,
with a few isolated periods of low-frequency activity. The cross-
correlation analysis of stress and ice temperature, using a 40-
day high-pass filter, was repeated for the periods October 12 to
November 26 and November 26 to March 7, and the results are
given in Table 4. Comparing the peak correlation coefficients
for these periods with those obtained when. considering the
stress over the entire experiment confirms quantitatively a
change in the characteristic of stress. There is a significant and
consistent improvement in the correlation of stress and ice
temperature for the major principal component at the edge
sites for October 12 to November 26 period. The peak corre-

lation coefficients increase to 0.68 and 0.78 for edge sites 1 and .

3, respectively. There is little change in the correlation coeffi-
cients between these periods of consideration for the minor
principal stress components at the edge sites and for either
stress component at center site. These results suggest that in
the fall and early winter the stresses throughout the floe have

a strong thermal content. As the winter proceeds, the relation-
ship between stress and ice temperature at the edges of the floe
becomes less apparent as the ice-motion-induced stresses be-
come persistent. The seasonal variation is also apparent in the
times series of the estimated ice-motion-induced stress (Figure
7), where stress at the edge sites is approximately 0 kPa for
most of this period.

We believe that this result reflects the effect that ice thick-
ness and rigidity have on the continuum behavior of the ice
cover under conditions of high ice concentration. During fall
freeze-up, when the ice between the isolated multiyear floes
initially forms, it is thin and soft and cannot effectively transmit
stresses that develop in the pack. Only local failure events
around the boundary of the floe create ice-motion-induced
stresses in the floe. As the ice between the floes begins to
thicken and becomes more rigid, the pack behaves more like a
mechanical continuum, with failures in the pack creating a
more dispersed stress field. Stresses measured in the floe are
often associated with ice failure in other parts of the ice pack.
This hypothesis is consistent with the assumptions made in the
development of ice dynamics models [Thorndike et al., 1975;
Hibler, 1979]. In these models, pack ice strength is represented
as a function of the amount of thin ice and its thickness. The
ice strength increases as the amount of thin ice is reduced
owing, in part, to thickening by thermodynamic growth.
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4. Conclusions and Suggestions for Future Work

Our analysis of a 6-month-long time series of stress near the
edge and at the center of a multiyear floe indicates that during
this winter experiment there were two types of stress: thermal
and ice motion induced. Changes in the ice temperature,
caused by changes in the air temperature, generate both tensile
and compressive stresses that vary slowly, at a frequency of the
order of days. The magnitude of the thermal stresses is rela-
tively constant at a given depth over the extent of a multiyear
floe. Variations in the ice temperature are strongly correlated
with the minor principal stress component. This result suggests
that the minor principal stress component provides a good
first-order approximation of the thermally induced stresses in
the floe. It also provides a simple technique for obtaining an
approximate representation of the ice-motion-induced stress
for the direct evaluation of pack ice rheology: subtracting the
minor from the major principal stress component.

Ice-motion-induced stresses, which in the winter are primar-
ily caused by atmospheric forcing, exhibit significant spatial
variability over the extent of a floe. At the edges of a floe,
ice-motion-induced stresses are most easily distinguished by
rapid variations in magnitude, which occur at a frequency of
the order of hours. These stresses also appear to have a sig-
nificant low-frequency content similar to the thermally induced
stresses. This makes it difficult to use signal-filtering tech-
niques to separate the thermal and ice-motion-induced
stresses. The observation of rapid changes in the stress mag-
nitude, superimposed on lower-frequency variations, implies
that the pack undergoes strain hardening as it converges. Areas
of relatively thin ice fail and effectively increase the overall
strength of the ice cover for the duration of the convergence
event.

The magnitude of the combined thermal and ice-motion-
induced stresses displays significant temporal and spatial vari-
ability in compression. Maximum compressive stresses, mea-
sured at a site 400 m from the edge of the floe, typically ranged
from 100 to 200 kPa and suggest a ridge-building force of the
order of 150 kN m™. These stresses are significantly attenu-
ated as they are transmitted from the edge to the center of the
floe. Tensile stresses are much more consistent over the entire
floe, reaching a maximum of 50 kPa. The relative magnitude of
the stress between sites at the edge of the floe, the direction of
the principal stress, and a correspondence in the time of oc-
currence of episodes of significant stress activity between the
sites remained fairly constant during the experiment. This im-
plies that the loading and boundary conditions that generated
the observed distribution of stress remained relatively consis-
tent through the winter season during this experiment.

There are seasonal changes in the characteristics of the total
stress. Thermally induced stresses are dominant in the fall.
Ice-motion-induced stresses become more persistent as the
winter season progresses. This suggests that the ice cover can-
not effectively transmit stresses through the pack until the new
ice that develops in the fall between the multiyear floes be-
comes thick and rigid enough to create a mechanical contin-
uum.

Together, these results demonstrate the complex process of
stress transmission specifically through a multiyear floe and
more generally through the ice pack. Following the lead of
Frederking and Evgin [1990], a more detailed understanding of
the process of stress transmission through the floe can be
developed. A finite element model can be used to estimate the
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boundary conditions that produced the stress distribution in
the floe. The pack ice rheology assumed in ice dynamics mod-
els can be evaluated and further developed by coupling the
stress measurements with concurrent measurements of ice de-
formation made during this experiment [Richter-Menge et al.,
1996]. This includes both continuum [Hibler, 1979] and gran-
ular-based [Hopkins, 1996] models. The assumed rheology can
be evaluated by driving the models with the environmental
loading conditions that existed during this experiment. Once
general agreement of the modeled and observed ice motion is
achieved, the ice stresses required for the model run can be
determined and compared to the measured stresses. If the
modeled and measured ice stresses do not agree, then the
model assumptions can be reevaluated and modified and the
process repeated. An effort like this would provide a direct,
rather than implicit, technique for assessing the internal ice
stress term in the momentum balance equation, which is cen-
tral to large-scale ice dynamics models.
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