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FGDC Federal Geographic Data Committee

GEODAS GEOphysical DAta System

GINA Geographic Information Network of Alaska

GIS Geographic Information System

HRPT High Resolution Picture Transmission

IBCAO International Bathymetric Chart of the Arctic Ocean

IDL commercial high-level programming language, by RSI

MMS Minerals Management Service

MODIS MODerate resolution Imaging Spectroradiometer

NDI Nautical Data International (for the Canadian Hydrographic Service)

NGDC National Geophysical Data Center

NIC National Ice Center

NOAA National Oceanic and Atmospheric Administration

SAR Synthetic Aperture Radar

SLIE Seaward Landfast Ice Edge

SwathView Proprietary interface for viewing satellite swaths

TDD Thawing Degree Days; cumulative daily mean air temperature (°C)
since onset of thawing (section 3.4.3)

TeraScan software for processing raw remote sensing data

WMO World Meteorological Organization
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Abstract

The aim of this project was to map and document the spatial and temporal distribution of
recurring lead systems and coastal polynyas and landfast ice off the coast of northern Alaska in
the Chukchi and Beaufort Seas between Wainwright bordering the Chukchi Sea and the
Mackenzie River Delta in the Canadian Beaufort Sea. The extent and duration of the landfast ice
along this stretch of coast was analyzed with Radarsat Synthetic Aperture Radar (SAR) between
1996 and 2004 and supplemented with Advanced Very High Resolution Radiometer (AVHRR)
data, for the time period between 1993 and 1996. Lead distributions were quantified from
AVHRR data for the period between 1993 and 2004. These data were compared to older
AVHRR imagery and older published data from the 1970's and 1980's. Monthly mean landfast
ice edge positions and spatial statistics of lead distributions were derived from these data for the
time period of stable, closed sea-ice cover. Longer-term spatio-temporal variations in landfast ice
extent and lead patterns were assessed in the context of large-scale atmospheric and oceanic
change. Project products and deliverables include ArcGIS grids and shapefiles of monthly
landfast ice extents and lead distributions with accompanying metadata. Published articles and
reports of relevance to the project were also compiled in a Procite bibliography database.
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Executive Summary

The Arctic sea-ice cover has undergone significant changes in the past two decades.
These changes include a reduction in summer ice extent (with four consecutive record minima
attained between 2001 and 2005) as well as substantial thinning of the ice pack. The western
Arctic, i.e., the Chukchi and Beaufort Seas, has seen the largest anomalies in summer ice extent,
as well as a substantial reduction in the amount of multiyear ice over the Beaufort and Chukchi
shelves. The present project was aimed at mapping and documenting changes in the spatial and
temporal distribution of spring lead systems and landfast ice extent off the coast of northern
Alaska. In addition to providing baseline data against which to evaluate further changes, the
work also examined present-day conditions in relation to earlier studies conducted in the 1970s
as part of the Outer Continental Shelf Environmental Assessment Project and discussed the role
of different forcing mechanisms in controlling spatial and temporal patterns of variability in lead
distribution and landfast ice extent.

The study area extended from the eastern Chukchi Sea, southwest of Barrow to
Wainwright, Alaska across the Beaufort Sea to the Canadian Mackenzie River Delta System,
with the northern boundary at roughly 74°N (qualitative analysis of lead patterns included areas
extending into the Canada Basin and the High Canadian Arctic as well). Lead distributions and
patterns were examined with the aid of Advanced Very High Resolution Radiometer (AVHRR)
data archived at the Geographic Information Network of Alaska (GINA) at the University of
Alaska Fairbanks (UAF). At least one AVHRR scene was examined (in the visible and thermal
infra-red (IR) channels 1 and 4) for each day from early December to late June of the ice years
from 1993-94 through 2003-04, noting cloud-free sectors and general lead characteristics for
further processing of a subset of these roughly 2000 scenes. Based on the qualitative analysis of
these scenes, a number of characteristic, recurring sequences or patterns of lead evolution were
described and interpreted in the context of the large-scale rheology of the ice pack.

Based on the visual inspection of scenes suitable for further processing, a subset of 385
scenes was geolocated through individual navigation of scenes (geolocation error <3 km) and
reprojected into an Albers Conical Equal Area (AK) projection at 1.2 km grid cell size. The
study area was divided into 12 subregions and only those that were cloud free were considered in
further analysis. The fraction of leads within each pixel was determined based on brightness
temperature or reflectance using an algorithm developed by Lindsay and Rothrock (1995) that
has been extended to take into account regional variations in ice temperature and to correct for
thin cloud cover. Binary images denoting leads (for pixels containing 25% or more thin ice or
open water) and ice were obtained for further processing. Further analysis of these images
included calculation of total lead fraction, the geographic location, area, perimeter, and
major/minor dimensions of individual leads, and derived statistics including lead number
densities and size distributions. Products from this analysis include processed imagery (GeoTIFF
format), lead grid and shape files in ArcGIS format and lead statistics, available through the
project web site (mms.gina.alaska.edu) and to be submitted to national sea-ice data distribution
centers (including National Snow and Ice Data Center).

Landfast ice extent has been studied by determining the location of the seaward landfast
ice edge (SLIE) in Radarsat Synthetic Aperture (SAR) imagery. The SLIE is simple to define
conceptually but more difficult to determine in practice, partly since both the location and a lack
of motion must be determined over time, implying that a single observation is insufficient. We
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have examined different definitions of landfast ice used by others and then propose our own,
consisting of two criteria: 1) the ice is contiguous with the land, and 2) the ice lacks detectable
motion for approximately 20 days. Based on this definition, we then processed SAR data for the
time period 1996 to 2004. One mosaic composed of geolocated Radarsat ScanSAR Wide scenes
(geolocation error <0.5 km) was compiled every 10 days (with a total of roughly 1000 scenes)
and the SLIE determined using a combination of automated and manual delineation. From these
SLIE delineations, further parameters describing the seasonal evolution and width of the landfast
ice were derived. Products from this analysis include SAR mosaics (GeoTIFF format), SLIE grid
and shapefiles in ArcGIS format and derived SLIE statistics.

Ancillary data processing includes the compilation of a bathymetric data set mostly from
National Oceanographic and Atmospheric Administration (NOAA) data sources, computation of
freezing and thawing degree days from National Center for Environmental Prediction (NCEP)
reanalysis models, and an objective synoptic classification of sea level atmospheric pressure
patterns from NCEP reanalysis.

The analysis of lead distributions shows a distinct seasonal cycle in the lead fraction
(ranging between <2 % in winter to >10 % in late spring), as well as lead size and number
density. While there is substantial interannual variability in lead characteristics, with no
statistically significant trends or correlations to key atmospheric variables, spatial patterns of
lead occurrence and size are consistent from year to year. Highest lead fractions and largest sizes
are observed in the eastern Chukchi Sea and off the Mackenzie Delta, with fewer and smaller
leads present in the central Beaufort Sea. This is a result of the prevailing easterly wind
directions, forcing ice offshore and creating recurring flaw leads and polynyas along the landfast
ice edge. The Mackenzie shelf exhibits the highest lead fractions in the study area in late spring
due to the impact of river break-up. Lead size (area) distributions conform to a power law, as
does the relation between lead size and lead number density, confirming the scale-invariant
nature of lead morphology and distribution. A key event in the seasonal cycle is the transition
between the regime of distinct linear leads in winter and the ubiquitous appearance of patches of
open water surrounding floes in spring (“spring ice”), typically occurring in late April or early
May (with a trend towards earlier dates in recent years). An increase in lead number density from
values below 0.001 km™ to more than 0.003 km ™ marks this transition.

Monthly maps of lead occurrence probability reflect the key processes controlling lead
patterns, including flaw leads and polynyas, advection of floes past grounded ice on Hanna
Shoal, the appearance of arced leads that radiate from Point Barrow and propagate into areas of
more stagnant ice in the central and eastern Beaufort Sea as well as arches that form along the
margin of ice that is confined in the “dead space” of the eastern Beaufort Sea. These patterns
have been examined and classified into about a dozen characteristic patterns and evolution
sequences that occur throughout the years. Furthermore, examination of AVHRR imagery from
the 1970s revealed that these patterns occurred in a similar fashion during the heavier ice years
of the mid-1970s.

Based on the SLIE data set, the spatial and temporal variability in the extent of landfast
ice, the water depth it occupies and the timing of key events in its annual cycle have been
examined. We identified four zones of coherent seasonal variability and the key elements of
coastal and bathymetric configuration that define these zones. In all four zones the SLIE was
observed to advance incrementally into deeper water with some sections advancing first,
followed by neighboring sections. By the end of the season, prior to break-up, the distribution of
water depths at the SLIE in all zones exhibited strong modes ranging between 16 m and 22 m.
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This is in good agreement with past observations that noted the similarity between the 20 m
isobath and the landfast ice edge. The retreat of the SLIE takes place far more quickly than the
advance and is therefore not as well captured in the Radarsat imagery. However, the similarity in
water depth distributions at the start and end of the annual landfast ice cycle suggests that as the
SLIE retreats, it occupies the same locations that it did while advancing.

We also examined interannual variability and identified the components of atmospheric
circulation and air temperature that are most important for the formation and break-up of the
landfast ice. A comparison with earlier work from the 1970’s suggests that the annual cycle of
landfast ice has been significantly shorter in recent years, caused by later formation and earlier
break-up. We also note that any comparisons must take into account relevant definitions and
methods. This is particularly so with operational datasets that lack the benefit of hindsight such
as the National Ice Center Ice Charts, which can differ significantly from our own for the same
time period. Examination of air temperatures over the region showed multi-decadal trends
towards an earlier onset of thawing in spring, and later onset of freezing in fall. A strong
interannual correlation suggests that the former is responsible for the early landfast ice break-up
in recent years. However, the timing of landfast ice formation appears to correlate best with the
timing of pack ice incursion into coastal waters, suggesting that the observed latening of landfast
ice formation could be related to the more northward retreat of the perennial ice edge in recent
years.

Major conclusions from this work include the following: (1) Lead distribution and
landfast ice extent patterns are consistent throughout the study period between 1993 and 2004
and compare well with observations from earlier studies completed in the 1970s. (2) Landfast ice
extent is controlled by the combination of coastal bathymetry, heat exchange with the
atmosphere (and to a lesser extent atmospheric circulation) and ice-pack interaction. (3) With a
general warming trend in the region during the study period, the landfast ice season is
significantly shorter, with a less stable ice cover. Lead patterns and fractions or sizes, on the
other hand do not show any significant trend over the study period. (4) The large-scale pattern of
high lead activity and landfast ice variability in the eastern Chukchi Sea and the Mackenzie shelf
area and much more quiescent conditions in the central Beaufort Sea are explained by a
combination of coastal morphology in relation to prevailing wind direction, the rheology of the
ice pack and its confinement in the “dead space” of the Beaufort Sea and Canadian Basin, and
the impact of river influx on break-up in the Mackenzie Delta.
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1. Introduction

Over the past two decades the Arctic sea-ice cover has undergone significant change. A record
minimum summer ice extent has been recorded for four out of the past five summers in the
Arctic (Stroeve et al., 2005). The retreat of the summer Arctic ice cover has been most
pronounced in the Western Arctic, specifically the East Siberian, Chukchi and Beaufort Seas
(Comiso, 2002). With the perennial ice retreating to the North and changes in surface circulation
(Drobot and Maslanik, 2003; Tucker et al., 2001), the western Arctic shelf seas have also
experienced a loss of multiyear ice in the winter (Belchansky et al., 2004). While there are few if
any systematic direct observations of the extent and impacts of these changes in the Alaska
coastal zone and inner-shelf waters, native communities have reported for some time about
substantial changes in the sea-ice regime, including later onset of ice formation and a less stable
and less predictable ice cover (George et al., 2004; Huntington, 2000; Krupnik and Jolly, 2002).
Along with the changes in ice extent and seasonality, a significant reduction in ice thickness
throughout the Arctic has been observed in deep-water, off-shelf areas accessible by submarine
(Rothrock and Zhang, 2005; Tucker et al., 2001).

Given the importance of Alaska coastal and inner-shelf waters from an ecological, economic and
sociological perspective, in particular in the light of recent sales of offshore oil and gas leases,
there is a clear need for information on the current status of the coastal sea ice regime. Since
little research has been completed on ice conditions in this region since the Outer Continental
Shelf Environmental Assessment Program (OCSEAP) in the 1970s and 1980s, such work is
timely both from the perspective of changing ice conditions as well as advances in satellite
remote sensing and digital image processing. Thus, we note that the most recent, thorough
analyses of landfast ice conditions and lead distributions in the Alaska coastal regions have been
determined by hand, working with transparencies of low-resolution AVHRR data (Barry et al.,
1979a; Miles and Barry, 1998; Stringer, 1978; Stringer et al., 1980).

The aim of the present study is to provide quantitative information on the seasonal and
interannual variability in ice conditions, specifically landfast sea-ice extent and stability and
distribution and morphology of spring lead systems (for definitions of these terms and in-depth
discussions of previous work on these topics please see Sections 3.3 and 4.1 of this report), for
the time period 1996 to 2004 and 1993 to 2004, respectively. In order to extract quantitative
information from remote-sensing data, a number of techniques and approaches were developed
or adapted. The resulting imagery and data sets (and ancillary data) were compiled into
geodatabases and are provided as part of this report. Upon formal release by the Minerals
Management Service they will also be made available online through established geodata
distribution centers. As part of this project and in collaboration with the Geographic Information
Network of Alaska (GINA) at the University of Alaska Fairbanks, we have also established a
dedicated web site that serves as a clearinghouse and point-of-reference for project collaborators,
program managers and others, with a separate, limited-access section that provides access to all
resulting datasets (mms.gina.alaska.edu).



1.1. Lead distribution patterns

This study is based largely on the hypothesis that the deformation patterns of the pack ice in the
Beaufort Sea generally (but not always) reflect the interaction of the moving ice with the fixed
coastlines to the East (Canadian Arctic islands) and South (north coast of Alaska; a map of the
study region is shown in Figure 1.1.1). The mean sense of displacement of the ice pack is
clockwise around the Beaufort Gyre so it is generally southerly and westerly along the Alaska
coast, with occasional excursions to the East. However, the latter are severely limited by the
shapes of the coastlines. Northerly and southerly displacements also occur, but they too are
limited in both time and distance. The only bathymetric features hypothesized to have a
measurable and relevant impact on lead distributions are shoals that are shallow enough to allow
for grounding of pressure ridges (mostly limited to Hanna Shoal).
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Figure 1.1.1. Study area and sub-regions for quantitative analysis of lead distribution
and morphology in AVHRR scenes (outlined in red) and study area for analysis of
landfast ice extent (hatched area)

Pack ice deforms by generating leads, along or across which differential motion occurs. On some
scales, the process can be modeled as if the ice is a continuum following some constitutive law.
However, on the spatial and time scales of the satellite imagery used to study lead distributions,
the deformation clearly depends on lead formation. The driving conditions repeat with the
passage of weather systems and the consistency of ocean currents, and given that the boundaries
are rigid it is expected that many lead patterns would occur repeatedly in the same or different
years. Some variations should occur because of differences in the configuration of the landfast
ice and the composition of the pack ice. However, similar lead patterns should be recognizable.
Descriptions and examples of repeated lead patterns and other deformation features constitute an
important part of this report.



The quantitative analysis of lead distributions and morphology for the time period 1993 to 2004
complements the general analysis of deformation and lead patterns and provides for planning
tools with respect to lead recurrence probabilities, lead morphology and size and linkages of lead
distributions to large-scale atmospheric and ice-dynamics parameters.

1.2. Landfast ice extent and stability

Along the coast of Arctic Alaska, landfast sea ice serves as a platform for marine mammals,
(e.g., polar bears and ringed seals) provides access from the land to hunting grounds and is
utilized as a platform and for transportation in offshore oil development. The annual landfast ice
cycle can be broadly characterized by a gradual seaward advance from the coast beginning in
late fall or early winter (October - November) followed by a rapid retreat coinciding with the
onset of spring (May-June). The range of dates comes from spatial differences in the arrival of
the seasons as well as interannual variability in the behavior of the landfast ice.

Although stationary by definition, landfast ice is formed and deformed by a combination of
dynamic and thermodynamic processes, which follow their own annual cycles and vary
geographically in their presence and importance. Consequently, the extent and appearance of
landfast ice differ significantly between regions of the Arctic. In much of the Russian Arctic, the
landfast ice extends hundreds of kilometers from the coast (Barnett, 1991; Eicken et al., 2005;
Zubov, 1945), which is one or two orders of magnitude greater than the typical width of landfast
ice in Arctic Alaska (Barry et al., 1979b; Stringer et al., 1980). Such basin-scale differences in
spatial extent can be largely related to differences in nearshore bathymetry, but there is no
Arctic-wide relationship between the water depth and the location of the landfast ice edge.
Among the different water depths that have been cited as the limits of landfast ice extent are 25m
along the Siberian coast (Zubov, 1945), 10m in the Kara Sea (Divine et al., 2004); between 18m
and 30m in the Beaufort Sea (Kovacs, 1976; Kovacs and Mellor, 1974; Reimnitz and Barnes,
1974; Service, 1968; Shapiro, 1975; Stringer, 1974; Stringer et al., 1980; Weeks et al., 1977),
100m near Severnaya Zemlya (Divine et al., 2004) and 180m off the eastern coast of Baffin
Island (Jacobs et al., 1975).

The lack of a universal water depth that limits landfast ice extent does not mean that landfast ice
does not interact with the seabed, but instead that landfast ice extent in different areas of the
Arctic is controlled by different mechanisms. For example, Zubov (Zubov, 1945) states that the
combination of barrier islands and involuted coastlines, a lack of strong currents and tides, and
shallow water is conducive to the presence of landfast ice. However, offshore of northern Alaska
and northwest Canada, deep-keeled ridges are formed by the convergence and shear of westward
drifting ice in the Beaufort Gyre against the landfast ice dominated coast. These play an
important role in anchoring the advance of landfast ice (Reimnitz et al., 1977; Shapiro, 1975).

Having established that there are broad differences in landfast ice appearance and behavior
throughout the Arctic, this study will focus on northern Alaska and Northwestern Canada (Jacobs
et al., 1975). In particular, we will examine the relationship between water depth and landfast sea
ice extent and the underlying processes responsible in different locations. However, we will also
address the development of the landfast ice and the processes that drive its annual cycle. The



formation of landfast ice is a complex process involving in-situ freezing of open water in
sheltered regions of the coast as well as the assimilation of pack ice from offshore. As a result,
the landfast ice grows seaward but may break up and reform a number of times before it achieves
stability. As well as being of great importance to native subsistence activities (George et al.,
2004), both the date at which the landfast ice becomes stable and the length of time that it
remains so are of considerable economic importance for offshore development.

The details of the smaller scale processes behind the response of landfast ice to the annual cycle
of forces are the subject of other ongoing research by the authors. Here, our aims are to identify
the key linkages between landfast ice and coastal bathymetry and atmospheric forcing at the
regional scale. To achieve this goal, we will characterize the behavior of landfast ice according
to its extent, the water depth it occupies and the timing of key events in its annual cycle. We will
also identify components of coastal morphology and nearshore bathymetry that characterize
sections of coastline. Finally we will derive annual mean measures of air temperature and sea
level pressure patterns. Examining spatial and interannual variability in all these variables in a
fashion consistent with earlier studies completed in the 1970°s (Barry et al., 1979b; Stringer et
al., 1980) will also allow us to address the causes underlying multi-decadal changes in Alaska
landfast ice.



2. Objectives
The objectives fall broadly into four different categories.

1. Document and map the spatial and temporal distribution of recurring spring leads system
and polynyas from the eastern Chukchi Sea, southwest of Barrow to Wainwright, Alaska
across the Beaufort Sea to the Canadian Mackenzie River Delta System for the time period
1993 to 2004 based on Advanced Very High Resolution Radiometer (AVHRR) data. Draw
on older archived AVHRR data from the 1970s and 1980s as well as publications from that
time period to document potential changes in the lead regime.

2. Document and map the yearly spatial and temporal changes by month of the stable landfast
ice distribution across the Eastern Chukchi Sea and the Alaska Beaufort Sea to the Canadian
Mackenzie Delta based on analysis of high-resolution Radarsat Synthetic Aperture Radar
(SAR) imagery.

3. Document trends in lead and stable landfast characteristics over the time period covered and
in relation to earlier studies from the 1970s and 1980s, especially as related to large-scale ice
thinning and shrinking of summer minimum ice extent in the region. Offer up preliminary
explanations of these changes in the context of atmosphere-ice-ocean interaction.

4. Document and discuss the dominant mode(s) of spring lead/ice pack interaction as well as
any potential significance these might have on the landfast ice regime.

In meeting these objectives, a number of data sets and other research products (lead and landfast
ice bibliography, summary statistics, publications) have been produced. The project goals
include dissemination of these research products of the research to the general public, through a
combination of a dedicated project web site (mms.gina.alaska.edu), collaboration with the
Geographic Information Network of Alaska (GINA) at UAF and, eventually, through submission
of data sets to data distribution and archival centers and manuscript to peer-reviewed scientific
journals for publication.



3. Methods and Data Sets

3.1. Characterization of large-scale lead patterns

The hypothesis is based upon long term observations by one of the authors using AVHRR
imagery of the Bering, Beaufort and Chukchi Seas’ sea ice cover in connection with various
research and operational projects. These observations were done over a span of years, and none
involved systematic recorded observation and recording of the ice features or lead patterns.
However, it was apparent that some features and patterns of leads were seen often enough to
suggest that they were repeatable. Combining that with the ideas about interactions with the
coast and the normal circulation of the Beaufort Sea ice cover directly leads to the hypothesis.

The present study was completed primarily using software called 'SWATHVIEW' and the
images came from the data archive of the Geographic Information Network of Alaska (GINA).
GINA acquires virtually every available image from the AVHRR and Moderate Resolution
Imaging Spectrometer (MODIS) satellites and SWATHVIEW provides a convenient method of
accessing the images; it can also display them at scales ranging from 1 to 20 km per pixel on the
screen. For this project, the images were usually examined at 2km/pixel (corresponding to a scale
of 1:5,900,000), because that allowed all of the study area to be displayed on the monitor.
However, enlargements of particular features were used occasionally.

Unfortunately, until almost the very end of this study, SWATHVIEW had no provision for
storing all or part of an image for later use, but it did allow the image on the screen to be printed.
Printing led to significant degradation of the image quality, but it was the only way to retain an
image for reference. It became apparent early in the study, that it was important to have prints
available, so almost every image in which the study area was not completely covered by clouds
was printed.

At least one AVHRR image was examined for each day from early December to late June of the
ice years from 1993-94 through 2003-04 (except for a few days when the AVHRR ground
station was not functioning; the MODIS system was used for such days when possible). Thus,
about 2000 images were examined for the study. Descriptive notes were made for each image.
Cloud free sectors of the study area that could be used for analysis of lead length, orientation and
area were noted and that information was used to select images to be processed by GINA for that
analysis. In addition, if an open or newly refrozen lead could be identified at the landfast ice
edge, that information was also recorded for use as possible ground truth for the SAR imagery
used in the study.

There is no existing classification or systematic nomenclature for the pack ice features and lead
patterns discussed here. In their absence, in order to recognize that a feature or pattern was
repeated or recurring, it was necessary to recall having seen it at least a few times during the
process of examining the images. A search could then be made to find the earlier occurrences of
the feature or patterns and verify the similarity. This proved to be a tedious process which was
made more difficult because the first pass through the images took place over about a year, while



GINA prepared the imagery for use in the SWATHVIEW application. However, recurring
patterns and features were recognized and named. That simplified the process of taking notes and
also provided a series of key words that could be used to rapidly scan the notes to locate days
when particular features were identified.

An attempt was made to organize the results of the study into a spread sheet, so statistics of the
frequencies of occurrence of lead patterns and other features could be tabulated. However, it was
soon clear that this was too time-consuming to be practical because of the need to account for the
distribution of cloud cover over the study area for every day in order to make the statistics valid.
In addition, we found that, although a pattern might be recognizable on an image for a period of
days, it was not necessarily active over that time. New leads freeze over rapidly and their
appearance on SWATHVIEW may not change significantly until they are snow covered. In that
case, they are of no significance to ice deformation processes because new leads are required for
the ice to deform. As a result, the only way to determine if a pattern was active over time would
be to look for evidence of differential ice motion between AVHRR scenes. Given the resolution
limits of SWATHVIEW it was not practical to attempt to do that and the lack of that information
would have made the value of the statistics of the occurrence of patterns even more uncertain.
Finally, as noted, a pattern had to be observed at least a few times before its characteristics and
repeatability were recognized. Thus, occurrences before the name was applied may not have
been recorded and could only be found by scanning back the imagery. This is a time-consuming
task and was not generally attempted.

More important than the statistics, with experience we recognized that many of the lead patterns
were simply steps in sequences of patterns. Thus, the persistence of any pattern, and the one that
followed it, depended on the rate at which weather systems with sufficient energy to drive the
pack ice affected the area. However, the progression of patterns through a sequence is an
interesting aspect of the question of repeatability. It is discussed in later sections of the report.

It would clearly be useful to be able to quantitatively interpret the progress of patterns through a
sequence in terms of the environmental forces which drive them. However, we know of no
models that account for the observed fracturing which, in the southern Beaufort Sea depends on
the unknown conditions at the pack ice/landfast ice boundary. However, the general sense of
pack ice motion can often be determined from SWATHVIEW by comparison of successive
AVHRR images, and that can be interpreted to give information on the displacement boundary
conditions on the deformation. Thus, while the forces driving the movements are not known,
their effect can be seen in the motion of the pack ice which, in turn, provides a basis for some
interpretation of the genesis of the lead patterns.

It is important to emphasize that, regardless of whether the driving forces are known, the lead
patterns are real indicators of the deformation of the pack ice. Thus, they represent a ground truth
that numerical models of the geometry of the deformation pattern should be consistent with. In
fact, it should be possible to suggest lead orientations from calculated displacement patterns.
Studies of that type should provide insight into the nature of the boundary conditions. This is
mentioned in other sections of the report and summarized in the Discussion (Section 5.2) at the
end.



3.2. Mapping of lead distribution and morphology

3.2.1. Acquisition and processing of satellite imagery

For the quantitative analysis of lead distribution and morphology, the study area was expanded
from that specified in the MMS Request for Proposals (Figure 1.1.1). This was done to provide a
better perspective on regional lead characteristics and capture key geographic areas associated
with specific lead patterns, such as leads over Hanna Shoal and in Mackenzie Bay. The region
encompassed by the AVHRR study area covers approximately 540,000 km?, bounded by the
Mackenzie Delta in the East, Icy Cape in the West and extending 470 kilometers north-south .
The study area is divided into 12 subregions, covering approximately 45,000 km? each.

A total of 385 unique AVHRR scenes were ordered and downloaded from the GINA server and
processed. AVHRR data had been down-linked through the International Observatory of the
North and its predecessors at the Geophysical Institute, UAF. Of these images, 11 were analyzed
in both the thermal and visible ranges, for a total of 396 analyzed scenes. In addition to the
image processing to extract lead fraction described below, each image was manually inspected to
identify areas of cloud cover. Whole subregions of data were selectively eliminated if a
significant fraction of their surface was obscured by clouds or if clouds were being misidentified
as leads by the algorithm described below. Figure 3.2.1 shows the total number of scenes per
subregion that were analyzed in this study. Figure 3.2.2 shows that the winter and spring months
were sampled equally, with fewer sufficiently cloud-free scenes available from the transition
months, December and June.
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Figure 3.2.1. Number of AVHRR scenes analyzed per subregion during the study
period (1993-2004).
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Figure 3.2.2. Number of AVHRR scenes analyzed for each month during the study
period (1993-2004).

Raw, High Resolution Picture Transmission (HRPT) data were ingested for each AVHRR scene
and processed in TeraScan (SeaSpace, 2003). Calibration and conversion of visible and thermal
channel data to surface reflectance and brightness temperature, respectively, was carried out as
specified in the NOAA Polar Orbiter Data User’s Guide (2003,
www2.ncdc.noaa.gov/docs/podug/html/c3/sec3-3.htm).

Geo-location was accomplished by adjusting the pitch, tilt, roll, and yaw parameters within the
XVU function of TeraScan until the image aligned with an overlain, georeferenced coast. Error
was less than 3 kilometers, and generally within 1.2 kilometers. Georeferenced images in a polar
stereographic projection were exported from TeraScan as HDF files.

These HDF files were subsequently imported into ENVI (Research Systems, Inc., 2003) where
they were reprojected into an Albers Conical Equal Area (AK) projection using the NAD (1983)
datum (see Section 3.5). Also using ENVI, the land area was masked, and the image was cropped
to the study region. These files were exported as 16-bit integer files, with pixel values
representing albedo in hundredths of percent and brightness temperature in hundredths of °C for
channel 1 and channel 4 images respectively. Landmask values were set to 10001 (corresponding
to 100.01%) and —5000 (corresponding to —50 °C) for channel 1 and channel 4 images
respectively.

The fraction of leads within each pixel was determined based on the brightness temperatures or
reflectances of open water and the surrounding thick ice, as described by Lindsay and Rothrock



(1995). Here, we have corrected for regional differences in surface temperature and reflectance,
as well as thin cloud cover, by determining the fraction of leads within a moving 50 by 50 pixel
(55 x 55 km) square window, with the fraction of thick ice based on the upper and lower quartile
reflectance and brightness temperature, respectively. For a few cases of more expansive
stretches of open water, manual adjustments of open water extent have been made. The resulting
image indicating the fraction of open water was then binarized about a threshold corresponding
to an open water fraction of 25% in each pixel, (equivalent to a value of 6 = 0.25 deemed optimal
based on work by Lindsay and Rothrock, 1995) with pixels containing less open water
designated as ice and those at or above 25% designated as leads. The resulting binary images are
then imported into the NIH Image software package (rsb.info.nih.gov/nih-image/index.html) for
derivation of lead location, shape and size statistics, open water fractions and other information
for each subregion. Prior to analysis, single, isolated pixels which were found to be the result of
noise in the data were removed from the segmented image. Lead statistics were exported from
NIH Image into Microsoft Excel format. Data were eliminated from statistical analysis if the ice
was obscured by clouds in a particular subregion as determined from manual inspection of
images in both visible and thermal channels.

The binarized GeoTIFF images delineating leads, were converted to ArcGIS format using a
batch utility in ArcToolbox. Another batch file was used in ArcCatalog (ESRI, 2002) to define
the map projection and datum. Each Grid file was then exported to an ESRI interchange format
(*.e00) using batch utilities within ArcToolbox to ensure clean data transfer. Low resolution
browse images (*.jpg format) were generated for display on the project web site. Final
processing included a batch import of the appropriate FGDC compliant metadata. Final data sets
were bundled with WinZip (WinZip Computing, Inc., 2004) for posting to the web to ensure
clean data transfer of the components of the grid, plus the associated metadata record and browse
image.

Monthly lead probabilities were calculated from the binarized lead images by summing all the
images for each month. In the resulting images, the pixel value represented the number of images
in which a lead was observed at the location during a particular month. These were converted to
probabilities by dividing by the total number of images stacked for each month. This was done
individually for each of the subregions 1-12 to take account of those that were excluded from
certain images due to cloud cover.

3.2.2. Defining leads and validating the lead detection approach
Lead definitions

The World Meteorological Organization’s Sea Ice Nomenclature defines a lead as “any fracture
or passage-way through sea ice which is navigable by surface vessels” (1985). Expanding the
definition from its original operational scope in the context of ice navigation, leads are
commonly taken to be linear features of open water or thin ice present within the ice pack
(Lindsay and Rothrock, 1994; Lindsay and Rothrock, 1995). Their importance derives from the
high rates of energy exchange that are sustained in areas of thin ice (Maykut, 1986), either as a
result of heat conduction through an open-water or thin-ice surface (Alam and Curry, 1998) or as
a result of absorption of shortwave radiation fostered by the low albedo of thin ice or open water
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(Pegau and Paulson, 2001; Perovich, 1990). At the same time, leads are of great ecological
importance both as potential access points to open water for marine birds and mammals (Bump
and Lovvorn, 2004; Stirling, 1997) and as a habitat (Melnikov, 1997). In the present study we are
following common practice by applying a lead definition and corresponding lead detection
criterion that does not distinguish between open leads and those covered by thin ice up to
roughly 0.15 to 0.2 m thick (i.e., nilas and grey ice according to WMO nomenclature). This is
motivated by the fact that thermally as well as optically, thin ice with albedos typically less than
0.2 and high surface temperatures is often indistinguishable from open water (Perovich, 1998).
Furthermore, under freezing conditions, ice grows to several centimeter thickness within a few
hours and even in cases of wind clearing leads of newly forming frazil ice, open water typically
cannot be sustained for more than 24 hours (Alam and Curry, 1998; Bauer and Martin, 1983).
Even after onset of surface melt, it is not uncommon to observe nighttime freezing of leads well
into June.

Identification of leads in remote sensing imagery is complicated by a number of factors,
including ambiguous signatures of open water and thin ice in SAR data (Kwok and Cunningham,
1994), atmospheric and resolution effects in visible-range and thermal IR AVHRR data (Key et
al., 1993) and lack of resolution in passive microwave data (Fett et al., 1997). Several studies
indicate that for analysis of lead patterns and distributions, AVHRR imagery provides for a
dataset that represents the best compromise between resolution, coverage and discriminatory
power (Key et al., 1993; Lindsay and Rothrock, 1995; Miles and Barry, 1998; Tschudi et al.,
2002). In recent years, derivation of ice deformation fields from sequences of Radarsat SAR
imagery has been used successfully to map pack ice openings at the scale of 5 km and upwards
indirectly (Kwok, 1998; Kwok and Cunningham, 2002). However, this approach is only of
limited value for a study in seasonal ice (where ice deformation fields are not easily obtained due
to ambiguities in backscatter characteristics) and computationally intensive (so far only a limited
number of years have been processed) and was hence not applicable in the current study. Here,
we have followed the approach developed by (Lindsay and Rothrock, 1994; Lindsay and
Rothrock, 1995) for extracting lead distributions from AVHRR radiance data for the visible-
range (channel 1) and thermal-IR (channel 4), converted to reflectances and brightness
temperatures, respectively. Specifically, we can calculate the fraction of leads dr within each
pixel based on the surface brightness temperature of the entire pixel T, that of open water (Ty, = —
1.8 °C) and that of surrounding thick ice (T;):
_T-T

T,
The surface brightness temperature of the surrounding thick ice is derived from the lower
quartile brightness temperature determined for a 50x50 pixel window centered on each pixel.
The corresponding approach is taken in the analysis of visible range data, with p;, and py
denoting the reflectances of open water (0.1) and the surrounding thick ice (upper quartile within
the 50x50 pixel mask):

§R — Pi— P
pi_pw

T

The fraction of open water is then indicated by the magnitude of &t or dg. In following Lindsay
and Rothrock’s approach, we have chosen a value of 0.25 as the cutoff value, with cells (pixels)
exhibiting a & > 0.25 designated as lead and those smaller designated as ice. Selecting a value
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smaller than 0.5 (i.e., a cell composed out of equal fractions of ice and lead) is driven by the fact
that two processes tend to result in an underestimation of the fraction of lead present. First, thin
ice in a lead will result in lowered surface temperatures and raised reflectances, thereby lowering
. Second, atmospheric effects such as formation of vapor plumes further reduce detectability of
leads (Key et al., 1993).

Validation of lead detection and mapping approach with field observations

In order to evaluate the accuracy and reliability of the lead detection and mapping approach we
have compared the results of our AVHRR data analysis with ground observations. The Shelf-
Basin Interactions Study’s spring process cruise with USCGC HEALY in May-June 2002
presented one of the first opportunities to access the study area with a surface vessel during the
ice-growth season. One of us (H.E.) carried out a detailed ice observations program during this
expedition that is utilized here. Due to prevailing cloud cover, coincident ship-based
observations and cloud-free AVHRR scenes were only available for May 23 and June 8, 2002.
Figure 3.2.3 shows the geolocated AVHRR scene for May 23 and the corresponding binary
image after automated lead detection (Figure 3.2.4). The box corresponds to the area covered by
the ship’s track and for which ship-based ice observations are available for a 36 hour period
bracketing the satellite scene. The ship-based observation program is described in detail in
(Eicken et al., 2006).

The photographs in Figure 3.2.5 show typical ice conditions with systems of leads containing a
range of floe size distributions developing in between larger ice floes. Up until the first week of
June new ice up to 10 cm thick kept forming in leads (Figure 3.2.5, right). As is evident from the
photographs and confirmed by the ship-based ice observations, with the exception of the coastal
flaw lead and polynya system lining the landfast ice edge and a few major openings in the pack,
individual leads were mostly a few tens to a few hundred meters wide (Figure 3.2.5, left). With
smaller floes present within lead systems, occurrences of open water or new ice extending over
the entire area of a complete AVHRR grid cell (pixel) 1.2 x 1.2 km? in size were quite rare,
supporting a lead detection criterion & of 0.25. Furthermore, the ground observations also
confirm that measures of lead size (in particular width) based on low-resolution remote sensing
data sets such as AVHRR are not necessarily directly related to the size of openings detected at
the scale of an observer on the ice. This may have important operational implications from the
perspective of marine ecology and oil spill mitigation. This finding is also in line with an earlier
study, examining measures of lead sizes for Landsat imagery of leads north of Alaska artificially
degraded to pixel sizes ranging between 80 and 1280 m (Key et al., 1993) and comparisons
between airborne imagery and AVHRR (Tschudi et al., 2002). In fact, the ice observations
during the HEALY cruise suggest that even Landsat imagery at 30 m pixel size may still be
overestimating lead widths as the prevailing deformation regime in the study area typically
results in complex lead geometries with interspersed floe fragments and stacked arrays of smaller
leads (Schulson, 2004), as also discussed in Section 4.3.

While such resolution dependence needs to be taken into account when interpreting measures of
lead size (see Section 4.1), the comparison between ground observations and AVHRR imagery
indicates reasonable agreement between these two data sets. Thus, observations on May 23 for
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the area shown in Figure 3.2.5 yield a mean lead fraction of 0.14, while the AVHRR scene
indicates a lead fraction of 0.12 for the same area. Comparison of ground observations and
AVHRR imagery for June 8 in an area of very high ice concentration yields values of 0.01 and
0.02 respectively. Considering the errors involved in ground-based observations this finding is
encouraging and indicates that the data derived from this analysis are reflective of conditions
relevant in an operational context.

150 75 0 150 Kilometers S

Figure 3.2.3. AVHRR scene (Channel 1, visible range) for study area on May 23, 2002
(landmask is shown in white).
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150 Kilometers

Figure 3.2.4. Binarized image derived from scene shown in Figure 3.2.3. showing the
result of the lead detection algorithm (leads are shown in black, ice and the land mask in
white). The box marks the location of the area in which ground observations were
obtained, with an areal lead fraction of 0.12.

Figure 3.2.5. Aerial photographs of leads as seen during the 2002 field expedition (May
15; leads shown in photographs are several tens of meters to several hundreds of meters
wide). Photo at left shows system of leads and adjacent deformed ice. Image at right
shows floes and brash ice in a newly formed lead. Note the rims of newly formed thin
ice lining most floes.
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3.3. Mapping of landfast ice extent and stability

3.3.1. Definition of landfast ice

In order to quantify landfast ice extent and examine spatio-temporal variability, a rigorous
definition of landfast ice is required that can be applied to the available data. Numerous
definitions of landfast ice are found in the literature, which differ according to the processes
considered relevant to a particular study. According to Weaver (1951), “fast ice or landfast ice is
the young coastal ice which, in stationary sheets, builds seaward from the shore of landmasses ...
by being more or less attached to the shore, or by being otherwise confined”. The World
Meteorological Organization (WMO) (1985) defines fast ice as “Sea ice which remains fast
along the coast, where it is attached to the shore, to an ice wall, to an ice front, or over shoals, or
between grounded icebergs”. Stringer (1978) describes the fast ice zone as ‘the area generally
shoreward of the 20m isobath with quite stable ice much of the year’ and only includes ice
contiguous with the shore. Barry et al. (1979b) list three criteria that can distinguish landfast ice
from other forms of sea ice: ‘(i) the ice remains relatively immobile near the shore for a specified
time interval; (i1) the ice extends from the coast as a continuous sheet; (iii) the ice is grounded or
forms a continuous sheet which is bounded at the seaward edge by an intermittent or nearly
continuous zone of grounded ridges’. Stringer et al. (1980) use the term “contiguous ice”
synonymously with “fast ice” as described by the WMO. Zubov (1945) does not give a definition
of what he calls fast ice, but instead describes the conditions that favor its growth from coastlines
and islands. Grounded ridges are not mentioned, although thickening through rafting is, which
probably reflects the different physical regime under which landfast ice in the Russian Arctic
forms.

These definitions and descriptions all agree that landfast ice (or fast ice) is adjacent to the coast
and characterized by a relative lack of motion, although none explicitly specify a time interval
over which this must occur. Furthermore, as will be discussed in detail below, it is generally not
possible to identify sea ice that is grounded or otherwise anchored from remotely sensed data.
However, it is possible to identify sea ice that is both stationary and contiguous with the coast. In
the context of this report we limit the definition of landfast sea ice to these criteria:

1. the sea ice is contiguous with the shoreline

2. the sea ice lacks motion detectable in satellite imagery for approximately 20 days

Stringer (1978), Stringer et al. (1980), Barry et al. (1979b) and Barry (1979) used similar criteria
where overlap was available between consecutive Landfast scenes allowing them determine a
lack of motion over a time period of between 1 and 4 days. Where no overlap occurred however,
the flaw lead or edge of the contiguous ice was used instead. The National Ice Center (NIC)
adopts a similar definition when comparing a variety of remote sensing products to produce
weekly ice charts. However, their primary criterion is uniformity of color (in visible range
imagery) or texture (in microwave or infra-red imagery) shoreward of a clearly defined edge (J.
Pena, personal communication, 2005). We must also stress that our definition is one that can
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only be applied retrospectively and so our results will be inherently different to operational
datasets such as the NIC ice charts.

Our definition uses no flaw lead or textural information and employs a longer time period that
was deemed geophysically meaningful and appropriate for nearshore operations in ice-covered
waters. It is short enough to capture both the annual cycle of advance and retreat as well as the
higher frequency variability due to stable extensions and breakouts. It also spans more than a
single synoptic period and so precludes sea ice that merely comes to rest temporarily and lacks a
mechanism to hold it fast against offshore or alongshore forcing. It is also important to note that
we exclude islands from our definition of the coastline, with the exceptions of Herschel and
Barter Islands, which are larger than most others and separated from the mainland by only a very
narrow stretch of water. This decision was made to avoid complex topological problems that
would result when trying to calculate distances from the coast. The effect of this is to exclude ice
that is attached to barrier islands but is not contiguous with the mainland. This usually only
occurs late in the spring however, when offshore ice operations have typically ceased.

3.3.2. Remote sensing of landfast ice

Owing to the broad extent of landfast ice along coastlines where access is difficult, remote
sensing offers an ideal way to observe its annual cycle. Landsat I and II channel 7 (0.8 — 1.1 pm)
data were used in an extensive series of studies of Alaska’s landfast ice during the 1970’s prior
to leasing parts of the continental shelf for oil exploration (Barry et al., 1979b; Stringer, 1978;
Stringer et al., 1980). The high resolution (80m) near-infrared images allowed identification of
sea ice that was contiguous with the coast with sufficient detail to be able to detect small-scale
motion. However, due to the darkness of the polar winter, the studies were focused on the
landfast ice extent from February to early spring and the subsequent decay process. The repeat
interval between orbits was 18 days, but at the latitude of the northern Alaska coast, overlap
between orbits allowed regions of the coast to be covered on up to 4 consecutive days.

Radarsat synthetic aperture radar (SAR) data from the Alaska Satellite Facility provides imagery
of Earth’s surface independent of clouds and darkness. The moderate resolution ScanSAR data
has a repeat interval of approximately 3 days and a pixel size of 150 m and pixel spacing of 100
m and so is capable of detecting features and motion of a similar scale to those identified in
Landsat images. However, there are a number of processes not associated with detectable motion
that can lead to a change in the backscatter over time, which make the identification of stationary
ice more difficult. Different incidence angles between orbits can cause this, but the sea ice itself
also evolves and this, in turn, alters the radar interaction with the ice thereby resulting in a
different backscatter coefficient.

Frost flowers on newly formed sea ice can generate the strongest backscatter (Onstott, 1992),
though wind or snow on the surface soon dampen their effect. Once formed, sea ice desalinates
over time (Weeks and Ackley, 1986). As a result, the radar energy penetrates more deeply,
which leads to an increase in backscatter. Deformation of level ice increases the surface
roughness and also the backscatter coefficient (Hallikainen and Winebrenner, 1992). It should be
noted that the term roughness is used in relation to the radar wavelength. Hence small-scale
height variations on the sea ice can yield a similar backscatter coefficient to large ridge fields,
which contain both large- and small-scale roughness. Fetterer et al. (1994) found that new ice
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and open water can exhibit a wide range of backscatter coefficients since the surfaces of both can
be very smooth or roughened by small-scale ice deformation or wind-induced waves.

The strongest changes in backscatter of landfast ice occur at the end of the sea ice season and are
associated with warming and melting of the ice and snow. Holt and Digby(1985) combined field
observations of the evolution of the ice and snow cover with space borne and airborne SAR
measurements and describe processes that lead to rapid fluctuations in backscatter over landfast
ice during the melt period. The production of superimposed ice nodules in the snow early in the
spring, followed by flooding and then draining of the ice surface can lead to an increase in the
backscatter, followed by a sudden decrease and then another increase (Barber et al., 1995).

By its coastal nature, landfast ice can be influenced by rivers where they meet the sea. The
freshwater reduces the salinity of the seawater near the mouth of the river and therefore the bulk
salinity of ice that forms from it. This increases the penetration depth and allows scattering from
the ice-water interface leading to a high backscatter coefficient. Where the water is shallow
enough however, the ice can freeze to the bed, whereupon there is no ice-water interface and the
dielectric contrast at the bottom of the bed is greatly reduced. This leads to a sudden reduction in
the backscatter, which allows identification of the bottom fast ice zone (Eicken et al., 2005;
Solomon et al., 2004). In the spring, the river water floods the landfast ice, reducing the
backscatter coefficient to that of calm open water. Early in this process it can be seen that the ice
beyond the flooded area remains stable and is still contiguous with the coast. However, later in
process, near larger rivers, such as the Kuparuk and Colville Deltas in Alaska and the Mackenzie
Delta in Canada, the flooded area can be so extensive that it becomes difficult to determine
whether the ice beyond can still be classified as landfast. The effect is an underestimate of
landfast ice extent and overestimate of the stage of decay in these areas.

3.3.3. Study area and subregions

The study area is shown in Figure 1.1.1. It measures 955 km by 330 km in an Albers equal area
projection (see Section 3.5) such that at its center point its axes are aligned east-west and north-
south. Mosaicked SAR imagery is cropped to fit this rectangle. Within the study area are 10
subregions, (Figure 3.3.1), each measuring 95.5 km by 132 km and chosen such that it can be
almost wholly taken from a single parent image leaving it free of mosaicking artifacts. These
subregions were only used in the image processing stage to derive the location of the seaward
landfast ice edge (SLIE) and do not appear on the subsequent data analysis. Their use is
explained below.
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Figure 3.3.1. The full extent (955 x 330 km) of the study area shown by a mosaic of
four (4) parent Radarsat scenes. Also shown are the (95.5 x 132 km) subregion
boundaries. Note that the subregions are cropped from the parent scenes so that they do
not contain any mosaicking edges. SAR imagery © Canadian Space Agency (2002)

3.3.4. Data assimilation

Moderate resolution Radarsat ScanSAR wide beam data were ordered via the Alaska Satellite
Facility (ASF) electronic data gateway and were chosen to provide complete coverage of the
study area approximately every 10 days between October and July for each of the 8 annual
cycles between 1996 and 2004. The data were made available in GeoTIFF format by the ASF
Advanced Product Design group with a geolocation accuracy stated to be 5 pixels or 500m. Each
image covers an area 550 km by 550 km and is one of a group of parent scenes for a mosaic
cropped to the study area. Each mosaic is made up of between 3 and 5 parent scenes separated in
time by between 2 and 4 days. Approximately 1000 parent scenes were used to create 238
mosaics during the 8-year study period

Prior to any landfast ice analysis in the images, the data were checked to ensure adequate
coverage of the study area and each subregion. In addition, scenes with a large geolocation error
were identified and either corrected with a simple horizontal translation or removed from the
dataset. The stated geolocation accuracy could give rise to co-location errors of up to 10 pixels or
1 km between parts of two mosaics, though where possible this was reduced to less than 500 m.

3.3.5. Image processing to identify landfast ice

If the backscatter from a sea ice surface changed over time only through ice motion, then
landfast ice ought to exhibit a constant backscatter, since it is stationary according to our
definition (Section 3.3.1). However, due to the processes described in Section 3.3.2, the
backscatter of landfast ice can still change over time while the ice remains stationary. This means
that simple subtraction of collocated images is not capable of discerning motion. However, the
processes that change the backscatter from the ice surface act least strongly on ridges and areas
of deformed ice and consequently the features of the SAR imagery that exhibit most consistency
over time are stationary linear regions of high backscatter. These regions are typically a few
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hundred meters wide and parallel or sub-parallel with the coast. A technique for distinguishing
landfast ice must therefore be able to recognize these features and their orientation.
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Figure 3.3.2. a) Calibrated Radarsat ScanSAR image over Barrow, Alaska, January 6
2002, corresponding to region B in Figure 3.3.1. The image has been smoothed by 5x5
pixel (500m) filter, b) Horizontal component of grayscale gradient field, ¢) Vertical
component of grayscale gradient field. Bright areas are positive gradients and dark areas
are negative gradients, with axes positive to the right and downwards. Note how
features have different orientations in the horizontal and vertical component images,
such as those indicated by the boxed regions.

The technique we used calculates the horizontal and vertical grey value gradient fields in 3
consecutive images and then calculates the magnitude of the difference in gradient fields. We
call the result a gradient difference image. Calculation of the gradient fields is similar to the
application of a LaPlacian filter, which is commonly used to detect edges in images, except we
only calculate first derivatives and treat the horizontal and vertical components separately in
order to preserve the information regarding the orientation of the edge features
The 2-dimensional vector gradient of a scalar field, @, is given by equation 3.1:
A, A .
VO=—1i+—]
x ~ equation 3.1
where i and j are horizontal and vertical unit vectors respectively in the image plane.
We can apply this to a digital SAR image, if @ is the backscatter grey values and we
approximate equation 3.1 with finite differences:

VO, |~ [(Dx_d’y Priay i+ Pryd = Pryea J j equation 3.2
d d =
where x and y are the image co-ordinates and d is the number of pixels between which the
gradient is calculated.
By calculating the vector spatial grayscale gradient field of a single SAR image we generate two

images that represent the horizontal and vertical components of the gradient field (Figure 3.3.2 B
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and C respectively). The combination of both components describes the magnitude and
orientation of edges in the original image.

To identify regions of the image that remained constant and therefore may represent landfast ice,
we calculated the vector gradient fields of three (3) consecutive SAR images and derived the
magnitude of net difference between them. In order to preserve the directional information
during this calculation, the net difference of each component of the gradient fields is treated
separately. Calculation of the net difference between horizontal components is described by:

AV iy =V @ =V @+ |V, @ =V, Dy + [V, D, -V, D equation 3.3

Where @;, @, and @3 are the 3 consecutive SAR images and Vy is the horizontal gradient
component. The same equation is applied for the vertical gradient component.

net

The final gradient difference image is the Pythagorean sum of the horizontal and vertical
components. Figure 3.3.3 shows the gradient difference image that was derived from 3
consecutive SAR images. These images off Barrow, Alaska represent the coverage of one of ten
subregions into which the whole study area was divided. In doing so, we were able to calculate
the gradient fields of images that were free from mosaicking edges that contribute artificial
gradients.

Landfast ice occupies the dark region of low gradient difference values adjacent to the coast. The
seaward boundary of this zone, which corresponds to the seaward landfast ice edge (SLIE), is
often marked by bright linear regions of high gradient difference, which are the result of a flaw
lead existing at that location in one of the 3 parent images. However, no single threshold value of
backscatter gradient difference was found to uniquely identify landfast ice and so the SLIE is
discontinuous. An algorithm to locate and connect the SLIE was developed but this proved
successful only during the middle of winter when the backscatter signatures of landfast ice are
most constant. At other times, regions of high gradient difference could be found within the
landfast ice particularly during the spring when surface flooding from rivers occurs. Different
incidence angles between ascending and descendig orbits also introduced backscatter gradients.

As a result of these difficulties, the gradient difference technique failed to provide the automated
and objective method of delineating the SLIE that we were looking for. However, the mosaics of
the gradient difference images were still used in conjunction with manual examination of the
parent images when image quality was poor and also to reduce some of the subjectivity in such a
manual approach. This technique is described in section 3.3.6.
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Figure 3.3.3. A gradient difference image and the 3 SAR images from which it was
derived. Landfast ice appears dark since the ridges within it retain a more constant
backscatter over time. The horizontal and vertical differences are calculated separately
from the corresponding components of the vector gradient fields, which are not shown.

3.3.6. Delineation of landfast ice from consecutive SAR mosaics

Although a fully automated method for delineating the SLIE proved elusive (Section 3.3.5), a
rigorous technique of manual examination of 3 consecutive SAR mosaics and a gradient
difference image was used for the purposes of this study. Sets of 3 consecutive mosaics were
examined together to identify regions of ice exhibiting a lack of motion determined by a constant
backscatter signature. The georeferencing accuracy of the data allowed us to confidently identify
motion greater than 500m. This involved a detailed manual examination of each set of 3 mosaics
by process of flickering on a computer screen. The gradient difference image was used to better
discriminate changes in backscatter in low-contrast images.
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The SLIE delineated in this fashion is a line representing the minimum offshore extent of
contiguous stationary ice during the period represented by the 3 mosaics. We distinguish
between a seaward and an inshore landfast ice edge. The latter develops during break-up when
river flooding and the development of an inshore lead, mostly in areas of bottomfast ice
(Reimnitz, 2000), can result in open water inside of the SLIE, as identified in SAR and AVHRR
imagery (see also Section 4.1). A more specific date can be assigned to the SLIE at a given
location by referring to the mean date of the first mosaic during time periods when the landfast
ice is advancing and to that of the last mosaic during periods of landfast ice retreat. Since
different parts of the landfast ice may be advancing and retreating at the same time, it is not
meaningful to attribute a single date to the entire delineated SLIE. This delineation technique
yields the shape of the SLIE and allows us to examine changes in landfast ice area over time.
However, to analyze variability in extent over space and time, we need to determine the width of
landfast sea ice relative to the coast throughout the study area.

3.3.7. Measuring landfast ice width

The measurement of landfast ice width is not as simple a task as it initially appears, since the
value yielded depends upon the direction from the coast in which the measurement is taken. A
direction normal to the coast line at the point of interest is preferable, but at convex regions of
the coast with high curvature a single direction can be both difficult to define and
misrepresentative. To overcome this, a set of transects were defined based on a fixed set of rules.
First a line of offshore points was defined such that every point on the line was 150 km from the
nearest point of land. It should be noted again that islands are excluded from this coastline, with
the exception of Barter and Herschel Island (see Section 3.3.1) Every 1 km along this line, a
point was connected by a transect to the nearest point on the coast, so that some coast points
were connected by more than one transect and others by none. Finally, unconnected points on the
coast were connected to the nearest point on the offshore line to fill-in concave regions of the
coast. The result of this process is a set of 1935 approximately coast-normal transects which
serve as a curvilinear co-ordinate system for defining the location of the SLIE. The
measurements of width along these transects are then binned into 200 groups, each representing
9 or 10 measurements, for which average measurements were calculated (Figure 3.3.4).

This approach works well for relatively simple coastlines. However, for more complex
coastlines, with deeply concave embayments, the line of offshore points must be closer to land,
which limits the width of landfast ice that can be measured. The distance of 150 km that was
chosen here strikes a balance between these two constraints. As a result, the waters of Admiralty
Bay between Point Barrow and Pitt Point are not represented and there are other small
“shadows” behind headlands where the transects do not reach. Also, on rare occasions when the
SLIE was more than 150 km from the coast (see Section 1.3.5) the measurement was truncated
(deemed of negligible effect on the following analysis). The exclusion of islands from our
coastline means that ice attached to barrier islands, but separated from the mainland is not
considered landfast ice and so is not included in the width measurement.

22



160'W |§9w 158 WIS W 156 W/IS5 W 154 W 153 W 1;szw I51W 150W 149W 148W 147W 146W 135W 134W 143W 132W 131W 130W_130W 7138 W 137W 136w 135W \
1 1 1 i

1| III'!

Smith  pgint
Bay

Island |
| |

\ | Mackenzie \, |
| \Delta
A \

-
Ct

Figure 3.3.4. 200 transects along which landfast ice width is measured. Each transect
represents a group of between 9 and 10 measurements that are averaged.

3.3.8. Identifying key events in landfast ice development

By measuring average landfast ice width at 200 coastal locations (Section 3.3.7) during 8 annual
cycles, we were able to obtain 1600 time series charting the annual development of landfast ice.
Figure 3.3.5 shows the time-series of landfast ice width and water depth at the SLIE for a
transect starting at the Colville Delta (see Figure 3.3.4 for coastal locations) for the 2001-02
cycle. Automated algorithms are then applied to these time series to determine the timing of 4
key events at each coastal location during each landfast ice cycle as defined below:

First ice on coasts. The first occurrence of more than 500m of ice at the coast is
taken to represent the time at which ice started forming, given the geolocation
accuracy of the SAR imagery.

Stable landfast ice. Stability of the landfast ice is more difficult to define. Here,
the stable period is defined as the longest period during which the SLIE occupies
water 15 m or deeper. The onset of this period is used to define key event 2.

Break-up. This is characterized by a sharp decrease in landfast ice width toward
the end of the season and its occurrence is defined by the most negative gradient
in the tail of the season once the gradient remains less than or equal to zero. It
should be noted that this doesn’t necessarily coincide with the end of the stable
period.

Ice-free coasts. Once the landfast ice width drops to less than 500m, the coast is
deemed ice-free.

The selection of these four criteria is illustrated in Figure 3.3.5 but we should note that not all
annual time series fit this pattern and determination of all key events by these criteria was not
possible for all locations in all years. This varied across the study region however, and overall
the algorithms worked best with time series from the western Beaufort Sea region. Due to
restrictions of data availability, the date of the first mosaics acquired for each annual cycle
varied. As a result, landfast ice was already present along an average of 67% of the coast in
1996, 1997 and 1998, when the first available mosaics were acquired latest in the year. In the
remaining years this only occurred in 6% of time series and so these and the entire first 3 years
are excluded from the analysis of the dates of landfast ice formation.
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Figure 3.3.5. Development of landfast ice at the Colville Delta between October 2001
and July 2002, showing features of the time series that are used to determine the
occurrence dates of four key events in the annual cycle. See text for explanation.

In all of the 1600 time series of landfast ice width, determination of the onsets of stability failed
in 8% of instances. Figure 3.3.5 shows that the depth at the SLIE at this location fluctuates
around 18 m and hence that the determination of stability can be sensitive to the depth criterion.
For this reason a depth of 15 m was chosen instead of 18 m, which is the depth suggested by the
analysis discussed in Section 4.2.3. This is also the criterion for stability used by Barry et al.
(1979b), with whose results we will compare ours in Section 4.2.4. The onset of break-up was
not determined on 28% of occasions, mostly along coasts with a narrow belt of landfast ice. Ice-
free coasts remained unobserved in less that 1% of all measurements. In all these cases, the
results were excluded from subsequent analysis.

As mentioned in Section 3.3.6, the date corresponding to a particular mosaic can be assigned to a
point on the SLIE by considering the change of SLIE position over time. Since a SLIE represents
the minimum extent of unmoving contiguous ice in 3 mosaics, we can assign any part of the
SLIE that is advancing to the date of the first mosaic. Similarly, if a part of the SLIE is retreating
then we can assign it to the last mosaic. This technique is applied to the data in order to
determine the most accurate date possible for each event. The methods described above for
determining the dates will always give the date of the first mosaics in which the event is
observed, meaning that these will inherently err on the side of being up to 10 days after the
actual occurrence. Hence, the dates used in the subsequent analysis are all shifted backwards by
5 days, allowing us to estimate an error of £5 days.

3.3.9. Calculation of mean monthly SLIE statistics
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Calculation of monthly statistics for the location of the SLIE is complicated by the fact that each
SLIE represents a period of time that may span more than one calendar month. This is due to the
~20-day period that is integral to our definition of landfast ice. Two techniques have been used
to assign the SLIE data into monthly bins. In both methods, the SLIE must first be defined
relative to the coast according the distance along a set of predefined vectors. These are shown in
Figure 3.3.4, but it should be noted that for the purposes of creating the monthly SLIEs, all 1935
transects were used without re-binning (see Section 3.3.7). The first method assigns weighted
fractions of these distances to different months according to how much of the overall time span
of each SLIE falls in those months. This is performed on each year of the study period to yield 8
mean SLIE positions for each calendar month, from which monthly minima, means and maxima
are calculated for the entire study period.

The second technique calculates the positions relative to the coast of all the SLIEs in a given
year. At each point along the coast, it is then possible to determine whether the SLIE is
advancing or retreating at any time. Since a SLIE represents the minimum extent of unmoving
contiguous ice in 3 mosaics, we can assign any part of the SLIE that is advancing to the date of
the first of mosaic. Similarly, if a part of the SLIE is retreating then we can assign it to the last
mosaic. This technique allows us to assign SLIE position data to different months without any
averaging.

In both techniques, the monthly SLIEs are drawn by connecting points defined by distances
along each of the transects. A comparison between the monthly SLIE positions calculated by
each technique for May is shown in Figure 3.3.6, from which it is clear that the greatest
differences are in the minima and maxima. There is very little difference in the location of the
mean SLIE position. The differences in the minimum positions between the two techniques are
due to the additional averaging step when assigning SLIE positions to different months.
Consequently, the absolute minimum position will not be captured. Between the maximum
positions calculated by each method, the greatest differences are in the eastern portion of the
study area, which is where large stable extensions have been observed. Method 2 does still not
capture the full extent due to the maximum length of the vectors used to measure landfast ice
width (Figure 3.3.4). Method 1 calculates an even lesser extent due to additional averaging.

Figure 3.3.7 shows the mean difference in location for each month, calculated by summing the
differences in area and dividing by the length of the coastline, which is on the order 1,000 km.
This demonstrates that differences in the mean location remain small for all months. The
differences in minimum positions are typically less than 5 km and reflect smoothing of sudden
break-outs after which the landfast ice quickly re-advances. The effect of these is somewhat
greater in April when early break-outs are more common. The greatest differences between
maximum extents occur in February, March and April, which is the time period during which
most stable extensions are observed. While the presence of stable extensions warrants further
study to understand the possible oceanographic and ecological implications, their effect on
offshore development planning is likely to be small.
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Figure 3.3.6: Comparison between the minimum, mean and maximum SLIE positions
for May calculated by two different methods.
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Figure 3.3.7: Mean difference between two methods for calculating monthly minimum,
mean and maximum SLIE position.

In consideration of all the above, we feel that the monthly SLIE positions calculated using the
first method are entirely adequate for planning purposes. Furthermore, the additional averaging
helps remove artifacts from the original data such as those shown in Figure 3.3.8, making the
results more suitable for model input. However the advantage to the second method comes with
the ability to calculate distributions and modes of the SLIE position for different points along the
coast for each month. Therefore we include the results of the first method in ArcGIS format as
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per Section 3.5 in the data distribution DVD, while the results of the second method are
presented in the detailed analysis of landfast ice extent in Section 4.2 below.

Figure 3.3.8: The landfast ice area for the period February 16 — March 8, 2000, overlain
semi-transparently on the first of the 3 mosaics of period. This shows how mosaic
boundaries, which effectively represent temporal boundaries in the image, lead to
artifacts along the SLIE.
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3.4. Ancillary data sets

3.4.1. Bathymetry

Bathymetry data were needed for the analysis of the Seaward Landfast Ice Edge (SLIE) and to
illustrate the influence of the seafloor on the characterization of common lead patterns. Regional
GIS data sets provided online by the US Geological Survey were appropriate as an aid in
describing lead characterization
(http://www.absc.usgs.gov/research/walrus/bering/bathy/index.htm), but lacked sufficient detail
for SLIE analysis. After a survey of existing data sources, it was concluded that most sources
only covered a portion of the study area or proved to be too coarse for use in SLIE analysis. As a
result, a custom binary data set was developed from several sources.

Table 3.4.1: Summary of bathymetric datasets acquired in the process of developing a gridded
bathymetry of the landfast ice study area.

Dataset Source Region
1 | GEODAS depth soundings NGDC Nearshore Chukchi and Beaufort
Seas
2 | ENC sounding data NOAA Chukchi Sea
3 | ENC sounding data NOAA Beaufort Sea
4 | Nautical chart #16082 NOAA Point Barrow
5 | Outer Continental Shelf Study MMS
MMS 2002-017
6 | Digital Ocean Chart 7662 NDI Mackenzie Bay
7 | Digital Ocean Chart 7661 NDI Demarcation Bay To Philips Bay
8 | IBCAO Sheet 3 IBCAO Arctic Ocean

The bathymetry developed for SLIE analysis is a 100-meter cell size Digital Elevation Model
(DEM) covering the offshore area from Peard Bay, Alaska to Mackenzie Bay, Canada.
Sounding point measurements from 8 different datasets were acquired (Table 3.4.1, Figure
3.4.1). Furthermore, detailed comparison of the IBCAO data with neighboring soundings from
the NOAA data sets showed significant differences in some locations. These disparities were not
consistent, but appear limited to water depths deeper than 100 m. In addition, the IBCAO data
points are densely spaced along contours, which bias the overall bathymetry to these depths.
Therefore, certain points were excluded from the datasets according to two criteria. First, the
IBCAO contours shallower than 100 m were discarded to eliminate the bias in the waters most
commonly occupied by landfast ice. Second, the sounding points from datasets 2 and 3 that lay
offshore of the IBCAO 100 m isobath were removed.
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Figure 3.4.1: Bathymetry data sources for landfast ice analysis.

This yielded over 39,000 points distributed unevenly across the study area grid. Thirty thousand
(30,000) of these soundings were from dataset 1 (GEODAS) and lay densely spaced in the
nearshore zone of the Alaska Chukchi and Beaufort Seas (Figure 3.4.1). The points from dataset
8, IBCAO sheet 3,) were also densely spaced but only along isobaths (every 100 m between
100m and 500 m, and every 500 m between 1000 m and 3500 m). In order to produce a more
even distribution and also to reduce the computation time, these points were then thinned so that
no data point lay within 1 km of another data point. This resulted in 24,438 points. To produce
the final gridded bathymetry data, an inverse distance weighting algorithm within IDL was
applied to these points. The result is shown in Figure 3.4.2. Many different techniques were
tested including kriging, co-kriging, topogrid and inverse distance weighted routines within
various modules of ESRI’s ArcInfo, ArcGIS and ArcView software as well as equivalent
algorithms within IDL. Although rigorous statistical comparisons were not performed, there
were no apparent significant differences between output from ESRI software and IDL and the
adopted IDL algorithm proved the most efficient method to generate an acceptable product.

500 m
- 3,000 m

200 km

Figure 3.4.2: Radarsat study area bathymetry. The color scale indicates water depth
between 0 and 100 m, with black contours at 10, 30, 40 and 50 m depths. The 20 m
depth contour is shown in red. Beyond 100 m, black and gray contours are used at 50 m
and 500 m intervals respectively.
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It should be noted that the effective spatial and bathymetric resolutions of the grid vary due to
the different datasets used in different areas (Figure 3.4.1). In particular, water depths less than
100 m will be better resolved than those deeper than 100 m. Also, due to lack of data, the spatial
resolution deeper than 50 m northwest of the Mackenzie Delta is effectively coarser than
elsewhere. These aspects of the DEM only have a small impact on the waters that landfast ice
typically occupies, hence we believe the product is adequate for the purposes of analyzing
typical relationships between water depth and landfast ice extent. We also note that the 20 m
isobath in Figure 3.4.2 lies up to 20 km further offshore when compared with the corresponding
IBCAO isobath in the region between the eastern end of Barrow Canyon and western side of
Harrison Bay. In this region, the water depths in Figure 3.4.2 were interpolated entirely from
NOAA ENC soundings (dataset 3). Therefore, without the original soundings from which the
IBCAO data were interpolated, we give more credence to the NOAA soundings and have more
confidence in our bathymetric grid in this region.

Therefore, the 100-meter DEM shown in Figure 3.4.2 should be considered a working product.
Other regional initiatives are also striving to compile more detailed bathymetry for the Chukchi
and Beaufort Seas. These include the Barrow Coastal Observatory, the Arctic Observation
System and the Alaska Ocean Observing System. The Hawaii Mapping Research Group based
out of the University of Hawaii at Manoa is currently processing multibeam surveys conducted
from the 2005 Healy cruise, plus other data sources in an effort to create an improved grid. Such
efforts should eventually yield an improved data set.

3.4.2. Objective Synoptic Classification of Sea Level Atmospheric Pressure Patterns

Daily mean sea level pressure fields were acquired from the National Centers for Environmental
Prediction (NCEP) over an area extending from 55 °N to 80 °N and 180 °W to 120 °W. All data
available up to the end of the study period were acquired, from 1948 to 2004. An objective
classification scheme was used to identify key daily pressure patterns (Barry, 1976; Barry, 1979;
Kirchhofer, 1974; Serreze and Etringer, 2003). In this scheme, each daily field is normalized by
its own mean and standard deviation and then the sum of the square of the differences was
calculated between all pairs. The same technique is then also applied to generate difference
values for subregions of fields. Pairs of daily pressure fields with difference values below certain
thresholds are deemed similar. Individual fields with more than 5 other fields similar to them are
identified as characteristic patterns (CPs), which collectively describe the most important
patterns in terms of describing to overall variability of sea level pressure. Other fields are then
assigned to the CP with which they share the lowest difference value. The CPs are then placed in
order so that CP 1 has the most fields assigned to it. The threshold difference values are chosen
subjectively and can be adjusted to determine the number of CPs identified. In this study we
chose the same values as Barry (1979) and obtained 60 CPs characterizing the 20,820 daily fields
between 1948 and 2004.

3.4.3. Freezing and thawing degree days
In addition to the examining the surface pressure patterns, we also examined NCEP surface air

temperature data to calculate accumulated freezing and thawing degree days. Freezing degree
days (FDDs) are calculated by summing the daily mean air temperatures of days with mean
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temperature below freezing since the onset of freezing. We define the date of the onset of
freezing as being the first day with an average temperature below zero that is also the first day of
a 30-day period that has an average temperature below 0 °C. Thawing degree days (TDDs) and
the onset of thawing are defined similarly for days with temperatures above 0 °C.
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3.5. Dissemination and archival of resultant data sets

All project data were processed to the standard Alaska Statewide Albers map projection and
federal datum standard to promote data integration. These project data include remotely sensed
imagery, specifically AVHRR scenes and RADARSAT mosaics in GeoTIFF format plus ArcGIS
grids, shapefiles and vector-based geodatabases. Following are the detailed projection and
datum parameters:

Map Projection Name: Albers Conical Equal Area
Standard Parallel: 55.000000

Standard Parallel: 65.000000

Longitude of Central Meridian: -154.000000
Latitude of Projection Origin: 50.000000

False Easting: 0.000000

False Northing: 0.000000

Planar Coordinate Information
Planar Distance Units: meters
Coordinate Encoding Method: coordinate pair

Coordinate Representation
Abscissa Resolution: 0.002048
Ordinate Resolution: 0.002048

Geodetic Model

Horizontal Datum Name: North American Datum of 1983
Ellipsoid Name: Geodetic Reference System 80
Semi-major Axis: 6378137.000000

Denominator of Flattening Ratio: 298.257222

This project required processing a large volume of imagery and derived data. Over 1000
Radarsat data granules were acquired and processed into image mosaics in GeoTIFF format
spanning the study area. Radarsat mosaics, derived GIS SLIE delineations and monthly averages
total nearly 11 GB worth of data for the ice seasons beginning in the Fall of 1996 through Spring
of 2004. 385 AVHRR scenes were acquired and processed into GeoTIFF format as well. A total
of nearly 3 GB of AVHRR imagery and derived GIS data were produced for 1993-2004 ice
seasons.

Standard naming conventions were adopted as an aid for data management and to address the file
naming constraints of ArcGIS grid and coverage data formats. The final deliverables for the
project include data in ArcGIS grid format that imposes a 13-character file limitation that was
taken into consideration in developing the naming conventions. The file names rely on the use
of the directory structure to organize the files in individual folders by year. Individual file names
incorporate the number associated with the day of that year for each of the data sets. Detailed

32



information on the file naming conventions is available on the project web site and in the
metadata files.

In addition to the ArcGIS grids requested in the original RFP, ArcGIS shapefiles and vector-
based geodatabases were prepared. The geodatabases organize the SLIE and lead data by ice
season, plus include monthly SLIE minimum, mean, maximum and median data. Ancillary GIS
data compiled for this project include depth sounding points (over 412,000 points) and
bathymetry data (100 meter and 1 kilometer grids.) FGDC XML metadata templates have been
associated with each data set.

These geospatial data sets and associated metadata, plus lead statistic summaries, are available
on a password protected web site hosted by the Geographic Information Network of Alaska
(GINA) at the University of Alaska Fairbanks. This project web site organizes resultant data sets
by ice season and is accessible at: http://mms.gina.alaska.edu. The site proved to be a useful
tool for sharing data products and ongoing progress with the MMS contracting officer.
Processed imagery, ArcGIS data (prepared in version 8.3) and associated Federal Geographic
Data Committee (FGDC) metadata hosted on this site will be ingested into the FGDC
clearinghouse at GINA once a final agency review is completed. The archives at the National
Oceanographic Data Center (NODC) and National Snow and Ice Data Center (NSIDC) will be
notified of these products as well to foster further dissemination through the creation of project
catalog pages and harvest of standard FGDC metadata.
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4. Results

4.1. Mapping of lead distribution and morphology

4.1.1. Seasonal, interannual and regional variability in lead areal fractions

The total lead fraction averaged by month for the entire study area is shown in Figure 4.1.1.
While there is substantial interannual and regional variability, most years nevertheless exhibit a
distinct seasonal cycle with lead fractions above 0.02 in December and January and peaking at
0.10 in June. Minimum lead fractions in February coincide roughly with the lowest temperatures,
typically found in the last week of February or first week of March based on Barrow surface air
temperature climatology (Alaska Climate Research Center, 2005, climate.gi.alaska.edu). Also,
there is a marginally significant, inverse correlation between the accumulated number of freezing
degree days and areal lead fractions in the Barrow subregion. The distribution of leads shows a
distinct regional pattern, with the region west of Point Barrow (Figure 4.1.2) exhibiting the
highest lead fractions during winter. The smallest lead fractions were found consistently in
subregions 5 (Harrison Bay) through 7 (Prudhoe Bay), with values lower than those for the
westernmost subregions by a factor of 2 to 4. The easternmost part of the study region off the
Mackenzie Delta exhibits lead fractions that typically range at roughly half of the values in the
westernmost subregions during winter and then increase to 0.1 and above in May and June
(Figure 4.1.3, see also Table 4.1.1) with the opening of large leads and coastal polynyas off the
Mackenzie Delta. As indicated in Figure 4.1.2, interannual variability in the observed wintertime
lead areal fraction is substantial and highest in subregions 1-3. In May and June, interannual
variability is highest in the easternmost part of the study region. This interannual variability is
partly due to differences in cloud cover and availability of imagery suitable for analysis, such as
in 1994-95 and 1998-99 when only 21 and 19 images, respectively, were available for analysis,
resulting in potential bias for low open water fractions in the winter months. However, the
broader regional patterns, such as minimum interannual variability in subregion 4 (Smith Bay)
and maximum variability west of Point Barrow for December through April and off the
Mackenzie Delta for May and June, hold up to further scrutiny. These regional variability
patterns are also manifest in monthly mean lead distributions (Figure 4.1.3), with December and
May exhibiting the strongest regional contrast (see also Table 4.1.1).
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Table 4.1.1: Mean and standard deviation (o) of lead areal fractions, number densities, and size
parameters for all years (1993-2004).

Entire Study West West-Central | East-Central Subrf?slzs lo.
Area Subregions 1-3 | Subregions 4-6 | Subregions 7-9 gl2
Dec- | May- | Dec- | May- | Dec- | May- | Dec- | May- | Dec- | May-
Parameter Apr |J uny Apr |J uny Apr |]J uny Apr |J uny Apr |J uny
Areal Fraction % | 1.9 7.6 34 7.2 1.3 3.6 1.3 4.4 1.7 14
o 1.7 6.2 3.3 4.4 1.5 3.1 2.1 4.3 2.5 16
N“gg%rlﬁrz‘)my 06 | 23 | 09 | 20 | 06 | 21 | 05 | 25 | 04 | 25
o 0.4 1.4 0.7 1.3 0.5 1.4 0.6 2.0 0.5 2.0
Area (km?) 36.0 | 42.0 | 60.5 | 79.5 | 38.7 | 419 | 47.7 | 82.6 | 31.2 | 115
o 28.6 | 404 | 67.7 | 137 | 61.2 | 49.7 | 144 188 | 45.7 | 298
Perimeter (km) 234 | 179 | 30.0 | 23.1 | 23.8 | 19.0 | 22.6 | 19.9 | 18.8 | 23.7
o 8.1 3.6 17.8 | 11.5 | 18.6 6.4 28.9 | 17.7 | 184 | 10.7
Major Axis (km) | 7.4 5.6 8.7 6.7 7.3 5.8 6.8 5.9 5.9 6.7
o 2.0 0.8 4.0 3.5 3.9 1.6 5.5 3.1 5.3 2.0
Minor Axis (km) | 2.5 2.4 3.0 2.6 2.3 2.3 2.1 2.4 1.9 2.8
o) 0.40 | 0.33 1.0 | 0.79 | 0.68 | 0.33 1.0 1.2 1.3 1.0
Number of 203 | 68 | 202 | 66 | 203 | 68 | 203 | 67 | 202 | 67
Scenes

Areal fraction: total surface area of leads divided by total surface area of the subregion; Number density: total number of leads divided by total
surface area of subregion; Area: surface area of individual leads; Perimeter: perimeter (circumference) of individual leads; Major and minor axis:

major and minor axis of an ellipse that provides the best fit to the lead outline; Number of scenes: number of scenes in which subregions were
cloud-free and could be analyzed.

0.105 4

0.090 -

=
=
=
o

0.060 -

Fraction of Leads

=
=
=
o

0.0350 1

0.015 1

0.000

—s— Mmean —s—standard desdation

Figure 4.1.1. Monthly mean lead fractions and standard deviations for the entire study
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36



4.1.2. Regional and seasonal variability in number density and size of leads

The number of leads was determined for each subregion through automated counting of
contiguous lead areas (as seen, e.g., in Figure 4.1.2). Each lead was only considered once based
on the location of its centerpoint (center of ellipse fit to lead outline). Typical lead numbers for
the entire study area ranged between few tens to several hundreds in winter and early spring to
more than one thousand in May and June. From these data sets, lead areal densities have been
computed (number of leads per km™ of ocean area). The seasonal cycle of lead number density
closely follows that of lead areal fraction (Figure 4.1.5) with a linear correlation coefficient of
R=0.67 between the two variables. Lead number density increases substantially from mid-April
onwards. In winter (December-April), lead number densities are highest in the westernmost part
of the study area, with minimum values in the west central and east central sectors, while in
May-June maximum values are found in the easternmost sector (Table 4.1.1).

As indicated in Figure 4.1.6, at least part of the data conforms to a power-law type relationship
between lead size (major axis of best-fitting ellipse dn;) and lead number density Nj. The entire
data is best described by

N,=0.0675d,*
The magnitude of the power-law exponent b is somewhat higher for our data set than the values
of b between 1.5 and 1.7 found by Lindsay and Rothrock (1995) for lead width (measured along
a randomly projected line) for 40,000 km? cell sizes. Estimates of b obtained from submarine
transects at higher spatial resolution range between 2 and 2.29 (Wadhams, 1981; Wadhams et al.,
1985). A distinct separation of data points for the winter/early-spring and the late-spring/summer

regime is apparent in our data set, reflecting the lead regime discussed in more detail in Section
5.2

Several variables have been determined to describe the morphology and size of individual leads.
These include the lead area, perimeter, and the major and minor axis lengths of a best-fitting
ellipse as shown in Table 4.1.1. As is evident from Figure 4.1.2 and Figure 4.1.3, leads extend
over a broad range of sizes and hence mean lead area or perimeter, as well as other size
parameters, are of lesser value in quantifying and distinguishing between different lead regimes.
Overall, mean lead area is linearly correlated with lead perimeter (R = 0.88 for December-April
and 0.68 for May-June) as well as width lead major axis (R = 0.71 for December-April and 0.63
for May-June). With leads typically narrow and irregular in shape, lead minor axes exceed the
pixel size only by a factor of two to three, with lead (ellipse) aspect ratios averaging at 3.0 in
December through April and 2.3 in May and June. The regional contrasts apparent in Table 4.1.1
are marginally significant and mostly reflect the appearance of large coastal leads and polynyas
in the western and eastern subregions of the study area.

The size distribution (lead area) derived from all individual measurements for lead sizes <500
km? is plotted in Figure 4.1.7. The lead area distribution is well described by a power-law type
relationship:

December-April: f(A)=9.0721 A"

May-June: f(A)=10.275 A7"*
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and there is no indication of a change in slope towards smaller bin sizes that would have been
indicative of a log-normal distribution. Note that the lower frequency of the smallest bin size
(which includes single-pixel leads) is a result of the morphological filtering of scenes to reduce
image noise. The power-law distribution is also borne out by field observations (see, e.g., Figure
4.1.3) and studies of high-resolution imagery, suggesting (multi-)fractal size distributions at the
scales relevant for this study. The differences between the winter and late spring (May-June) area
distributions are significant at the 95%-level and indicate that despite an overall increase in lead
areal fractions, the size distribution is dominated by the increase in the number of smaller leads
in late spring and early summer.
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Figure 4.1.4. Seasonal cycle of lead number density shown for the entire study for all
years (1993-2004).
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Figure 4.1.5. Mean lead number density plotted as a function of mean lead major axis
(best-fitting ellipse) for all years (1993-2004). A best-fit power-law function is also
shown, along with the power-law type relationship found by Lindsay and Rothrock
(1995) in their data.
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Figure 4.1.6. Lead area frequency distribution for all leads for all years (1993-2004) for
December through April and May and June. Note that due to their small number, leads
>500 km” have been excluded from the analysis. The frequency of the smallest bin size
(0-5 km?) is affected by the morphological filtering of the original data to reduce image
noise (see Section 4.1.1). Lines indicate power-law fit to the data set.
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4.2. Landfast ice variability and stability

4.2.1. Location of the SLIE

As described in Section 3.3.6, SLIEs were delineated using a combination of 3 consecutive
Radarsat mosaics and the corresponding gradient difference mosaics. Consequently, for each
season, there were 2 fewer SLIEs identified than there were mosaics available. Figure 4.2.1
shows the position of all 222 SLIEs obtained over all 8 annual cycles. The lines representing the
SLIEs were widened to 1 km and then stacked so that the value at a point, indicated by its grey
value, represents the relative frequency with which a SLIE occurred at that location and can be
viewed as a measure of SLIE stability. When all the SLIEs are combined in this fashion, a zone
of preferred locations is readily apparent, within which are nodes of greater stability. The
locations of the nodes are indicated by the dotted ellipses in Figure 4.2.1.

In Figure 4.2.2 the landfast ice areas shoreward of each SLIEs are stacked by year such that the
grey value indicates the relative frequency with which landfast ice was observed at any point in
the study area in each annual cycle. The individual SLIEs for each year are overlain in black and
thus have the appearance of frequency contours. The nodes shown in Figure 4.2.1 are indicated
by regions at which SLIEs converge and it can seen that there are some nodes that appear each
year while others move or are absent in some years. The strong correlation between the 20m
isobath and such nodes and the overall concentration of SLIEs suggests that these nodes
correspond to locations where the SLIE is pinned by grounded ridges. The role of bathymetry in
confining the SLIE will be examined in more detail in Section 4.2.3, though the interannual
variability in the position and presence suggests that bathymetry is not the only important control
on regional landfast ice extent.

The maximum extent of landfast ice in each year is indicated by the darkest areas, which show
obvious interannual differences. During 4 different annual cycles, vast extents of motionless ice
were identified, which we refer to as stable extensions following Stringer et al. (1980). Although
others have also observed similar features (Barry, 1979; Barry et al., 1979b) they have not
typically been considered part of the landfast ice. We include them here in keeping with our
definition (Section 3.3.1) and discuss them in more detail in Section 4.2.5. Some SLIEs in Figure
4.2.2 appear to have irregular and jagged edges. These result from boundaries between the parent
images within a mosaic that effectively represent temporal discontinuities and are unavoidable in
a study area greater in extent than the swath-width of the Radarsat imagery. Figure 3.3.8 shows
an example of their origin.
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Figure 4.2.1: All 222 SLIEs stacked so that the color value of a line indicates the relative frequency with which the SLIE
occurred at that point during the 8-year study period. A white zone of preferred occupation is evident, within which are
discrete nodes where the SLIE is more stable. a) The black line shows the 20 m isobath and the orange ellipses indicate the
locations of prominent nodes. b) The end-of-season SLIE locations as derived by Barry et al. (1979) and Stringer e? al.
(1980) shown in yellow and red respectively
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Figure 4.2.2: The position of all SLIEs for each year, with the landfast area of each stacked such that the grey shade of the area
represents the fraction of the annual cycle (October-July) for which that area was occupied by landfast sea ice. The numbers 1-4
indicate the locations of the zones described in Section 4.2.1. The darkest shades indicate the maximum extent of landfast sea ice in

that year. The dotted area indicates where landfast ice was never observed. The black lines indicate the locations of the individual
SLIEs.
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Across the study area, there are strong contrasts in landfast ice extent and the density of SLIEs,
which allow certain zones to be distinguished. These zones are shown in Figure 4.2.2. Perhaps
the most apparent boundary between two such zones occurs at Point Barrow (see Figure 3.3.4 or
FOLD_OUT MAP for coastal locations). To the west of Point Barrow, in the Chukchi Sea (Zone
1), the landfast sea ice occupies a much narrower strip and the SLIEs appear much more densely
spaced than to the east in the western portion of the Beaufort Sea (Zone 2). Zone 3 extends
between Barter and Herschel Islands, where the landfast ice extent and variability resemble that
of the Chukchi Sea except when large stable extensions of landfast ice occur, which dominate the
overall variability. East of Herschel Island is a fourth zone, in which the ice is influenced by the
Mackenzie River and the coastline of the Mackenzie Delta, most of which lies beyond our study
area.

4.2.2. Monthly landfast ice extents

Although Figure 4.2.2 is useful in delineating interannual variability in the location of the SLIE,
it provides no information on the changes that take place during the annual cycle. Such
information is partly contained in maps of mean, minimum and maximum monthly landfast
extent (Figure 4.2.3). These were calculated by assigning each width measurement of each SLIE
(Section 3.3.7) to a calendar month and calculating monthly statistics for each coast point.
Monthly SLIEs were then redrawn drawn from the mean width measurements. It should be noted
that widths are truncated by the maximum length of the coast vectors, which will affect the
maximum extents and, to a lesser degree, the mean extents during those months when vast stable
extensions occurred. The jagged extension of the maximum SLIE north of Herschel Island in
February results from a mosaicking boundary as described in Section 3.3.9. In the shoulder
seasons, those regions not adequately captured by the SLIE width measurement technique
(Section 3.3.7) show up as anomalous regions of permanent landfast ice.

Figure 4.2.3 illustrates the mean annual cycle and its variability across the study area. It can be
seen that the landfast ice grows gradually from October through to February and the monthly
mean extent is greatest in March and April for most of the study area except for the central
portion of zone 2 (see Figure 4.2.2 for zone locations), where it is greatest in May. During March
and April, there is the greatest difference between the monthly mean and maximum extents,
which reflects the occurrence of stable extensions (Section 4.2.5) during these months. The real
extents of these stable extensions do not appear in Figure 4.2.3 for the reasons discussed above,
but they can be seen in Figure 4.2.2, although this does not indicate at what time of year they
occur.

The advance of landfast ice is not a continuous process and can involve many stages of
formation, break-up and reformation. Hence, except in October when the landfast may not have
had time to form and break-up, the monthly minimum SLIE corresponds to most severe break-
out that was observed in any month. Figure 4.2.3 shows that up until March, the minimum SLIE
position advances behind the mean indicating that break-outs become less severe. However,
beginning in April, parts of coast have the opportunity to experience severe break-outs again.
This is most obvious in the western Beaufort Sea between the Colville Delta and Point Barrow,
which suggests this region is more susceptible to these kinds of events. By contrast, the area
north of the Harrison Bay remains stable until June and in fact represents the seaward-most
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monthly minimum position of the SLIE. The tip of this area corresponds to one of the nodes that
can be seen in Figure 4.2.1 and lies above a shoal of shallow water. Water depth at the SLIE is
discussed next.

December

June . July i

Figure 4.2.3: Minimum, mean and maximum monthly mean landfast sea ice extents
showing the change in landfast ice distribution in the study area through the annual
cycle. The dotted area indicates where landfast ice was never observed. See text for
details on calculating these SLIE positions.

4.2.3. Water depth at the SLIE

Compilation and interpolation of the bathymetric sounding data used in this study is discussed in
Section 3.4 and resulting bathymetric DEM is shown in Figure 3.4.2. Of particular interest is the
20m isobath, which is shown in red and has often been noted to coincide with consistent SLIE
locations in this region (Stringer, 1980; Kovacs, 1976; Shapiro, 1975, 1976; Reimnitz, 1974). Its
overall position and shape resemble those of many of the 222 SLIEs delineated in this study,
although this resemblance varies throughout the year and across the study area. Using this
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bathymetric grid, the variability of water depth at the SLIE has been measured using the same
transects used to measure the width of the landfast ice (Section 3.3.7). Hence, we can also
examine the spatial variability and annual cycle of landfast ice in terms of water depth at the
SLIE.

In Figure 4.2.1 and Figure 4.2.2, the relative stability of the SLIE position can be inferred from
the relative frequency and spatial density of SLIEs. Similarly, we assume that water depths in
which the SLIE is most frequently observed correspond to depths in which the SLIE is most
stable. Figure 4.2.4 shows the distribution of water depths that the SLIE occupies in each of the
zones identified in Section 4.2.1 and how this varies through each month of the annual cycle. In
each zone, the SLIE advances into deeper water and the histograms evolve toward a uni-modal
distribution by the end of winter. However each zone differs according to depth of this mode and
the time of year in which it is achieved. These differences are summarized in Table 4.2.1. These
depths are useful indicators of stability of the landfast ice, since the histograms do not change
significantly once the mode has reached such a depth. However, in keeping with the work of
Barry et al. (1979b) and to reduce the sensitivity of the criterion, a depth of 15 m was chosen to
the indicate the onset of stabilization (Section 3.3.8)

Table 4.2.1: The modal water depth at the SLIE at the end of winter for each zone and the month
in which this distribution is achieved

Zonel |Zone2 |Zone3 | Zone4
Final modal water depth at SLIE | 19 m 18 m 22 m 16 m
Month achieved April January | February | March

As with the development of landfast ice area, the advance of the SLIE into deeper water is more
gradual than its retreat at the end of the annual cycle. Also, advancement to these water depths is
not a continuous process. At the beginning of the annual cycle, the distributions in all zones are
multi-modal with the strongest modes in shallow water. Through the first few months, however,
deeper modes develop at the expense of the shallow modes. Hence, the SLIE appears to advance
from one stable water depth to the next in order to reach it final modal depth. Furthermore, the
October and July distributions are strikingly similar for all zones. This suggests that although the
retreat is more rapid, the SLIE appears to re-occupy the same water depths as during its advance.
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Figure 4.2.4: Monthly histograms of water depth at the SLIE for each of the 4 zones
identified in Section 4.2.1 and shown in Figure 4.2.2. Depth bins are 1 m.
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Figure 4.2.5: The modal water depth at the SLIE indicating the depth at which the
landfast ice is stable for each coast location and each month. The x-axis represents the
200 coast locations from west to east. Note that this is not a linear axis (see Figure
3.3.4). The grayscale indicates the relative frequency with which the SLIE is located in
a given water depth for each location and month, but note that the very deepest waters
beneath stable extensions (Section 4.2.5) extend beyond the axes. Teal shaded areas are
used to indicate the extents of the 4 previously identified zones (Figure 4.2.2).

More detailed spatial variability of water depths at the SLIE is shown in Figure 4.2.5, which
shows the monthly mode and range of water depths occupied by the SLIE as measured along
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each transect (Figure 3.3.4). The deepest water frequently occupied by the SLIE occurs near
Point Barrow (in the upper portion of Barrow Canyon) and in the Mackenzie Channel between
Herschel Island and the Mackenzie Delta. In both these locations, the sea bed slopes steeply near
the coast (Figure 3.4.2), which together with spatial alignment errors in the data may explain the
increased scatter in these parts of the coastline in Figure 4.2.5. The maximum water depths
indicated in Figure 4.2.5 clearly show that the SLIE occupies deeper water at other locations, but
these depths correspond to the occurrences of stable extensions (Section 4.2.5) and cannot be
considered typical. Although the modal water depth curves in Figure 4.2.5 appear noisy, the
envelope of each curve is relatively smooth, suggesting that isolated small sections of the SLIE
are stabilized in deeper water at the same depth. Furthermore throughout the first few months,
more points advance to water depths indicated by the envelope of the previous month. This
suggests the intervening sections of the SLIE advance alongside those that stabilized first at that
water depth. This therefore seems to be the mechanism by which the SLIE advances from one
modal water depth to the next.

The significance of the modal water depths indicated in Figure 4.2.4 and Table 4.2.1 is made
clearer in Figure 4.2.5, particularly in zone 2. Before the majority of the SLIE in each zone
advances to these depths, very little of the SLIE extends into deeper waters. However, there is a
clear transition once a significant fraction of the SLIE occupies the modal water depth. It is only
after this that landfast is commonly found in water deeper than the modal depth and is rarely
found in shallower water. This is a further indication that stability is strongly linked to
bathymetry.

4.2.4. Key events within the annual cycle

The mean annual cycle can be described by the monthly averages as in Figure 4.2.3, but it is also
informative to examine the variation in width at individual points along the coast. In doing so,
we can examine the annual cycle in finer detail and also consider interannual variability. As
described in Section 3.3.7 we calculated landfast ice width at 200 locations along the coast. Time
series over all 8 years at 5 of these locations are shown in Figure 4.2.6. Eight annual cycles are
clearly seen, each with an asymmetric shape showing a gradual advance and rapid retreat. Short-
term variability observed in many of the profiles is discussed in Section 4.2.5.

For each of the 5 time series shown in Figure 4.2.6 and the 195 others throughout the study area,
we have derived mean occurrence dates of the 4 key events as described in Section 3.3.8. These
are presented in Figure 4.2.7, in which we see can that there is both regional and local variability.
Broadly, the date-curve for the first occurrence of ice is u-shaped, with landfast ice typically
forming first in zone 2 and later in the zones to the east and west. We see the inverse pattern (n-
shaped curve) in the timing of break-up and ice-free conditions across the study area, which
shows that the effects of spring begin earliest in those areas where the effects of winter are felt
latest and vice-versa. Figure 4.2.7 also shows the variation in the onsets of freezing and thawing
(Section 3.4.3). The freezing date curve has a similar u-shape to that of the first occurrence of
ice, though less pronounced. The thawing date curve also bears a similar likeness to the date
curves for break-up and ice-free coasts. The similarities in shape between the dates curves for the
onset of freezing and first appearance of ice and between those for the onset of thawing, break-
up and ice-free coasts suggests that air temperature is at least partly responsible for determining
the length of the landfast ice season. However, the curvature of the date curves for the onsets of
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freezing and thawing is insufficient to completely explain the u- and n-shaped date curves of key
events 1, 3 and 4. It is therefore likely that other regional differences are also important such as
the influence of the Bering Sea in zone 1, the barrier islands and broad shelf of zone 2 and the
effect of the Mackenzie River in zone 4. These and other causes of spatial variability across the
study area are discussed in Sections 5.2.1 and 5.2.2.

1997 1998 1999 2000 2001 2002 2003
Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr
30 km —T T f T T T T T T T T T 7

20 km
10 km
0 km

Peard
Bay

12 km
8 km
4 km
0 km

Point
Barrow

120 km —T — —T T

Colville
elta

0 km
18 km
T 12 km
6 km
0 km

Barter
Islan

120 km T T T T T T T T T T T T T
gso km |
[+F] L "
Reown | | /] v

Ok L 1 1 L 1 1 1 1 1 L L 1

mOct Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr Oct Apr
1997 1998 1999 2000 2001 2002 2003

Mackenzie

Figure 4.2.6: Time series of landfast ice width at 5 locations along the coast, showing 8
annual cycles as well as short-term variability. Note the different scales on the width
axes. Locations of the profiles are shown in Figure 3.3.4.

The date-curve for stabilization of the landfast ice is not shaped like the others and has far
greater standard deviations, though it bears the greatest resemblance to the date curve for event
1. There are clearly some regions of the coast that stabilize significantly before others and
overall, most of zone 2 appears to stabilize first beginning with Prudhoe Bay. There is also some

evidence of a saw-tooth pattern with stabilization progressing westward from those locations that
stabilize earliest.
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In addition to broad regional trends, we also see higher frequency spatial variability related to
coastal morphology and bathymetry. For example, in the shelter of Peard Bay, landfast ice forms
significantly earlier than on the coasts nearby, though the effect of the inflow of the Kugrua
River here is not known. In addition, the earliest points to stabilize correspond to the locations of
shoals (Figure 3.4.2). Such signals can be distinguished from scatter in the data by examining the
standard deviations. Furthermore, differences in the magnitude and character of the high-
frequency spatial variability in the date-curves appear to correspond to the 4 coastal zones
identified in Section 4.2.1. This is most obvious in the case of zone 2, where the standard
deviations and range of dates are smallest and the mean date-curves are smoothest (with the
exception of the date curve for stabilization). This indicates that the landfast ice of the western
Beaufort Sea has the most regular and uniform annual landfast ice cycle. In zones 1, 3 and 4 by
comparison, the standard deviations are higher as a result of greater interannual variability and
the impact of coastal morphology and bathymetry on the signal is stronger.
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Figure 4.2.7: Spatial variability in the dates of occurrence of 4 key events in the annual
cycle and the onsets of freezing and thawing derived from surface observations. The
bold lines indicate the mean of the 8-year study period and the dashed lines indicate +1
standard deviation from the mean. The x-axis represents the 200 coast locations from
west to east (see Figure 3.3.4) and the shading indicates the extents of the 4 zones
identified in Section 4.2.1

The degree of spatial variability in the key event dates relative to the dates of inset of freezing
and thawing indicates that there is no single relationship between the accumulation of FDDs and
TDDs and the occurrence of the 4 key events. Figure 4.2.9 shows the mean for each zone of the

51



degree days accrued at the time of each key event and the standard deviations. It is clear that
zone 1 requires more FDDs to acquire its first ice than the other zones and less TDDs to incur
break-up and ice-free conditions. Also shown are the means of those points within each zone
located on headlands or open coasts and those in embayments or lagoons. These suggest that at
least part of the variability can be explained by coastal morphology. In zones 1, 3 and 4 landfast
ice generally forms before and breaks-up after ice on headlands, as one would expect. The effect
of coastal morphology in zone 2 is less pronounced and in fact reversed, which perhaps suggests
that offshore bathymetry is more important in this zone.
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Figure 4.2.8: The mean number of freezing or thawing degree days in each zone
accrued at the time of each event. The results are also broken down according to
whether a point on the coast lies on a headland or in an embayment. The shaded area
indicates one standard deviation either side of the mean for all points.

Examination of the occurrence dates at all locations throughout the study period reveals no
strong temporal trends. However, to examine longer term changes, Table 4.2.2 lists the mean
occurrence dates for each event for each zone along with the results of (Barry et al., 1979b) for
the period 1973-77. However, this comparison is complicated by the use of different
methodologies and conventions. Of the 8 events (Barry et al., 1979b) identified, we have chosen
the 4 that most closely match ours. We also assume that their Central Chukchi and Central
Beaufort regions correspond to our zones 1 and 2 respectively. From this, it seems that the
formation of landfast ice is taking place along the Chukchi Coast approximately one month later
than between 1973-77, with little change along the central Beaufort Sea Coast. However, each
date calculated in this study has an error of approximately +5 days, while Barry et al. (1979b)
give an estimate error of £10 — 15 days to their means. Table 4.2.2 also gives the mean of the
standard deviations at each point with in a zone as a measure of the mean interannual variability,
which is particularly large for formation of landfast ice along the Chukchi Coast in this study.
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Taking this into account, the apparent latening of the formation of landfast ice along both coasts
is within the range of uncertainty.

Table 4.2.2. Mean occurrence dates (1996-2004) for the first appearance of landfast ice,
stabilization, break-up and ice-free conditions calculated for each zone. Also given is ¢’, the
mean standard deviation due to interannual variability at each coast point for each zone. For
comparison, the results for events most closely matching ours are shown from work by Barry et
al. (1979b) for 1973-77.

This study Barry et al. (1979b)

Zone | Zone | Zone | Zone | All Central Central
1 2 3 4 zones | Chukchi | Beaufort
Dec | Oct Nov | Nov | Nov .
First | Mean | . 25 04 9 7 Early Mid First
Ice* November | October continuous
o’ 31.8 | 9.6 114 | 175 | 164 fast ice
Feb | Jan Jan Jan Feb .
Mean Stable ice
ISthlble 23 22 28 27 01 Feb Jan/Feb | inside of 15
o’ 419 |30.1 [32.6 |349 |34.1 m isobath
Jun |Jun |Jun | May |Jun First
Break | M@ (o4 |11 |04 |26 |06 openings
u Jun 10 Jun 30 and
P e 139 [142 [137 | 126 | 146
movement
Jun Jun Jun Jun Jun
Mean Nearshore
IFcreee 18 124 124 106 |18 |05 Aug 01 | largely free
c’ 12.7 | 8.4 12.6 |10.2 | 104 of fast ice

*1996-1998 omitted from analysis (see Section 3.3.8)

The indication from Table 4.2.2 is that the timing of stabilization has not changed greatly, though
the dates given by (Barry et al.) for this event are not specific. Break-up appears to be occurring
earlier along both coastlines, but along that of the Chukchi Sea the difference is only 6 days,
which is less than the estimated errors. Along the Beaufort Sea coast though, the difference is 21
days. However, although the description given for “first openings and movement” qualitatively
matches the first sudden decrease in landfast ice area, which defines break-up in this study, the
dates given for this study are an average of the dates calculated for all coastal points within each
zone. Instead, it may be a more appropriate comparison to calculate the mean date on which the
landfast ice first breaks up in each zone. This gives a break-up date approximately 3 weeks
earlier than the dates in Table 4.2.2, which would represent a significant shortening of the stable
landfast ice period.

Ice-free coastlines appear to be occurring over a month earlier along the Beaufort Sea coast and
approximately 2 weeks earlier along that of the Chukchi Sea. In the case of the Chukchi Sea, this
is toward the outside of the uncertainty range, but maybe significant when taken with the
observation of an earlier break-up. Along the coast of the Beaufort Sea however, the magnitude
of the change is clearly significant.
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4.2.5. Episodic Events

We use the term episodic events to refer to the brief events that occur at irregular intervals and
result in a deviation of the SLIE position from the mean annual cycle. The Radarsat imagery
used in this study allows us to identify breakouts and stable extensions, where the SLIE lies
briefly either significantly landward or seaward, respectively, of its normal position. In the time
series of landfast ice width (Figure 4.2.6) these appear as sharp troughs or peaks. On some
occasions they correspond to a extension remaining temporarily attached to the landfast ice when
a flaw lead opens (such as occurred twice near Barrow in 2003) or when a small area of the
drifting pack ice becomes locked-up adjacent to the landfast ice (such as happened at Barter
Island in 1998). However, more significant stable extensions occurred on 5 occasions in 4
different years. Their extents are seen in Figure 4.2.2 and the dates for which they were observed
are listed in Table 4.2.3. It is clear from these data that stable extensions occur most frequently in
March and April in the eastern half of the study area, which is when and where sea ice
concentration will be greatest. On these occasions, the SLIE lies over water up to 3,500 m deep,
but Mahoney et al.(2005) speculated that the sea ice may be anchored somewhere outside of the
study area in the vicinity of Banks Island. Stringer et al. (1980) noted that landfast ice could
extend up to 100 km offshore in the absence of disturbance, though Thorndike and Colony
(1982) observed such events despite strong winds. It is beyond the scope of this study to consider
all the stresses on the ice sheet during these stable extensions, but their correlation with other
aspects of landfast ice behavior and occurrence of offshore leads is discussed in Sections 5.2.1
and 5.1.1 respectively.

Table 4.2.3. Dates of occurrence of stable extensions observed in this study. Note that the mosaic
dates (Section 3.3.4) give the earliest and latest dates we observed the extension, which may
therefore underestimate the duration by up to approximately 20 days.

First date of Last date of
first mosaic  last mosaic  Duration Location
1 1999/04/04 1999/04/26 22 days Prudhoe Bay — Mackenzie Delta
2 2000/02/23 2000/04/08 44 days Pitt Point — Mackenzie Delta
3| 2001/04/29 2001/05/22 24 days Smith Bay — Prudhoe Bay
4 | 2004/02/15 2004/03/08 22 days Colville Delta — Prudhoe Bay
5 12004/02/25 2004/03/18 22 days Barter Island — Mackenzie Delta

Using the same set of Radarsat imagery Blazey et al. (2005) identified 267 breakout events and
categorized them according to severity based upon the fraction of the landfast ice width involved
and the depth to which the new SLIE retreated. Most severe breakouts occur in June and
coincide with the annual break-up of the landfast ice. However, a number were observed at other
times of the year, though without any clear pattern. A spatial pattern was observed, however,
suggesting that the eastern region of zone 2 is least susceptible to such events, while several
breakout events affected the landfast ice immediately between Point Barrow and Smith Bay
during winter and early spring. The effects of these are seen in the more shoreward location of
the monthly minimum SLIE positions in this area (Figure 4.2.3). The mechanisms of winter
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breakouts are likely to be different from those occurring at the end of the season when the
landfast ice is weaker. A more detailed analysis of breakout events in landfast ice will be the
subject of subsequent work.

4.2.6. Characteristic Synoptic Climatology

Since we adopted our methodology from a similar analysis of Beaufort Sea climatology from
1966-1974 by Barry (1976; 1979), a comparison between the results was an obvious course to
take. Using the same similarity threshold criteria (Section 3.4.2), we derived almost 3 times as
many characteristic patterns (CPs) as Barry over a time period roughly 7 times as long. Overall,
we observe the same range of variability in sea level atmospheric pressure patterns and the 3
most prevalent CPs from our study resemble the most prevalent CP of Barry’s analysis. There
are no patterns identified by Barry that are clearly absent from our results, though the exact
orders of prevalence do not agree. This is not surprising, however, since every CP is clearly more
frequent in some years than others.

Figure 4.2.10 shows the 31-day running mean of the occurrences of each CP after having been
binned by day of year. It is striking that every CP appears modal or bi-modal in its annual
distribution. This allows the majority to be categorized as either a winter or summer pattern, with
just 6 CPs that show strong peaks only in the transitions between summer and winter. Barry
(1979) noted that a high pressure in the north and lows in the south characterize winter pressure
patterns in this part of the world. In summer, by contrast, he notes that the central, western and
northern regions experience frequent low pressure features while the Pacific High often extends
as a ridge over the Gulf of Alaska. Examination of each CP shows that most fit the description
for the season in which they most frequently occur. This strong seasonal feature of the data gives
us confidence in our characterization of the synoptic climatology, though we note a few
exceptions where a pattern that occurs mostly in one season fits the description of the other.

Annual frequencies for each CP were also calculated, each of which showed significant
interannual variability. However, linear regressions on each time-series showed no significant
trends and a sequential algorithm for detecting climate regime shifts (Rodionov, 2004) detected
none. Fourier analyses revealed peaks in occurrence at between 6-and 10-year periods for many
CPs and running 10-year means of the yearly frequencies indicated longer-timescale variability.
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Figure 4.2.9: Running 31-day means of the occurrences of each characteristic pattern
(CP) after binning according to day of year. This quantity is taken to represent the
monthly occurrence frequency for each CP. Each curve is colored according to whether
it occurs mostly in the winter (blue), summer (red) or the shoulder seasons (green). Note
different scales on each y-axis.

The calculations of mean monthly and annual occurrences of CPs are two ways to address the
temporal variability in the sea level pressure patterns. However, neither method will capture
changes in seasonal weather patterns. To reduce the volume of data for such an analysis, CPs
were grouped into winter, summer and shoulder season categories according to their season of
most frequent occurrence (Figure 4.2.9). The relative contribution of seasons’ patterns to each
month is shown in Figure 4.2.10 for the period 1948-2004. Although there is a large amount of
interannual variability, the 10-year running means of the relative contribution of winter patterns
(blue lines) show that each month is characterized by different proportions of each type of
pattern. The winter and summer months appear relatively constant in this regard, but September
and October show significant trends towards becoming more summer-like such that recent
Septembers and Octobers resemble Augusts and Septembers respectively from earlier in the
period. June, however, shows a trend towards more winter-like conditions.
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Figure 4.2.10: The relative contribution to each month’s pressure patterns from winter
(blue), summer (red) and shoulder season (green) patterns (as determined in Figure
4.2.9). The light blue and pink lines show the running 10-year means. The black line
shows the trend of the 10-year mean winter contribution to each month.

4.2.7. Freezing and thawing degree day trends

So far, we have examined the onsets of freezing and thawing and the accumulation of their
respective degree days in the context of their variability across the study area and their
relationship to key events within the annual landfast ice cycle (Section 3.4.3). However, the data
also show significant temporal trends that warrant further discussion. Figure 4.2.11 shows the
variation over time for each of these quantities. The solid curves show values derived from
NCEP data interpolated for Point Barrow (Section 3.4.3), while the dashed curves shows values
calculated using the same method with data from Barrow Wiley-Post Airport weather station for
the period 1984-2004 (the period available on-line from the National Climatic Data Center). The
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results from the two datasets differ in the magnitudes of largest peak values, but otherwise are
well correlated and in fact converge in recent years.

It is clear that there is significant interannual variability in the data, which will be discussed later
along with interannual variability in the landfast ice between 1996 and 2004. In addition, both
datasets show trends toward a later onset of freezing and earlier and onset of thawing. There are
also trends towards warmer winters and summer. While these trends may have far greater-
reaching implications, we will limit our discussion to the impacts on landfast ice and relationship
to the observed differences in the mean annual cycle between this study and that of Barry
(1979b) and Barry et al. (1979b)
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Figure 4.2.11: Dates of onset of freezing and thawing and their respective degree day
totals for each year (Section 3.4.3). The solid curve denotes values derived from NCEP
data, while the dashed line denotes those calculated from Barrow Wiley Post Airport
weather station data for the period 1984-2004. Also shown are linear regression lines.
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4.3. Identification and description of pack ice lead patterns

4.3.1 Definitions

The term "lead pattern” is used here in a general sense such that both (1) a lead along the landfast
ice edge, or (2) a lead or series of leads that occur in a repeatable configuration or relationship at
different times, are considered to satisfy the definition. As noted in Section 3.1, before attaching
any significance to a lead pattern, it was necessary to verify that the pattern recurred often
enough to be considered repeatable. With that restriction, leads and lead patterns have been
recognized that have particular geometric relations to the coast or to the grounded ice mass that
forms annually on Hanna Shoal. In some cases, patterns have been found to occur as steps in
sequences of patterns that reflect a continuous process.

Two patterns stand out as of particular importance. The first is a lead pattern which we have
called the Barrow Arch, and the second is an arcuate structure that trends northeastward from
Point Barrow and serves as the boundary between moving pack ice to the north and generally
stationary ice between itself and the coast (the stable extension of the landfast ice). The
descriptions of these patterns and discussion of their significance to the overall deformation
pattern of the Beaufort Sea pack ice are given in Sections 4.3.3 and 4.3.5 respectively.

4.3.2 Lead patterns at the landfast ice/pack ice boundary.

It is important to understand the nature of the interactions between pack ice and the landfast ice
edge along the Beaufort Sea coast of Alaska, because leads generated there can involve the
entrapment and movement of oil following a spill. Mechanisms of generating leads along that
boundary, and the resulting distribution of floes and open water/thin ice are considered in this
section. In particular, the features described in this section are found offshore from the edge of
the stable landfast ice which coincides with the zone of grounded ridges along the
(approximately) 20 m isobath. There are several types of openings that form as a result of
interactions along this boundary as described in the following paragraphs. The existence of stable
extensions to the landfast ice was noted in Sections 3.3.1 and 4.2.1 and these are covered in
Section 4.3.5 below.

Before proceeding farther, it should be noted that in general, compression of the pack ice at a
high-angle to the landfast ice edge does not produce leads that propagate along the boundary. It
does, however generate leads that can extend far into the pack ice, as described in Section 4.3.4
below.

The simplest mechanism for creating leads along the landfast ice edge is for the pack ice to shift
slightly to the north. The result can be a lead that opens along most or all of the boundary
between the pack ice and the landfast ice edge from Point Barrow eastward. However, when the
Beaufort Sea is ice-covered, northward displacement is limited because of the lack of space to
accommodate the movement. As a result, leads formed by northerly shifts of the ice pack tend to
be narrow and short-lived.
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An important element in the line of ridges that anchors the stable landfast ice is a shoal off
Harrison Bay at approximately 71°45'N, 152°W, where the sea floor is shallower than 20 m. The
shoal is one of many shown on the maps in Reimnitz and Kempema (1974) and Grantz and
Mullen (1992). Ice usually begins to ground there in early winter, but since it is not generally
exposed to drifting pack ice, the grounded ice mass is seldom involved in lead patterns that
penetrate far into the pack ice. However, it is often the site of a significant stable point in the
pattern of landfast ice edges (see Section 4.2.1) and its presence can sometimes be detected by its
influence on the shape of the landfast ice edge. Other than that, it is difficult to differentiate the
grounded ice on the shoal from the rest of the landfast ice on the AVHRR imagery.

The most common source of leads along the pack ice-landfast ice boundary is a westerly shift of
the pack ice when it is in contact with the landfast ice edge. Easterly shifts also occur, but they
are less common. Movements in either direction are easily recognized because they tend to leave
openings on the lee sides of promontories, including particularly the ice grounded on the shoal
off Harrison Bay. Figures 4.3.1 and 4.3.2 provide illustrations of the results of such movements.

MY

BS

Figure 4.3.1. AVHRR acquired on February 20, 1994 showing an open lead along the
landfast ice edge (dark band) resulting from westward shift of the pack ice. Symbols are
[HarB] Harrison Bay, [PrB], Prudhoe Bay and [HBS] marks the approximate location of
the shoal in outer Harrison Bay (Harrison Bay Shoal). [MY] is a large multiyear ice
floe.
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Figure 4.3.2. AVHRR image acquired on March 21, 1995 showing open leads (dark
bands) around a breakout from the landfast ice resulting from eastward shift of the pack
ice. Symbols are [PB] Point Barrow, [HarB] Harrison Bay, [PrB] Prudhoe Bay, and
[CB] Camden Bay. [HBS] is the approximate location of Harrison Bay Shoal.

In Figures 4.3.1 and 4.3.2, lead formation was limited to the immediate boundary between the
pack ice and the landfast ice. However, in some cases, movement of the pack ice parallel to the
landfast ice edge results in the propagation of leads for several tens of kilometers into the pack
ice. When these leads intersect, they produce floes that are caught between the moving pack ice
and the stationary landfast ice. Zones of floes in that configuration have been referred to by
different authors as "shear zones," (Hibler, et al., 1974) or flaw zones [Section 5.2.1.(i) this
report]; unfortunately, the nomenclature is not consistent. Examples to which these terms might
be applied are shown in Figures 4.3.3 and 4.4.4. Both figures show that space is created between
floes, which, as noted above, can affect the transport of spilled oil.
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Figure 4.3.3. AVHRR image acquired on February 15, 1996 illustrating the penetration
of leads into the pack ice creating individual floes with space between them. "Edge" is
the approximate limit of lead penetration. [HBS] is the approximate position of the
shoal off Harrison Bay near the landfast ice edge. Dark areas to the east of the shoal
indicate that the last pack ice motion was to the east. Other symbols [PB] Point Barrow,
[HarB] Harrison Bay, [PrB] Prudhoe Bay, [BI] Barter Island, and [HI] Herschel Island.
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Figure 4.3.4. AVHRR image acquired on March 6, 1998 with a clearly defined zone of
floes between the continuous pack ice and the landfast ice edge which probably resulted
from westward shift of the pack ice. The feature labeled "wedge" formed from that
movement as described in the text. Note that this image was acquired the day after the
image shown in Figure 4.3.16 below. Comparison of those figures demonstrates the
speed with which zone of floes developed. Symbols are [PB] Point Barrow, [HarB]
Harrison Bay, [PrB} Prudhoe Bay and [BI] Barter Island.

Another interesting feature shown in Figure 4.3.4 is termed here a "Point Barrow Wedge." It is
the 'wedge' of pack ice that juts westward from just north of Point Barrow into the Chukchi Sea.
When present, a wedge indicates that the Beaufort Sea pack ice has shifted to the west. Another
example is shown in Figure 4.3.5.
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Figure 4.3.5. AVHRR image from December 31, 1995 showing a wedge projecting
toward the Chukchi Sea as the result of westward displacement of part of the Beaufort
Sea pack ice. Symbols are [PB] Point Barrow, [HarB] Harrison Bay.

An additional point regarding the features described here is that the leads created by the
processes, along with other lead patterns described in the following sections, are important
habitat for ringed seals and polar bears that reside there through the year (Burns, Shapiro and
Fay, 1980). In addition, they are part of the spring migration route followed by bowhead whales
(Braham, et al., 1980; Fraker and Cubbage, 1980) heading for the eastern Beaufort Sea.
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4 3.3. Arch Structures
(i) Arch Forms and Origins

The terms "Barrow Arch" and "North Slope Arch" are used here to describe the arch-like
structural forms that appear in the pack ice near Point Barrow and along the Beaufort Sea coast
under some conditions (note that the former is unrelated to the subsurface geologic structure of
the same name). Pack ice arch structures are not single leads. Instead, they are assemblages of
leads in a particular pattern. An example of a Barrow Arch is shown in Figure 4.3.6 and, since
the mechanism by which both types of arch structures form is similar, it will serve as an example
to describe the process.

In Figure 4.3.6, a lead extending to the northeast from the landfast ice edge near Point Barrow
serves as the east boundary of an arch structure. The crest of the arch is the
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Figure 4.3.6. AVHRR image acquired on December 18, 1999, showing a Barrow Arch
structure in early winter with a lead to the grounded ice on Hanna Shoal. The boundary
labeled 'edge' marks the southern limit of relatively continuous pack ice. South of the
edge the pack is broken into floes which are diverging and drifting southward. Symbols
are [HB] Hanna Shoal, and [PB] Point Barrow.

complex of curving leads inside of which the pack ice is breaking into smaller floes. To the
northeast along the bounding lead, the pack ice ahead of the crest is relatively continuous, while
to the southwest of the crest, the pack ice has been reduced to floes. In this scene, the space
between floes is filled with thin ice showing that the structure has been stable for some time.
However, the small dark lines offshore from the Chukchi Sea coast are leads of either open water
or very thin ice. Some of the leads are arcs concave to the southwest indicating that the near
shore pack ice is starting to shift in that direction.

The arch in Figure 4.3.6 probably began as a smaller, but wider structure with the crest closer to
Point Barrow. To reach the stage shown in the figure the structure grew by repeated fracturing of
the pack ice at the crest of the arch creating the floes. That process has the effect of shifting the
crest further along the bounding lead to the northeast. That is the basic mechanism by which
such arches evolve.
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A similar process operates when pack ice breaks out to the south through Bering Strait (Shapiro
and Burns, 1974). However, at Bering Strait, the arch is bounded by leads that extend from fixed
points at the coasts on opposite sides of the Strait. The constraints on a Barrow Arch are
different; the southeast side of those structures is fixed by the bounding lead from Point Barrow
that separates the arch from the more stable pack ice to the east. However, the west side is either
unconfined or bounded by a lead that extends to Hanna Shoal. The mechanism of arch formation
off Point Barrow is therefore different from that in Bering Strait, and has not been analyzed.

The process of forming a North Slope Arch is similar. However, there are some variations as are
described in Section (iii).

(ii) Barrow Arch

The most common feature of the deformation pattern of pack ice in the study area is probably the
presence of an arch structure in the vicinity of Point Barrow called here a "Barrow Arch." In fact,
such structures are probably the most common lead patterns of the pack ice in the Beaufort Sea,
but their occurrence has not previously been reported. Barrow Arches occur in different
configurations that probably reflect differences in the driving forces that create them, and the
time of year (as that influences the properties of the pack ice). They appear to form as a result of
south or southwest displacement of the Beaufort Sea pack ice, which is probably preceded by
displacement in the same sense of the pack ice in the eastern Chukchi Sea.

Some variations of Barrow Arch structures are described in the following paragraphs. They are
illustrated in Figures 5.2.4 and 5.2.6, in Section 5.2.1(iii), in Figure 4.3.6 above, and in the
figures that follow.

Barrow Arches are commonly bounded on the east by a northeast trending lead. Figure 4.3.6,
which was described in detail above, is a good example of a Barrow Arch with a lead extending
to the northeast. In addition, Figure 5.4.6 in Section 5.2.1(iii) shows an arcing lead system from
near Point Barrow directly to Hanna Shoal. That structure is a type of Barrow Arch with a
bounding lead on its east side but is wider than those in Figures 4.3.7 and 4.3.8 below which, for
clarity, are described in extended captions.
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Figure 4.3.7. AVHRR image of a Barrow Arch on April 5, 2000 that is bounded on the
east by a lead. The lead is part of a 'Lead Fan' whose members originate at the edge of
the landfast ice north of Point Barrow (lead fans are described in Section 4.3.4. below).
Note that the bounding lead ends in an arc that encloses the crest of the arch structure
suggesting that the crest will not progress further to the northeast. In addition the
irregular dark zone east of the bounding lead is a new lead which is not part of the arch
structure. Its presence suggests that the weather system driving the formation of the
Barrow Arch structure has moved and the arch is becoming inactive. "Arch" indicates
the boundary of the arch opposite from the bounding lead. The other symbols are [HB]
Hanna Shoal and [PB] Point Barrow.
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Figure 4.3.8. Another variation of the form and lead spacing of a Barrow Arch bounded
on the east by a lead. Note the similarity of the form of the lead to Hanna Shoal to those
in Figures 4.3.6 and 4.3.7. This AVHRR image was acquired on February 14, 1997,
about one month after that in Figure 4.3.9 below. Symbols are [HB] Hanna Shoal and
[PB] Point Barrow. The arrows from [BA] point to the flank and crest of the Barrow
Arch structure.

Barrow Arches such as those illustrated above, often occur within wider arches that are made up
of a single lead or lead system that extends from near Point Barrow through a broad arc to Hanna
Shoal or further west. Figure 4.3.9 is an illustration of that relationship. In that figure, there is
grounded ice on Hanna shoal. Figures 4.3.10 and 4.3.11 show similar configurations from other
years, but on images acquired before the ice grounded on the shoal. The difference in the pattern
of leads that extends across the structure from Point Barrow toward the approximate location of
Hanna Shoal is apparent (compare with Figure 5.3.4, Section 5.2.1 (iii)). Note that the wide
arches have the same function as the smaller arches in that they enclose pack ice that is breaking
into smaller floes. The scale is different, but both types of arches are involved in the process of
transporting pack ice from the Beaufort Sea into the Chukchi Sea.
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Figure 4.3.9. AVHRR image acquired on January 19, 1997, showing a Barrow Arch
bounded on the east by a lead and embedded in a wider arch. The lead from the flank of
the Barrow Arch to the grounded ice on Hanna Shoal in this figure is similar to those in
the figures above. Note also that the pack ice to the south of the lead is broken into floes
and drifting southward. "Arch" indicates the approximate crest of the Barrow Arch
structure. Symbols are [HB] Hanna Shoal] and [PB] Point Barrow.
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Figure 4.3.10. AVHRR image of a Barrow Arch inside of a wide arch before ice was
grounded on Hanna Shoal. The image was acquired on January 8, 1994. The lead
marked "Wide Arch" appears to enclose the entire lead complex. [BA] indicates the
approximate crest of the smaller Barrow Arch. Symbol [PB] is Point Barrow.
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Figure 4.3.11. AVHRR image acquired on December 15, 1995, about one year after that
in Figure 4.3.10, showing a Barrow Arch inside of a wide arch before ice is grounded
on Hanna Shoal. "Wide Arch" is the bounding lead and [BA] is the crest of the Barrow
Arch. Note that there is no lead bounding the east side of the Barrow Arch, and that the
wide arch is east of boundary of the Barrow Arch. the symbol [PB] is Point Barrow.

Another structure that might be classified within the group of arch structures described here is
shown in Figure 4.3.12. The arch is not as symmetric as those in Figures 4.3.9, 4.3.10, and
4.3.11, and there is no smaller Barrow Arch within it. However, it clearly serves the same
function of the structures in those figures. In addition, it illustrates another point discussed below
in Section 5.2.1 (iii); that is, the role of grounded ice on Hanna Shoal as the source or terminus of
leads.
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Figure 4.3.12. Leads converging to grounded ice on Hanna Shoal [HB] in late winter.
[PB] is Point Barrow shown in an AVHRR image acquired on April 8, 1994. The dark
spot at Hanna Shoal is open water or thin ice on the down-drift side of the grounded ice.
The arch structure does not continue to curve to the west of Hanna Shoal. Instead, it is
truncated by a lead extending straight to the grounded ice at the shoal. (Note that this
figure is repeated in the discussion in Section 5.2.1. (iii))

Finally, Barrow Arches form in the absence of other structures as shown in Figure 4.3.13.
However, such forms are probably restricted to early winter before there is grounded ice on
Hanna Shoal.

73



Kilometers

Figure 4.3.13. AVHRR image acquired on December 1, 1999 showing a Barrow Arch
with no prominent bounding lead. Note, however that the lead pattern to the northwest
of the arch follows the same trend as those in Figures 4.3.6 to 4.3.11 and that the pack
ice breaks into floes that drift southward as in those figures. In addition, the Barrow
Arch structure may be turning to the east and beginning to progress along the landfast
ice edge as a North Slope Arch (see Section 4.3.2. (iii), below) Symbols are [BA]
Barrow Arch and [PB] Point Barrow.

It is of interest that in all of the images of Barrow Arches there is a tendency for leads to project
toward Hanna Shoal even before there is grounded ice at the shoal. The leads follow the trend of
the isobaths so they cross over the highest points on Hanna Shoal approximately along latitude
72°N. Further, the figures show that it is usual for the pack ice to break into large floes along that
trend, and to drift away to the south, even when the limit of drifting ice is far to the south. In the
imagery examined for this study, the line along which the floes break from the pack in this
manner does not appear to extend farther west than about 162°30' W, just outside the study area.
The fact that the floes are breaking loose implies that there is space for them to move into. In
early winter, the Chukchi Sea closes over later than the Beaufort Sea, while later in the year, the
Chukchi Sea pack ice frequently drifts off the Alaska coast. Either of these conditions can
provide the space needed to accommodate the floes along that trend.
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A Barrow Arch in one of the configurations described here is probably the most common ice
cover feature observed. As noted, when an arch is present, the pack ice to the east is often
relatively stable. However, when the pack ice drift vector turns more westerly, the pattern can
change quickly, because the arch creates space for newly broken floes to move into. New
patterns can be North Slope Arches (described next) or wide arcs aligned along more easterly
trends (see Section 4.3.4. (iv) below).

(iii) North Slope Arch

A North Slope Arch is an arch structure that migrates eastward from Point Barrow. The arch is
generally narrow and bounded on the south side by the landfast ice edge. The pack ice breaks in
the arch as the crest moves eastward so that at times this form resembles a shear zone or flaw
zone described above. However, it is probably more limited in extent because the crest must
progress eastward, while a flaw or shear zone may form along most of the coast at almost the
same time.

As with the Barrow Arch, the mechanism of the formation of a North Slope Arch has not been
analyzed. Examples are shown in Figures 4.3.14 and 4.3.15.
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Figure 4.3.14. AVHRR image acquired on December 23, 1993 showing a North Slope
Arch which is, in effect, a Barrow Arch that has turned eastward and extended roughly
parallel to the coast. Symbols are [LIE] landfast ice edge, [PB] Point Barrow, [HarB]
Harrison Bay, and [PrB] Prudhoe Bay.
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Figure 4.3.15. AVHRR image from March 31, 1995 showing a North Slope Arch that
has clearly extended from a Barrow Arch. Note that the latter has been narrowed by
southerly movement of the pack ice west of Point Barrow while the North Slope Arch
was extending eastward. The notation "SAL" refers to a lead pattern called "Small-
Angle" leads. The pattern is discussed in Section 4.3.4. (vi) below. Other symbols are
[PB] Point Barrow, [HarB] Harrison Bay, [PrB] Prudhoe Bay, [HB] Hanna Shoal and
[NSA] the approximate crest of the North Slope Arch.
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4.3.4. Lead Patterns

(i). Lead fan

A lead fan is a set of gently arcing leads that radiate from about the same point and have the
same sense of concavity. However, they do not curve into arches but, instead remain relatively
open. The most common point of origin for lead fans is the edge of the landfast ice north of Point
Barrow with the leads concave to the west. However, a lead fan can originate at other
promontories along the landfast ice edge. The most shoreward lead of the fan is usually tangent
to the edge of the landfast ice, and the sense of ice offset is the same across all the leads in the
fan. Figures 4.3.7, 4.3.16, and 4.3.17 show examples of lead fans.

Kilometers

Figure 4.3.16. A lead fan at Point Barrow is shown defining at wedge. This AVHRR
image was acquired on March 5, 1998, a day earlier than that in Figure 4.3.4. In this
example, the lead fan consists of the two leads indicated in the figure. Comparison with
Figure 4.3.4 indicates the speed with which the zone of floes in that figure developed.
Symbols are [HB] Hanna Shoal, [PB] Point Barrow, [HarB] Harrison Bay, [PrB]
Prudhoe Bay, [BI] Barter Island, and [HI] Herschel Island.
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Figure 4.3.17 . AVHRR image acquired on February 9, 2000, showing a lead fan at
Point Barrow consisting of arcuate leads with relative displacements approximately
normal to the lead trends. Symbols are [HB] Hanna Shoal, [PB] Point Barrow, and

[HarB] Harrison Bay.

The sense of offset across all of the leads in the fans at Point Barrow was always observed to be
normal to the leads or left-lateral (i.e. pack ice west of the lead moving southward). This implies
that lead fans at Point Barrow provide a mechanism for pack ice drifting toward the Alaska coast
at a high angle to drift around Point Barrow from the Beaufort into the Chukchi Sea. The shapes
of the fans and the sense of drift also suggest that the leads form in sequence from high- to low-
angle to the edge of the landfast ice so that the last lead to form is tangent to the landfast ice
edge.

(ii). Tangent leads

Tangent leads are gently arcing leads that are tangent to the landfast ice edge, and are not part of
a lead fan or a set of wide arcs (see Section 4.3.4 (iv) below). Those that form under the same
pack ice movement regime are concave in the same direction and have the same sense of relative
pack ice displacement across them. Thus, a series of tangent leads permits pack ice motion to be
changed from a high angle to nearly parallel to the landfast ice edge, as was the case for lead
fans. Figure 4.3.18 shows a tangent lead system associated with an eastward shift of the pack ice.
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Note the curving en echelon fractures that define the shape of the lead system. The tangent leads
in Figures 4.3.19 and 4.3.20 reflect westward movement of the pack ice but with an associated
set of leads trending normal to the tangent leads. The similarity of the patterns from two different
years (1997 and 2000) is clear but the origin of the secondary leads is uncertain.
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Figure 4.3.18. AVHRR image acquired on March 18, 1996 when the Beaufort Sea pack
ice was shifting to the east. Eastward shifts of pack ice are unusual, but not rare. This
figure shows a lead zone that is tangent to the landfast ice edge near the site of the
grounded ice on the shoal offshore from Harrison Bay. The zone is concave to the east,
as are the wide arcing leads west of the zone, indicating displacement in that direction.
Note also that the landfast ice edge in this March scene is approximately at the 20 m
depth contour in Camden Bay which is unusual so late in the year. Symbols are [HB]
Hanna Shoal, [PB] Point Barrow, [HBS] Harrison Bay shoal, [PrB] Prudhoe Bay, [BI]
Barter Island, [CB] Camden Bay and [HI] Herschel Island.
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Figure 4.3.19. Tangent lead near Point Barrow formed by westward displacement of the
pack ice west of the lead shown on an AVHRR image from April 3, 1997. Note the
secondary lead system trending northwest, approximately normal to the tangent lead,
and compare them to the similar system in the next figure. Symbols are [HB] Hanna
Shoal, [PB] Point Barrow and [HarB] Harrison Bay.
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Figure 4.3.20. Tangent lead zone near Point Barrow shown on an AVHRR image from
March 10, 2000, The pack ice displacement pattern is similar to that in Figure 4.3.19, as
is the secondary lead pattern. Symbols are [HB] Hanna Shoal, [PB] Point Barrow and
[HarB] Harrison Bay.

(iii). High-Angle Leads

As the name indicates, high-angle leads form almost normal to the edge of the landfast ice and
can extend for up to hundreds of kilometers into the Beaufort Sea. They are often irregular and
somewhat jagged, although they may also be gently arched. In addition, some are arced toward
tangency to the landfast ice edge over the first few kilometers from the edge, but others show no
such arc.

High-angle leads appear to reflect extension of the pack ice parallel to the coast, so the ice
displacements are normal to the leads. They form when the pack ice is being compressed to the
south at a high-angle to the coast. The mechanism of formation may be similar to fracture in
uniaxial compression, in which small samples under axial compression fail in extension across a
crack parallel to the compression direction.

Figures 4.3.21 and 4.3.22 show high angle leads in the eastern Beaufort Sea, which is a common
location for such leads to form. However, they have been observed elsewhere along the coast.
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Figure 4.3.21. High angle leads near Mackenzie Bay shown in an AVHRR image
acquired on April 20, 1996. The high angle leads project northward from Herschel
Island and are offset to the edge of the landfast ice off Mackenzie Bay. The irregular
shape, similar degree of opening along their length, and lack of curvature of the leads
suggests a failure mechanism similar to extension fracture. In that mode, samples fail
across planes parallel to the maximum compressive stress in uniaxial compression.
Symbols are [HI] Herschel Island and [MB] Mackenzie Bay.
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Figure 4.3.22. High angle leads between Barter and Herschel Islands. In this example,
the leads tend to curve toward tangency with the edge of the landfast ice, but other
characteristics are similar to those in Figure 4.3.21. Symbols are [BI] Barter Island and
[HI] Herschel Island. February 14, 2000.

(iv). Wide Arcs

The term “wide arcs” is applied to leads that are curved into the form of one side of a pair of
parentheses and may be up to hundreds of kilometers in length. They extend seaward from the
landfast ice edge or from other apparent boundaries within the pack ice, and tend to occur in sets,
rather than singly. The members of a set are concave in the same direction, and they appear to
form sequentially starting from that direction; that is, if concave west, then the leads appear from
west to east.

Wide arcs open when the ice on the concave facing side of the lead moves, so that taken
together, sets of wide arcing leads imply that the pack ice is diverging in that direction. Figure
5.4.6 (Section 5.2.1 (iii)) shows wide arcs enclosing a Barrow Arch. The wide arcs in Figure
4.3.23 formed early in the year when the pack ice was not be continuous enough to sustain long
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leads. The arcs are therefore somewhat discontinuous, but the trend of the nested arcs is clear
from the figure.

Kilometers

Figure 4.3.23. AVHRR image from December 13, 1999 showing an early winter set of
wide arcs formed when the pack ice is not continuous enough to sustain long leads.
However, the trends of the nested arcs are clear from the figure. Symbols are [PB] Point
Barrow, [HarB] Harrison Bay, [PrB] Prudhoe Bay, [BI] Barter Island, and [HI]
Herschel Island.

(v). Chukchi Arcs

Chukchi arcs are arcuate leads that are tangent to the landfast ice along the Chukchi Sea coast of
Alaska. They are concave in the direction that the ice is drifting and diverging which, in that
area, is most often in a southerly direction. In many cases, the lead pattern originates when ice
moves south through Bering Strait, with new arcuate leads forming progressively further north as
space is created for the pack ice to displace into. In some cases, the lead pattern results in a
feature similar to a North Slope Arch described above, but along the Chukchi Sea coast.

There are few illustrations of these features available because most form outside of our study

area. Figure 4.3.24 is a late winter image and shows the effect of the grounded ice on Hanna
Shoal on the pattern.
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Figure 4.3.24. Chukchi Arcs shown in an AVHRR image from April 11, 1999 when
there was grounded ice on Hanna Shoal. The arcs are the northern end of an arch
structure that probably extends south to Bering Strait. However, cloud cover south of
Cape Lisburne partially obscures the surface so this is not certain. Note that the arch
structure is not anchored on the coast north of Icy Cape. Also, note that the north end of
the Chukchi Arch is clearly active, as indicated by the dark zones of either thin ice or
open water. However, the arch structure that extends further north is probably refrozen.
Symbols are [HB] Hanna Shoal and [PB] Point Barrow.

(vi). Small-Angle Leads

The term 'small-angle' leads refers to sets of relatively straight, intersecting leads in which the
acute angle between the leads is less than about 60 degrees. They are common at any time of
year and, as explained below, they can form anyplace where the pack ice is diverging. The only
good example in the processed images is shown in Figure 4.3.15.

In the geologic literature, fractures with this characteristic are called ‘joints of small dihedral

angle' (Muehlberger, W.R., 1961) in reference to the fact that the angle between the fractures is
less than the commonly observed minimum of 60 degrees for brittle fractures formed in
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compression. The interpretation of the origin of fractures of small dihedral angle in two
dimensions is that one of the principal stresses is a true tensile stress, and is aligned to bisect the
large dihedral angle while a compressive principal stress direction bisects the small dihedral
angle. When applied to small angle leads in pack ice, this implies divergence through extension
in the direction of the bisector of the large dihedral angle.

Small angle leads are potentially valuable aids in the interpretation of pack ice motion on
AVHRR imagery. They immediately imply that the pack ice is diverging, as well as giving the
direction along which the maximum rate of extension is occurring.

4.3.5 Sequences and Trends

(i). Definitions

Individual lead patterns are usually not isolated features in time. Instead, they often appear as
steps in sequences in which one pattern predictably follows another. Sequences probably reflect
the passage of the weather systems that drive the motion of pack ice, so it seems reasonable to
assume that most lead patterns should be part of a sequence. However, the weather systems that
cause the sequences are not all of equal effectiveness. They may weaken or pass through the area
too rapidly for an entire sequence to form, and then be replaced by another system which
changes the sense of motion of the pack ice. Thus, some 'sequences' may not progress past the
first pattern before conditions change and, in fact, some patterns may not be part of a sequence.
However, regardless of the uncertainties, the idea of sequences of patterns might prove to be
useful in the analysis of lead patterns and pack ice deformation in general.

At least some of the features defined below as 'trends' originate from the sequential formation of
wide arc leads that are tangent to some line (the trend) that originates near Point Barrow and
extends easterly. For that reason, they are included in this section. A more complete discussion
and definition is given below.

Over the duration of this project, the two sequences described below were seen often enough to
warrant inclusion here. There is evidence that additional sequences could also be identified with
time and data from more years than were available for this project.

(ii). Chukchi Offshore Lead (and zone) and Sequences

The term 'Chukchi offshore lead' describes a lead or a zone of leads that reaches from near Icy
Cape or Point Franklin and extends northward to beyond the limits of the study area. It generally
passes Point Barrow offshore and not along the fast ice edge, but in some cases it may be at that
boundary. The pack ice west of the lead (or lead zone) is always displacing southward relative to
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that east of the lead with the direction indicated by the presence of small en echelon fractures,
rotated small floes, or open areas at irregularities along the lead. The pack ice east of the lead (or
lead zone) is usually also moving southward. However, it can only advance by closing favorably
oriented leads or taking up the motion by ridging, so the magnitude of the displacement is
limited. Thus, when a Chukchi offshore lead is present, there are no openings in the southern
Beaufort Sea at the scale of the imagery and the lead can be interpreted to represent a shear
discontinuity in the southerly drifting pack ice.

A Chukchi offshore lead sequence is shown in Figures 4.3.25 through 4.3.29 from five
consecutive days. Figures 4.3.25 and 4.3.26 show the development of a Chukchi offshore lead
zone in which the pack ice west of the zone is displaced to the southwest relative to that to the
east. The sense of offset across the lead zone is indicated in Figure 4.3.27 by the northerly
oriented en echelon fractures along the lead. The offset across the new lead in Figure 4.3.27 is
more westerly, but still has a southwest component. Subsequently, the leads develop through the
sequence of (1) tangent lead or lead fan at Point Barrow on the fourth day (Figure 4.3.28), and
(2) tangent leads along the north slope and (3) high angle leads east of Barter Island or Herschel
Island on the fifth day (Figure 4.3.29). The details of the geometry of the lead patterns and the
timing at which they appear relative to each other in other sequences of this type may vary.
However, the patterns always formed in the order described here, but sometimes over a period of
up to a few days.

A total of 8 examples of this sequence of patterns have been identified in the imagery from the
years 1993-94 to 2003-04. There were an additional 5 examples in which the sequence appeared
to start, but was not completed.

As noted, the formation of the patterns following the Chukchi offshore lead can be interpreted as
responding to southward displacement of the Beaufort Sea pack ice. The left-lateral differential
motion across the Chukchi offshore lead zone reflects this. The appearance of the tangent lead
(or in some cases, a lead fan) at Point Barrow (Figure 4.3.28) begins the process of changing the
southerly movement of the pack ice into displacement to the west along shear lines. The tangent
leads further east (Figure 4.3.29) continue the westerly transfer of motion. The formation of high
angle leads east of Barter Island, rather than tangent leads is interpreted as resulting from a
compressive mechanism (see the description of high angle leads above) which is consistent with
the southerly displacement of the pack ice. The details of the specific boundary conditions and
other variables that control the deformation require analysis.
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Figure 4.3.25. Start of a sequence of five AVHRR images showing the development of
a Chukchi offshore lead sequence beginning on February 17, 1994. The process is
described in the text. Note the leads associated with the multiyear floe [MY]. The
symbols are [HB] Hanna Shoal, [PB] Point Barrow, [HarB] Harrison Bay, [PrB]
Prudhoe Bay, [BI] Barter Island, and [HI] Herschel Island.

MY

Kilometers

Figure 4.3.26 AVHRR image on February 18, 1994; the second day of the sequence.
Symbols are the same as in Figure 4.3.25.
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Figure 4.3.27 AVHRR image on February 19, 1994; the third day of the sequence.
Symbols are the same as in Figure 4.3.25.

Kilometers

Figure 4.3.28 AVHRR image on February 20, 1994; the fourth day of the sequence.
Note that the leads around the multiyear floe [MY } have become less distinct than in
the two earlier figures in the sequence. As the ice in the leads thickens, the surface
becomes colder, so the leads blend in with the surrounding ice on these thermal IR
images. The symbols are the same as in Figure 4.3.25.
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Figure 4.3.29 AVHRR image on February 21, 1994; the fifth and last day of the
sequence. Note that the tangent and high angle leads formed within one day. The
symbols are the same as in Figure 4.3.25.

(iii). Point Barrow and easterly leads, trends and sequences

Point Barrow is a critical location in the pattern of deformation of the pack ice in the
southeastern Beaufort Sea. The reason is that, as noted the main theme of ice deformation in that
area is the drift of ice around Point Barrow into the Chukchi Sea. Thus, as can be seen from the
earlier discussion in this section, Point Barrow (more precisely, the landfast ice around the Point)
is an important point of origin in a number of deformation patterns involved in that process.
Linear leads and 'trends" (defined below) originate there and extend toward Banks Island,
Camden Bay and points between them. The spread of possible azimuths of these features is about
30 degrees. The more southerly of these extend into Camden Bay or to Barter Island. The
remainder lie along azimuths from Point Barrow to points between Cape Dalhousie or Cape
Bathurst to the vicinity of Sachs Harbor on Banks Island.

The leads from Point Barrow to Camden Bay generally follow the line of ridges close to the 20
meter depth contour. The ridges are established early in the winter and form the most inshore
landfast ice edge. Subsequently, the line of outer ridges may shift to a smooth edge across
Camden Bay to the 20m depth contour offshore from Barter Island so the lead crosses deeper
water. However, both of these edges are stabilized by grounded ice features and are identified on
the AVHRR imagery by the presence of open water or thin ice on their offshore side. Once
established, they define the offshore boundary of the most stable landfast ice regime. An
example of the landfast ice edge extending into Camden Bay is shown in Figure 4.3.3. Figure
4.3.4 shows a landfast edge projecting across Camden Bay to just offshore from Barter Island.

The term 'trend' as used here refers to a discontinuity in the pack ice deformation field that is

defined as (for example) the 'line' to which a series of wide arcs are tangent. They differ from the
landfast ice edges because, while these are clearly defined by the presence of grounded ridges,
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there may be no discernable linear feature at the scale on the imagery that defines the trend. It is
clear, however, that there is some property of the deformation field that causes the leads to
become tangent to that 'line.' Thus, the 'trend' probably forms as the result of the geometry of the
pack ice drift pattern and is analogous to a shear line in a fluid flow field that separates moving
from stationary material. In fact, when one of the 'trends' is established, the ice to the south is
generally stable with no openings visible at the scale of the AVHRR imagery. In such cases, the
trend may represent the offshore boundary of a 'stable extension' of the landfast ice.

About 10 sequences of this type were observed during the years of observation. Questions about
the origin and duration of the pattern arise because it can develop over a period of days, and
cloud cover can make identification difficult. However, most examples seem to form as
extensions of the leads bounding Barrow Arches, as in the following example.

Figures 4.3.30 through 4.3.38 show the development of a trend line from Point Barrow toward
the southwest corner of Banks Island. The images cover the days from January 14-17 and 19-23
of 1998. The process starts with a Barrow Arch bounded on the east by a lead which can be seen
through the cloud cover in Figure 4.3.30. The lead can be seen more clearly on the following day
(Figure 4.3.31), and the Barrow Arch has extended along the lead. However, the pattern changes
over the next two days (Figures 4.3.32 and 4.3.33), and the change in the direction of pack ice
drift is shown by the appearance of a new lead with a prominent offset point further east and new
wide arcing leads. The image for the 5th day in the sequence is missing, but on the 6th day
(Figure 4.3.34) a trend is established, and the remainder of the sequence (Figures 4.3.35 through
4.3.38) shows development and displacement of a series of wide arcs that are approximately
tangent to the trend. Note that east of the trend there is no indication of motion of the pack ice,
while the Barrow Arch becomes narrower as the pack ice west of the trend displaced southward.
Thus, at the scale of the AVHRR imagery, the trend line represents a shear boundary between the
moving pack ice and the stationary, stable ice southward toward the coast. In that sense, it is
analogous to the boundary of the 'dead zone' in the extrusion model discussed in section 5.2.2.
The ice within the dead zone is then a stable extension of the landfast ice.
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Figure 4.3.30 First AVHRR image of the start of the sequence showing the
development of a trend from Point Barrow to southern Banks Island (not shown). The
image was acquired on January 14, 1998, and shows a developing Barrow Arch with a
lead along its eastern boundary. The lead is just visible through the cloud cover.
Symbols are [PB] Point Barrow, [HarB] Harrison Bay, [PrB] Prudhoe Bay, [BI] Barter
Island and [HI] Herschel Island.

Kilometers

Figure 4.3.31. AVHRR image from the second day of the sequence on January 15,
1998. The Barrow Arch has extended along the bounding lead which is clearer in the
absence of cloud cover.
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Figure 4.3.32. AVHRR image from the third day of the sequence on January 16, 1998.
The Barrow Arch has turned to the east following the change in pack ice drift direction
indicated by the new arcing leads and the opening at the offset.

Kilometers

Figure 4.3.33. AVHRR image from the fourth day of the sequence on January 17, 1998
showing that the pattern established on the third day has continued to develop.
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Figure 4.3.34 AVHRR image from the sixth day of the sequence on January 19, 1998.
Note that there was no image acquired on the fifth day, January 18, but the image for
the sixth day shows that there has been no change in the form of the opening at the
offset, and the initial pattern of displacement has been reestablished.

New Trend Line

Kilometers

Figure 4.3.35 AVHRR image from the seventh day of the sequence on January 15,
1998. A new trend line has developed, along which the Barrow Arch is extending, and
new wide arc leads have appeared that are concave to the southwest. That pattern
indicates that the pack ice north of the trend is displacing in that direction. The
remaining images in the sequence show the continuation of that process.
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Figure 4.3.37. AVHRR image from the ninth day of the sequence on January 15, 1998
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Figure 4.3.38. AVHRR image from the tenth day of the sequence on January 15, 1998
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5. Discussion

5.1. Potential analysis errors and biases

The most significant sources and magnitudes of geolocation, detection and classification errors
both for landfast ice and leads are described in detail in Section 3.3 and Section 3.2.2. Outside of
these, the most important potential source of errors and in particular bias is the limitation of the
lead analysis to cloud-free regions and periods. As outlined in previous sections, with limitations
in resolution and other problems, AVHRR still remains the most relevant source of data on lead
distributions and morphology, at least in the context of studies such as this. Nevertheless, since
leads are in significant part driven by atmospheric processes, lack of data on lead morphology
and distribution during cloudy periods may result in a bias towards atmospheric conditions
favoring cloud-free skies. In the study area, these conditions are associated with a Beaufort Sea
high pressure system, with winds predominantly out of the East and Northeast (see also Figure
5.2.2). The penetration of low-pressure systems is associated with winds veering to southerly and
westerly sectors. Such weather situations are increasingly common in the summer and fall
months (Lynch et al., 2003) and the summer weakening of the Beaufort high pressure system in
part explains increasing cloudiness (in turn reducing the number of scenes analyzed in the
months of May and June, Figure 3.1.3). In winter, passage of individual storms is typically
followed by clearer weather. Since leads have an average lifetime that extends over several days,
analysis of the first cloud-free scene available after such periods still contains information about
the morphology and size of leads that developed. Furthermore, direct inspection of daily scenes
and qualitative comparisons between highly obscured lead patterns and cloud-free conditions
suggests that the bias resulting out of this situation is small. A more detailed analysis of this
problem would require analysis of SAR (or comparable) data and analysis of the impact of
specific weather patterns on lead distributions and cloudiness, which is beyond the scope of this
present study.

5.2. Lead patterns

5.2.1. Distribution of leads in the context of large-scale ice motion and deformation: Recurrence
of observed patterns

The results of the study clearly show that the basic hypothesis of the recurrence of characteristic
patterns and features of the ice cover, including the distribution of leads and landfast ice and
their temporal evolution, is valid. Even with the limited number of images available as
illustrations for this report, there are enough to show examples of similar patterns in different
years, as demonstrated in Section 4.3 of this report. This pattern of recurrence is also apparent in
the quantitative data on lead areal fractions and morphology as shown in Figure 4.1.2, Figure
4.1.3 and Table 4.1.1. Sequences also are repeatable in terms of the particular lead patterns and
the order in which they form. That fact demonstrates that the weather and oceanographic
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conditions, and the physical boundary conditions imposed by the geometry of the pack ice/fast
ice boundary, are also repeated over the years. However, the rate at which the sequences progress
through their patterns appears to be variable, probably reflecting the rate at which weather
systems cross the area. Such differences in propagation of weather patterns along with potential
changes in the atmospheric circulation regime help explain interannual variability in the seasonal
cycle of lead fraction (Figure 4.1.1), lead density (Figure 4.1.5) and other size parameters (Table
4.1.1). This dependence on weather patterns greatly complicates the identification of longer-term
variability or potential trends and is discussed in more detail in Section 5.2.4 below.

As in any natural system, variations away from the ideal are expected to occur. An obvious
example is the case in which large multiyear floes dominate the near-shore ice pack as they did
during the winter of 1993/94 (see Section 4.2 above). In that year, the general drift pattern of the
southern Beaufort Sea pack ice was typical, but the lead patterns along the north coast of Alaska
did not reflect that. This was mostly due to the generation of open leads around these large floes
that moved differentially to the rest of the pack, and thus there were few occasions when new
leads needed to form in order for the pack ice to accommodate additional deformation. An
example of the effect of the large floes is shown in Figure 5.2.1a. The floe shown was tracked
until April when it could no longer be identified on the imagery, and always had leads such as
those shown here associated with it. Note that the winter of 1993-94 was the only year in which
large multiyear floes with these effects were observed during this study.
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Figure 5.2.1a. AVHRR image from December 23, 1993 showing a large multiyear floe
[MY] north of Mackenzie Bay and Herschel Island [HI] with an associated lead system
reaching to the coast.

The recurrence of the patterns discussed here warrants a closer examination of average lead
distribution fields. This can be achieved by calculating the recurrence probability of leads at a
particular location based on the entire data set of AVHRR scenes (with subregions exhibiting
partial or total cloud cover removed from the analysis). The resulting mean monthly patterns for
December through June are shown in Figure 5.2.1b. Several of the patterns described in more
detail in Section 4.3 are apparent in these recurrence maps, with a distinct contrast between the
winter/early spring regime prevailing throughout December-March and parts of April and the
late spring/early summer regime dominant in May and June. Below, we will discuss the
following most prominent and important of these patterns in more detail: (i) Flaw leads and
coastal polynyas along the eastern Chukchi Sea coast, off the Mackenzie Delta and off Herschel
and (to a lesser extent) Barter Island, (ii) arced leads forming off stable extensions in the central
Beaufort Sea, (iii) lead patterns associated with ice grounded on Hanna Shoal, and (iv) the
transition between winter/early-spring and late-spring/summer regimes throughout the study
area.
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Figure 5.2.1b. Monthly recurrence probability of leads derived from all images for each
month during the time period 1993-2004 for each grid cell. Subregions with partial or
complete cloud cover have been excluded from the analysis. The significance of
different patterns evident in the data is discussed in detail in the text.

(i) Flaw leads and coastal polynyas

The most prominent lead patterns apparent in the recurrence maps for all months are systems of
leads or polynyas forming off the eastern Chukchi Sea coast, the Mackenzie Delta and Herschel
(and to a lesser extent) Barter Island (Figure 5.2.1b). The WMO Sea Ice Nomenclature
(Organization, 1985) defines polynyas as openings in the ice with a non-linear shape and the
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polynyas occurring adjacent to the fast ice or coast are referred to as flaw or coastal polynyas.
According to WMO Sea Ice Nomenclature, the flaw zone is a narrow zone between pack ice and
fast ice “where the pieces of ice are in a chaotic state” as a result of (shear) deformation. Norton
and Graves Gaylord’s (2004) analysis of ice motion in the Barrow region indicates that the flaw
zone, as defined by high, shore-parallel ice velocities, can extend several tens of kilometers
offshore between March and June. As indicated in Figure 5.2.1b, the extent of the flaw zone as
defined by interannual monthly lead recurrence larger than approximately 20 % does in fact
range between about 10 km and more than 100 km when it appears at it’s widest. Note, however,
that the seasonal variation in flaw zone extent based on lead distribution also depends on ice
growth rates, as these define the transition between thin lead ice and thicker pack ice. The
location of these flaw and coastal leads and polynyas is an indication of their mode of formation,
as they a show a clear pattern of preferential occurrence downdrift of promontories or lee coasts
as typical of so-called “latent heat” polynyas generated by offshore winds (Gordon and Comiso,
1988). The prevailing winds in the study area are out of ENE at Barrow and E at Barter Island.
With a typical turning angle of 20 to 30° to the right of the local wind (Hibler, 1986; Kottmeier et
al., 1992), this explains the recurrence patterns of flaw leads or polynyas as well as the absence
of such openings in much of the western and central Beaufort Sea. These drift patterns also play
an important role in the generation of shear ridges that are of importance in stabilizing the
landfast ice edge in the Beaufort Sea (see Sections 4.2 and 5.2).

The winter lead recurrence patterns also demonstrate the impact of large-scale ice-pack/shore
interactions. In the Chukchi Sea prevailing ice drift patterns and the presence of thinner ice
during the early stages of winter allow for larger mobility of the pack. In contrast, off the
Mackenzie Shelf, ice movement is significantly constricted by the orientation of the coastline, in
combination with the presence of thicker multiyear ice (Tucker et al., 2001). Correspondingly,
the Chukchi flaw zone projects much further out from the coast than the Mackenzie Shelf flaw
zone, at least during early winter. At Point Barrow, radiating lead patterns are apparent in some
months, reflective of both openings forming to accommodate large-scale strain in the ice pack
and in response to changes in wind direction (Figure 5.2.2).

The extent of the flaw zone or the flaw-lead/polynya zone is of significance in the context of
potential oil-spill clean-up efforts. The high ice velocities, complex ice motion patterns, and mix
of open water, thin ice and highly fragmented ice floes as a result of shear between landfast ice
and ice pack result in a challenging environment in the context of oil-spill mitigation. It is
notable, however, that in the central portions of the Beaufort Sea, the orientation of the coast
with respect to the prevailing wind patterns (Figure 5.2.2) results in very small lead recurrence
probabilities and instead favors the formation of shear ridges as described in Section 4.4.

In June, the onset of ice melt has generated larger amounts of open water throughout the ice
pack, and part of the landfast ice is starting to retreat (see Section 4.2), both of which are
reflected in the recurrence maps. At the same time, the maps also clearly indicate the presence of
open water alongshore inside of the landfast ice belt. This reflects both flooding of landfast and
in particular bottomfast ice in May (where flooding off the Colville and Mackenzie Rivers is
particularly prominent; (Dean et al., 1994; Searcy et al., 1996; Walker, 1973)), as well as actual
melt-through and decay of landfast ice in the nearshore regions in late June.
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Figure 5.2.2. Frequency distribution of wind directions at Barrow (left) and Barter
Island (right) in a wind rose diagram. Plots are based on National Weather Service
Observations averaged over 1971-2000 (Barrow) and 1971-1988 (Barter Island) and
compiled by the Alaska Climate Research Center (climate.gi.alaska.edu).

(ii) Arced lead patterns

Lead recurrence probability maps for March and April show a distinct pattern of curved or arced
leads in the western and west central Beaufort Sea. Some of these leads, in particular shorter
ones, are emanating from Point Barrow and associated with accommodation of ice motion and
deformation in the vicinity of the Barrow promontory. Some of these leads join with openings
emanating from the Hanna Shoal floeberg (see below), making the eastern Chukchi Sea and, in
particular, the stretch of coast between Peard Bay and Point Barrow the most active in the entire
study region.

The large-scale arcuate leads evident in the monthly recurrence maps for March are dominated
by a persistence of these features in March of 2000, accounting for half of all March (16 total)
scenes exhibiting this pattern in 7 out of the 11 ice years studied. The leads appear to originate
from a shoal off Harrison Bay and trend across the Beaufort Sea towards the Canadian
archipelago. Their significance derives from the fact that these are the largest-scale recurring
lead patterns studied in the area. They separate a region of stagnant ice that develops in the
southeastern corner of the Beaufort Sea from the more mobile pack ice to the West. As described
in more detail in Section 4.2 and Section 5.2, motion in the stagnant ice can be diminished to
below the detection threshold (based on our analysis of SAR data at sub-kilometer resolution on
10-day scales), with divergence and shear along the edge of this zone that extends from Point
Barrow over to Banks Island or the Canadian archipelago, resulting in the lead patterns shown in
Figure 5.2.1b for March. As the stagnant ice zone starts to become active again, the lead systems
migrate towards the East, on occasion rotating from a NNE-SSW trend into a NE-SW trend (see
Figure 5.2.1b). While the pattern is most prominent in 2000 when it gave rise to the longest
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stable-extension period of more than 44 days observed between 1996 and 2004, such stagnant ice
motion is a defining feature of the eastern portions of our study area (see also Section 5.2.2).

It is fortuitous that for the ice season 1999/2000 Radarsat SAR scenes processed with the
Radarsat Geophysical Processor System (Kwok, 1998) are available to shed further light on these
types of leads and associated ice motion. Figure 5.2.3 shows shear and the magnitude of ice
motion as derived from sequences of SAR data for the second week in March of 2000. It is
evident that the lead patterns visible in the AVHRR data (Figure 5.2.1b, see also specific
examples in Section 4.3) correspond to the zone of localized shear that defines the boundary
between stagnant ice in the southeastern Beaufort Sea and the mobile ice pack. The average sea
level atmospheric pressure field indicates that at least during this time period, ice motion was
driven by a high-pressure system extending throughout much of the Arctic basin (Figure 5.2.3).
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Figure 5.2.3. Shear (left) and the magnitude of ice velocity (right) for the week of
March 15 to 21, 2000 as derived from the Radarsat Geophysical Processor System
(RGPS; data courtesy of Ron Kwok, Jet Propulsion Laboratory). The sea level
atmospheric pressure field is superimposed on the image at right.

(iii) Hanna Shoal and the E-W boundary of the Barrow Arch

The maps of lead recurrence in Figure 5.2.1b. show the effect of the mass of grounded ice that
forms annually on Hanna Shoal at approximately 72°N, 162°W. The shallowest bathymetric
contour at that location is about 25 m deep over an area with longest dimension of about 15 km.
The grounded ice mass itself and its annual evolution have been described by Stringer and
Barrett (1975) and Barrett and Stringer (1978) who gave it the unofficial name 'Katie's Floeberg.'

The simple answer to the question of why there is grounded ice on Hanna Shoal is that, at some
time in the early winter, a deep-keeled floe or ridge drifts over the shoal where it contacts the
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bottom and stops. More ice is then added by collisions with the moving pack ice, and that
process continues through the winter. If this is correct, then it might be assumed that the time
that the ice first grounds would reflect whether the ice cover is typical of a 'heavy' or 'light' ice
year. To test this, the dates at which grounded ice could be detected on AVHRR imagery over
the duration of this project were determined and the results are shown in Table 5.2.1. The dates
agree in general with the lead occurrences shown in Figure 5.2.1b so there are significant
increases in the probability of encountering leads in this region (see also Table 5.3.1) after the
grounded ice is in place.

Table 5.2.1. Dates of first certain observation of grounded ice on Hanna Shoal

ICE YEAR FIRST POSITIVE COMMENTS*
93-94 1/19

94-95 11/25 Possible 11/17
95-96 1/13

96-97 1/12 Possible 1/9
97-98 1/9

98-99 1/26 Possible 1/20; Absent 1/14
99-00 12/23

00-01 1/28 Cloudy from 1/13
01-02 1/30

02-03 12/27 Absent 1/19
03-04 1/24 Possible 1/15

* 'Possible’ indicates that ice may have been present on that date, but cannot be identified with
certainty. 'Absent' is the last day when it could be determined that there was no grounded ice on
the shoal; subsequently, cloud cover obscured the area until the date of the first positive
identification of the grounded ice.

Observations from AVHRR imagery show that, before the grounded ice is present, there is often
an area of open water over Hanna Shoal, even when the Chukchi Sea pack ice edge is far south
of that latitude. This appears to be part of a zone of leads that crosses the area in a roughly linear
pattern along approximately 72°N latitude and extends westward to about 162°30' W, just
outside the study area. The zone sometimes has the appearance of a diverging pack ice edge,
where slowly south-drifting Beaufort Sea pack ice breaks into floes that rapidly drift off into the
Chukchi Sea. This effect is visible to some degree through the entire winter, and requires that
there be space available for the floes to move into. In early winter, the Chukchi Sea closes over
later than the Beaufort Sea, while later in the year, the Chukchi Sea pack ice frequently drifts off
the Alaska coast shore. Either of these conditions can provide the required space.

The grounded ice itself usually is not visible on the AVHRR imagery because it blends into the
surrounding ice cover. However, after grounding has occurred the ice on the shoal acts as a fixed
point in the otherwise drifting pack ice. Prominent leads often originate or terminate against the
grounded ice, and when leads are absent, the moving pack can leave an opening on the
downstream side of the grounded ice providing an excellent indicator of the direction and
magnitude of pack ice motion. In some cases the trail of young ice that fills the opening left by
the moving pack is visible for several days.
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The grounded ice thus influences the deformation of the pack ice by generating leads and,
increasing the amount of open water between Hanna Shoal and the Alaska coast. Examples are
shown in Figures 5.2.4, 5.2.5 and 5.2.6.

i 100
Kilometers

Figure 5.2.4 Leads converging to grounded ice on Hanna Shoal [HB] in late winter.
[PB] is Point Barrow shown in an AVHRR image acquired on April 8, 1994. . The dark
spot at Hanna Shoal is open water or thin ice on the downdrift side of the grounded ice.

In June, the general opening of the ice pack after the onset of melt has rendered the amount of
leads generated by the feature nearly indistinguishable from openings in the remainder of the
pack.

It is of interest that, despite its obvious influence, the grounded ice on Hanna Shoal has never
been included in models of pack ice drift and deformation. In that context, it might be useful to
assemble a catalogue of typical lead patterns that involve this feature as an aid to those modeling
deformation patterns in the area.
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Figure 5.2.5 AVHRR image acquired on May 4, 1977 showing broken floes around the
grounded ice on Hanna Shoal [HB] in late winter. [PB] is Point Barrow. The zone of
broken floes north of the landfast ice [NSA] is a short North Slope Arch.
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Figure 5.2.6 AVHRR image acquired on February 19, 2000 showing an arcing lead
system from near Point Barrow [PB] to the grounded ice on Hanna Shoal [HB]. This is
another example of the influence of the grounded ice on the lead pattern in the area of
Hanna Shoal.
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Figure 5.2.7. Radarsat SAR scene (© Canadian Space Agency) showing the location of
grounded ice over Hanna Shoal in relation to the eastern Chukchi Sea coastline on
March 31, 1997 (North is up). Note the high concentration of deformed ice downstream
of the feature. The insert shows the grounded, heavily ridged ice mass on April 24, 1997
with leads delineating part of the feature and thin ice formed as a result of ice drift past
the obstacle towards the ENE (size of the feature is approximately 15 km in length).

(iv) Winter-spring ice transition

The lead recurrence probability maps also illustrate the transition between the winter lead
regime, characterized by clearly delineated, large-scale lead systems (the March map illustrating
the most prominent patterns, Figure 5.2.1b), and the spring ice regime, when the ice pack
disintegrates into individual, small-scale floes with open water and new ice mostly distributed in
irregular patches (the May map illustrating this pattern well, Figure 5.2.1b). The increase in lead
number density indicative of the transition from the winter into the spring ice regime typically
occurs some time in April (see Section 4.1.2) and the April lead recurrence probability maps
support this finding, with linear lead patterns giving way to a more homogeneous distribution of
small-scale lead patterns. The significance of the transition is discussed in more detail in Section
5.2.5 below.
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5.2.2. Distribution of leads in the context of large-scale ice motion and deformation: A Beaufort
Sea Extrusion Model

There are similarities between the pattern of pack ice drift across the southern Beaufort Sea and
southwesterly past Point Barrow, and the geometry of extrusion as in the die casting of metals.
That process is described by slip-line field theory which uses the material assumptions of the
theory of plasticity to calculate the geometry of flow lines, shear boundaries and stress
trajectories in problems involving the flow of materials in two-dimensional problems (see, for
example, Johnson and Kudo, 1962). The eastern Beaufort Sea can be visualized as having 'rigid'
boundaries represented on the east by Banks Island and islands further north, and on the south by
coast of Alaska as modified by landfast ice. When the Beaufort Sea ice pack is driven southward
it is constrained by these boundaries but can move into the Chukchi Sea past Point Barrow. The
formation of many of the leads and lead patterns described in section 4.3 are the direct result of
the process of moving ice from the Beaufort Sea into the Chukchi Sea by that route.

The most common single lead pattern in the study area is the Barrow Arch which takes several
forms. It is analogous to the arch structure that that forms when metal is extruded through a die,
and is similar to the arch that accompanies the 'extrusion’ of pack ice through Bering Strait
(Shapiro and Burns, 1974). In that case, the boundaries of the arch define the area in which pack
ice fractures into floes which then drift freely through the strait. Examples of similar patterns in
the Point Barrow area are given in Section 4.3. However, the mechanisms of arch formation in
the two areas differ because at Bering Strait, an arch can be anchored on both its east and west
sides, while a Barrow Arch can only have an anchor on its east side. Still, the geometric
similarity suggests that there may be some similarity in origin as well.

A second element in the analogy to extrusion processes is the frequent presence of trends from
Point Barrow in azimuths directed between Banks Island and Cape Bathurst. These are
analogous to shear boundaries separating westerly-moving pack ice from 'dead' material
represented by the landfast ice. Stable extensions are then seen as analogous to the dead material
in the extrusion process.

Tangent leads (described in Section 4.3.4) also have an analogy in plasticity as lines of shear
discontinuity in a plastic material being compressed between two plates with high friction at the
interface. The analogy has been noted by Shapiro et al. (1984) and applied to the initial fracture
in an ice-push event in which the landfast ice sheet was initially frozen to the beach.

There are obvious differences between the ideal materials used in the calculations and the real
pack ice of the Beaufort Sea. However, the similarity in the geometry of both processes, and the
fact that plastic materials have been used in models of sea ice deformation, suggests that the
analogy could be useful for modeling deformation in the Beaufort Sea under some conditions.
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5.2.3. Lead bathymetry linkages

The recurrence of lead patterns evident in Figure 5.2.1b raises the question as to whether lead
distributions are in any way linked to seafloor morphology. From the recurrence maps and the
merged bathymetric data sets (Section 3.4), the frequency distribution of leads for different water
depth intervals has been derived (Figure 5.2.9). Over deeper water, leads appear to follow no
distinct distribution pattern (the March peak is a result of the arcuate lead patterns described in
detail in Section 5.2.1). Over shallow water, i.e. at depths less than 30 m, the lead distribution
appears to follow the seasonal cycle of the landfast ice (see also Section 4.2), with flaw leads
sequentially advancing into deeper water. The peak over shallow water (0-5 m) in May and June
is a combination of surface flooding in May and decay of nearshore ice in June (see also Section
5.2.1).

The two modes in the distributions in the 20-30 m and 50-100 m interval reflect the distribution
of recurring flaw lead and flaw polynya systems. In the eastern Chukchi Sea, most of these leads
and polynyas are located over deeper water, which is in large part due to the steep drop-off in the
bathymetry associated with Barrow Canyon (Figure 3.4.2). A similar configuration of the
landfast ice edge is found off Herschel Island where the Mackenzie channel has incised into the
shelf, but the limited areal extent of this feature renders it less important in the context of Figure
5.2.9. The secondary mode at 20-30 m water depth corresponds mostly to the flaw leads in the
central and western Beaufort Sea and in particular the Mackenzie Delta system of flaw leads
which occurs over shallower water of the Mackenzie submarine sediment fan (Figure. 3.4.2).
While oceanographic processes may also be involved in the recurrence of leads over deeper
water along the Chukchi coast, this question cannot be examined in the context of this study.

Independent of the origin of these leads, their water depth distribution is of great significance
from the perspective of marine ecology. Thus, the lead systems over deeper water in the eastern
Chukchi Sea place constraints on their potential benefit for diving ducks and other benthic
feeders. At the same time, the Mackenzie flaw lead system is located in waters shallow enough
that the euphotic zone may still extend to the benthos.
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Figure 5.2.8. Frequency distribution of water depth under leads (monthly means for
entire study period, 1993-2004).

5.2.4. Long-term variability and change in the context of all available data sets

Lead areal fraction, number density and size exhibit significant variability, both on seasonal and
interannual time scales. The seasonal signal is distinct and dominates lead variability in every
year examined, as outlined in Section 4.1 and discussed in Section 5.2.5 below. Time series of
mean lead areal fraction and number density are shown in Figure 5.2.10 and Figure 5.2.11
averaged over the winter (December-April) and summer months (May-June) for the entire study
period. Interannual variability is substantial and no statistically significant trend (at the 90%
significance level) is apparent in any of the data. In part, this may be due to the fact that the
number of days represented by lead data is small compared to the total length of the study period.
Here, we will limit this brief discussion to interannual lead variability in the context of regional
air temperature variability, large-scale atmospheric circulation anomalies and changes in the ice
thickness regime.

At Barrow, for the time period 1976 to 2004 no significant increase (at the 90% level) has been
observed in air temperatures averaged over the December-April and May-June time intervals
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(Figure 5.2.12). This lack of a trend in recent decades also holds true for the number of thawing
degree days (TDD) and has been discussed in the context of large-scale atmospheric variability
(Lynch et al., 2003). The number of freezing degree days (FDD) has been decreasing at the rate
of 30 degree-days per year (significant at the 99% level) over the past two decades. However, no
significant correlation has been observed between lead area fractions in either season and air
temperature or FDD and TDD. The same holds true if we compare only the lead areal fraction of
subregion 3 (i.e., the immediate vicinity of Barrow). Thus, it is not clear to what an extent
changes in the amount of open water and leads in the area have an effect on surface air
temperatures. Moreover, both the open water fraction and air temperature may be independently
driven by a variable atmospheric circulation regime, as suggested by a number of studies of
large-scale Arctic atmosphere and sea-ice climatology (Deser et al., 2000; Drobot and Maslanik,
2003; Wang and Ikeda, 2000). In our comparatively small study region that is in close vicinity to
land (where other factors contribute to climate variability and change) this ambiguity is
compounded by the fact that the overall ice thickness appears to have been reduced substantially
in the past several decades (Rothrock and Zhang, 2005; Tucker et al., 2001) which in turn is
likely to impact surface air temperatures. Examination of the 1993/94 ice season, which was the
only one with large concentrations of multiyear ice advected into the coastal region (see Section
5.2.1), indicates that December-April Barrow air temperatures were within the normal range,
while May-June temperatures ranked among the lowest three years during the study period.
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Figure 5.2.9. Mean lead areal fraction averaged over the winter and early spring
(December-April) and late spring months (May-June) for the entire study period.
(Vertical bars indicate the standard deviation for each year.)

112



—— Dec-Apr -
—o— May-June

=)
w
[a—
=
w
I

Lead number density, km*

[ [ I [ [ |
1994 1996 1998 2000 2002 2004
Year

Figure 5.2.10. Mean lead number density averaged over the winter and early spring
(December-April) and late spring months (May-June) for the entire study period.
(Vertical bars indicate standard deviation for each year.)
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Figure 5.2.11. Mean air temperatures averaged over December-April and May-June as
measured at the National Weather Service Station at Barrow for the time period 1976-
2004.
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To further explore potential linkages between large-scale atmospheric circulation and lead
patterns, we have examined the Arctic Oscillation Index (AOI) or Northern Annular Mode
(NAM) that describes the prevailing pattern of variability in Arctic atmospheric pressure fields
(Thompson and Wallace, 1998). Throughout the 1950s to 1980s high atmospheric pressure was
predominant over the Arctic (corresponding to low AOI), resulting in large-scale anticyclonic
circulation of sea ice in the Beaufort Gyre that extends over much of the North American Sector
of the Arctic Ocean (Proshutinsky and Johnson, 1997), which in turn drove advection of thick
multiyear ice into the coastal waters of the Beaufort and to a lesser extent the Chukchi Sea
(Rigor et al., 2002; Tucker et al., 2001). With a consistent weakening of sea level pressure
throughout the Arctic (Serreze et al., 2000), in the 1990s the AOI reached record high values
(Figure 5.2.12), associated with significant surface warming, weakening of the Beaufort Gyre,
penetration of low-pressure systems into the Arctic and changes in multiyear ice advection
patterns in the study area. In recent years, however, it appears changes in the sea ice regime (and
other surface circulation features) are somewhat decoupled from the Arctic Oscillation/Northern
Annular Mode (Overland and Wang, 2005).

For the comparatively brief time period under investigation here, we found winter lead fractions
to be negatively correlated with the winter AOI, though only marginally so (significant at the
90% level). Lead number densities were also negatively correlated (significant at the 95% level)
with the AOI. This finding can likely be explained by a combination of two factors. First,
alongshore ice motion in the Beaufort Sea appears to be (inversely) correlated with the AOI
(Rigor et al., 2002; Drobot and Maslanik, 2003), such that during low AOI years (relatively high
atmospheric pressure over the Beaufort Sea with a well-developed Beaufort Gyre) ice velocities
are significantly lower in the study area. Second, during low AOI years, there is a higher
likelihood of advection of multiyear ice into the study region (Tucker et al., 2001; Drobot and
Maslanik, 2003) leading to generation of open water around multiyear floe aggregates as
described in more detail in Section 5.1 and Section 4.3.

For the months of May and June, no significant correlation between lead fractions and number
densities and any of the other variables examined here was found. This is to be expected as the
Beaufort Gyre as well as the atmospheric circulation patterns driving ice motion typically
weaken in summer, with ice decay and production of open water dominated by input of solar
radiation and a combination of other factors.

It is possible that much stronger linkages between atmospheric circulation, as expressed in the
Arctic Oscillation and Northern Annular Mode, and lead distribution would have become
apparent if our time series would have extended further back in time. With limited availability of
digital data prior to that point, we have examined hardcopies of AVHRR imagery archived at the
Geophysical Institute going back to the 1970s. Qualitative analysis of this imagery indicates that
the same types of lead patterns and sequences described in detail in Section 4.3 were present
throughout this period and suggest little change between high AOI years in the 1970s and 1980s
and conditions in the 1990s, at least based on qualitative analysis.
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Quantitative data on lead distributions that cover at least part of the study region is available for
1989, with a winter AOI of 2.60, from Lindsay and Rothrock’s (1995) study. While our lead
detection approach corresponds to that of Lindsay and Rothrock, and yields comparable results
for comparable detection thresholds, their analysis groups data from a range of different regions
and focuses mostly on lead morphology and distribution. As apparent from Figure 4.1.6, our lead
densities and lead sizes are somewhat below those found by Lindsay and Rothrock, but with
differences in the study area extent and methodology of lead size measurements, it is not possible
to assign these differences to large-scale circulation changes.

The same holds true when comparing our data with those of a study by Miles and Barry (1998)
of lead distributions in the western Arctic between 1979 and 1985. Miles and Barry’s analysis is
based on tracing of leads on the archived AVHRR hardcopy transparencies. This greatly
complicates determination of open water fractions and other size parameters and hence the
authors limited their analysis to the number, length and orientation of the linear traces of large
lead systems. Without comparative analysis of a subset of these scenes applying our and their
approach it is not possible to arrive at any quantitative conclusions or comparisons. However, the
large-scale patterns described here appear to correspond well with the findings of Miles and
Barry for their somewhat larger study area.

A further potential link between large-scale atmospheric circulation and lead patterns is through
the establishment of stable extensions throughout much of the central and eastern Beaufort Sea,
as detailed in Section 4.2 and Section 5.2.1. Thus, we note that the year with the most extensive
stable-extension episode, well over a month in duration and extending well beyond the study
area in March/April 2000, is also the year with the highest AO index between 1993 and 2004.
Such episodes may be brought about by a weakened Beaufort Gyre and reduced surface wind
forcing, resulting in significantly lower alongshore ice velocities during high-AOI years (Rigor
et al., 2002; Drobot and Maslanik, 2003). This interpretation is supported by the fact that in years
such as 2000, with a pan-Arctic sea level pressure field and circulation regime representative of
the high-AOI, cyclonic circulation regime, stagnation of ice motion is much more widespread
and affects the entire “dead space” southeast of a line linking Point Barrow and Northern
Greenland (see detailed discussion in Section 4.3, Section 5.2.1 and Figure 5.2.3). Similar
conditions prevailed in the winter of 1999 with comparable occurrences of stable extensions in
landfast ice extent and the lowest areal lead fractions observed in December-April during the
entire study period. At present, however, it is unclear what exactly controls such stable-
extension/stagnation episodes, since they have been observed in other, low-AOI years as well.
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Figure 5.2.12. Time series of the winter Arctic Oscillation Index (DJF) for the time
period 1976 to 2004 (data from NOAA’s Bering Sea Climate website,
www.beringclimate.noaa.gov).

5.2.5. The winter-spring/lead-floe transition

One of the strongest signals in the seasonal cycle is the substantial increase in lead number
density in May and June, here termed winter-spring ice transition. It is the result of the increase
in the number of isometric (rather than linear) leads appearing throughout the ice pack (Section
4.1.2, Figure 4.1.5). However, the increase is not the result of fracture of the pack ice. Instead it
reflects the deterioration of the pack ice into discrete floes so that it can no longer support the
propagation of long fractures.

The transition from continuous pack ice with leads that result from fracture, to an aggregate of
smaller floes separated by open water or thin ice is important in the context of sea ice
geophysics, marine ecology, and operations, particularly with respect to oil-spill clean up.

The term "spring ice" is applied here to pack ice when the season has progressed to the point that
little significant refreezing of open water between floes takes place. In that state, at the scale of
the AVHRR imagery, the ice has the characteristic appearance of an unconsolidated aggregate.
Pack ice with that characteristic tends to develop progressively from south to north in the
Chukchi Sea. However, in the Beaufort Sea, 'spring ice' generally forms first off the Mackenzie
Delta and further east, and then progresses north and west. Figures 5.2.13a and 13b indicate the
progressive expansion of the spring ice regime. Note that despite the fact that spring ice does not
support long fractures, arcuate lines of apparent separation can occasionally be seen within the
pack. These are often tangent to the coast or the edge of the landfast ice and can be interpreted as
analogous to lines of shear in a fluid flow field (Figure 5.2.13c)
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Kilometers

Figure 5.2.13a. 'Spring ice' in the southern Beaufort Sea. The boundary between ice that
has deteriorated and pack ice that can still sustain leads is indicated. Other symbols are
[HB] Hanna Shoal, [PB] Point Barrow, [PrB] Prudhoe Bay, [BI] Barter Island and [HI]
Herschel Island. AVHRR visible band image, May 10, 1995.

Kilometers

Figure 5.2.13b. AVHRR visible band image of spring ice on June 10, 1995, one month
later than the scene in Figure 5.2.13a. The number of large floes is clearly reduced so
that, with the exception of the eastern margin, the area occupied by 'Spring Ice' is of
uniform texture on the over the entire image. Symbols are the same as in Figure 5.2.13a.
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Kilometers

Figure 5.2.13c. AVHRR visible image of spring ice on June 14, 2000 in which the
curving lines that appear to be leads are more likely discontinuities in the form of
narrow shear zones that pass between discrete floes rather than fractures. Symbols are
the same as in Figure 5.2.13a.

There is a possibility that the first recognition of spring ice in various parts of the study area
might be used as an indicator of the timing and progress of break up in different years. To
examine this, we determined the earliest date for which AVHRR and SAR imagery indicate
“spring ice” conditions in Subregion 3 centered on Barrow (Table 5.2.1). Limiting this analysis
to a single subregion recognizes the fact that, as noted above, the transition is not a synoptic
event. Also, limiting the study to a small region permitted us to study a relatively large number
of AVHRR scenes that are at least partially cloud-free. Further because of there is some inherent
ambiguity in identifying the "point' at which the transition occurs, the results have an associated
error on the order of +5 days for AVHRR for those years in which cloud cover permitted the
transition to be observed. Further, while SAR imagery was available independent of cloud
conditions there are uncertainties in the backscatter signatures of different ice types and open
water and so the errors are even larger. Both, the combined data and the AVHRR-derived dates
exhibit a significant trend (at the 95% significance level) of earlier transition dates over the entire
study period.

As to the exact nature and driving forces of this transition, our analysis is inconclusive. Thus, the
transition typically occurs well (on average 21 days) before the onset of melt in the study region.
The transition date does not correlate with any of the atmospheric or temperature variables
determined for this study, other than the number of thawing degree days, for which a marginally
significant (at the 90% level for the combined data sets) positive correlation was found. This
would indicate that a later spring ice transition is paralleled by a larger number of thawing degree
days which is counterintuitive if we consider the transition driven by thermodynamic, rather than
dynamic forcing. However, field observations (see Section 4.1) confirm that the transition
typically occurs at a time where significant amounts of new ice form in leads. An intriguing
possibility would be that the transition is a result of dynamic and thermodynamic processes and
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ultimately driven by the absorption of solar energy in leads. Several studies have indicated
substantial absorption and sub-ice heating of surface waters well before the onset of surface melt
(Kadko and Swart, 2004) and there are indications of a general oceanic warming trend in the
study area (McPhee et al., 1998). At this point it is pure speculation whether these processes play
any role in the context of the spring ice transition, however.

Table 5.2.2. Earliest appearance of “spring ice” conditions as derived from AVHRR and
Radarsat SAR imagery for subregion 3 centered on Barrow

Year Spring ice transition Spring ice transition
(AVHRR) (Radarsat SAR)
1994 129 n.d.
1995 126 n.d.
1996 n.d. n.d.
1997 124 118
1998 124 130
1999 123 125
2000 124 117
2001 110 111
2002 114 123
2003 115 113
2004 n.d. 120

5.3. Landfast ice

5.3.1. Linkages with coastal morphology and bathymetry

From our analysis of Radarsat imagery between October 1996 and July 2004, we have
characterized the landfast ice of northern Alaska and northwest Canada in terms of its width, the
water depth at its seaward edge and the timing of key events during its annual cycle. In doing so,
we have observed spatial variability in the character of the landfast ice at different scales and will
now examine the relationship of this with different aspects of coastal morphology and nearshore
bathymetry. To begin, it is informative to consider the study area as a whole with regard to
typical sea ice drift patterns. In this context Point Barrow is the most important feature of the
coast, acting as an obstacle which westward drifting pack ice in the Beaufort Sea must pass. This
places the entire Alaska Chukchi coast in the lee of such drift, while other smaller coastal
promontories such as Herschel and Barter Islands have similar effects on sections of the Beaufort
Sea Coast.
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The leeward aspect of a coastline results in the recurring presence of an expanse of open water,
in the form of polynyas and shore leads, between the landfast and pack ice. During spring, when
these open water areas are most common, typical incoming shortwave radiation provides
approximately 270 Wm™ to the Earth’s surface at Barrow (data obtained from the North Slope
Atmospheric Radiation Measurement Program). Some simple calculations show that over a 12-
hour period, this can deliver 250 MJ per linear km of a 1 km wide lead. This is sufficient to melt
approximately 50,000 m® of sea ice or 1 m of ice from a 50 m wide ridge at the SLIE. Therefore,
although mechanisms for transferring upper ocean heat to the landfast ice are not well quantified,
the presence of open water at the SLIE could promote more rapid break-up of landfast ice and
result in the accumulation of fewer TDDs prior to break-up.

Open water also increases the exposure of the landfast ice to wind waves and swell, the latter of
which can penetrate into ice covers causing them to break-up (Fox and Squire, 1990; 1991;
Langhorne et al., 1998; Squire, 1993). Although the waves formed in polynyas are typically of
much shorter period than are required for this (Biggs and Willmott, 2004), observations on the
landfast ice near Barrow show that sections can break off following the passage of a long period
wave across a large expanse of mostly open water.

At smaller scales, there are embayments and lagoons, which provide shelter from wind, waves
and drifting ice and therefore promote the more rapid formation of continuous landfast ice. There
are also river mouths located in many of these embayments, the effects of which can be complex.
In the Siberian Arctic, the discharge of these rivers is thought to partly control the location of the
SLIE (Dmitrenko et al., 1999), though as we observe below, their effect is not so far-reaching
along the coastlines studied here. Instead, their most noticeable effect appears to be flooding of
the landfast ice and promotion of melt in spring. This may explain why fewer TDDs are accrued
prior to break-up in embayments in zone 2 than headlands (Figure 4.2.8). River in-flow can also
freshen the surface waters and therefore enhance ice production in the fall. However, despite
having more rivers than other zones, the difference between headlands and embayments in FDDs
acquired prior to ice formation is less pronounced than in other zones (Figure 4.2.7). Part of the
reason for this may be that Admiralty Bay and other deeply convoluted areas of the coast are
excluded by the transects along which landfast ice width is measured (Section 3.3.7).

As observed in Section 4.2.3, stabilization of the landfast ice is strongly related to the water
depth at the SLIE. Consequently, spatial variability of landfast ice extent also corresponds well
with that of the distance from the coast to the isobaths around 20m. Thus, the steepness of the
nearshore bathymetry can modulate the effect that the coastal morphology has on the behavior of
landfast ice. Furthermore, isolated shoals can create leeward regions in a similar fashion to
coastal promontories as discussed above.

There are also differences in the weather experienced by different sections of coast in the study
area. In particular, that of zone 1 is influenced by the proximity of the Bering Sea to the south.
The effects of weather and climate will be addressed in Section 5.3.2, but here we propose that
much of the differences in landfast behavior that distinguish the 4 zones identified in this study
(Figure 4.2.2, Figure 4.2.4, Figure 4.2.5 and Figure 4.2.7) can be related to three elements of the
configuration of coast and bathymetry.
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In zone 1, with the exception of Peard Bay, the landfast ice is among the latest to form each year
and acquires more FDDs before it does so. In part, this can be ascribed to sparsity of sheltered
locations in which sea ice can form without being broken up by wind and waves or large drifting
floes. The only such feature of the coast is Peard Bay, in which ice forms significantly earlier
than on the rest of the coast, although it is unclear whether the inflow of Kugrua River has any
impact on this. Also in this zone, the SLIE is typically closest to shore and exhibits the smallest
range in width, which is explained by the steepness of the offshore topography that leaves only a
narrow band close to the shore in which ice floes may become grounded.

Also, in zone 1 except in the north near Point Barrow, the landfast ice achieves stability later in
the year than in other zones and breaks up earlier (Figure 4.2.7, Table 4.2.3). We propose here
that both are related to the leeward aspect of the coastline. First, this is probably the reason the
Alaska Chukchi Sea coast has fewer ridges and less ridging intensity than the Beaufort Sea
(Tucker et al., 1979). For the landfast ice, this means fewer potential floes to anchor the landfast
ice, which together with a smaller area in which to ground them would lead to a later onset of
stability. This is supported by Figure 4.2.7, which shows that stabilization occurs progressively
later on the leeward side of other features apart from Point Barrow such as Barter Island and the
shoals north of Prudhoe Bay and the Colville Delta. The leeward aspect of the coast in zone 1
also leads to the more frequent presence of open water at the SLIE. Grounded ice on Hanna
Shoal (Section 4.3) may also lead to open water during periods of southward ice drift in the
Chukchi Sea. This may explain the earlier date of break up and ice free coasts and fewer TDDs
accrued beforehand, via exchange of heat to the ice from solar heated open water, as described
above.

Zone 2 is distinguished from the others by a more gently sloping seabed and presence of shoals
in less than 20m of water up to 35 km from shore (Figure 3.4.2). Both these features of the
bathymetry coupled with of a greater supply of deep-keeled ridges (Tucker et al., 1979) explain
the greater mean width of landfast ice in this zone. There are also many bays and lagoons, but
there is less landfast ice variability associated with them and overall the behavior of the landfast
ice is more uniform than in other zones. We attribute this to the buffering effect of the broader
landfast ice belt in zone 2, where the characteristics of landfast ice appear to be dominated by the
shallow bathymetry offshore rather than the shape of the coastline. However we also note that by
discounting sea ice attached to barrier islands but not contiguous with the mainland (Section
3.3.1) the observed effect of barrier islands may be lessened, particularly in the spring. In
addition, the rivers that can be seen to flow over the landfast ice in spring do not seem to affect
the behavior of the landfast ice that we have measured here.

In coastal morphology and bathymetry, zone 3 resembles zone 1 and except during large stable
extension episodes, the landfast ice belt is similarly narrow. However, its location and aspect are
such that it has a similar intensity of ridging as zone 2 (Tucker et al., 1979), to which it has a
similar date of stabilization. Although the coastline of zone 3 does not have a leeward aspect, its
proximity to the Mackenzie Delta means that open water appears at the SLIE shortly after it does
so in zone 4. As a result, the dates of break-up and ice-free coasts are slightly later than in zone 4
and earlier than zone 2.

121



In zone 4, the landfast ice is stable in the deepest waters of any zone when it bridges the
Mackenzie Channel (Figure 4.2.7). We deem it unlikely that grounded ridges are holding the
landfast ice in place on such occasions and it is therefore the involution of the coastline that
shapes the SLIE in this case. The leeward aspect of the coastline results in a region of open water
at the SLIE in spring that expands to the west. In flow from the Mackenzie River is also certain
to influence this region and can be seen to overflow on the landfast ice in spring. It is therefore
unclear which of these is responsible for the early break-up in this zone. Freshening of the
nearshore seawater by Mackenzie discharge is likely to explain the earlier formation of landfast
ice, which may in turn explain the earlier stabilization despite the leeward aspect of the coast.

In each zone the landfast ice appears to stabilize at a slightly different depth, though at this
stage we are unable to explain the reasons why this is so. However, it may be more important to
examine the similarities between the zones and understand the processes that lead to the landfast
ice terminating in such a narrow range of water depths close to 20 m. The manner in which the
SLIE advances into deeper water, with the discrete sections advancing first, followed by
surrounding sections (Figure 4.2.5), indicates that the SLIE is pinned discontinuously by
grounded ridges. However, it is not clear how many grounded ridges are required to stabilize
landfast ice. Upward looking sonar measurements in waters beyond the landfast ice off of the
Mackenzie Delta suggest that ridges with a draft greater than 20 m occupy only 0.1% of the ice
surface (Melling et al., 1995). If a typical ridge section is assumed to be on the order of 100 m
wide, this corresponds to approximately one such ridge per 100 km of ice. Melling et al (1995)
observed a net drift of pack ice approximately 300 km over the course of the winter, which is
sufficient to transport 3 deep-keeled ridges over any potential grounding location. If we assume
that only one of these grounds, then grounded ridges would be located every 33 km along the
SLIE. Although this corresponds approximately with the spacing of some nodes identified in
Figure 4.2.1 and Figure 4.2.2, field observations at Barrow suggest such features are more
closely spaced (Mahoney et al. in prep.). Therefore it seems likely that more grounded features
are required to hold the landfast ice in place and therefore in situ deformation of ice is important
in creating grounded ridges to stabilize the landfast ice.

This leaves the question of why the landfast ice terminates so frequently in waters around
20 m deep. It is possible that this is purely determined by the limited abundance of ridges with
deeper keels. However, although the abundance decreases rapidly with increasing keel draft
(Melling et al., 1995), ice gouges in the sea bed testify to the existence of keels as deep as 64 m
(Gilbert and Pederson, 1987; Reimnitz and Barnes, 1985; Reimnitz et al., 1977). It is therefore
also possible that ridges grounded in greater than 20 m are less capable of stabilizing the SLIE.
Hibler (personal communication, 2005) suggests that drag exerted by the sea bed on the
boundary layer beneath the sea ice may reduce ocean drag on ridge keels in shallow water.
However, (Reimnitz et al., 1977) note an absence of hydraulic bedforms, which would be
expected to be present if the boundary layer was interacting with the sea bed in such a manner.

Through a detailed analysis of the spatial variability of landfast ice behavior we have identified 3
elements of the coastal and bathymetric configuration that control the mean extent and annual
cycle of landfast ice in a given area. However, in any given year the landfast ice will deviate
from this mean behavior according to the atmospheric (and to a lesser extent oceanic) forcing it
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experiences. We must therefore also examine the temporal variability in the landfast ice and the
environmental factors to which it responds.

5.3.2. Linkages with atmospheric circulation and air temperature

There are 3 different timescales relevant for observations of landfast ice behavior in this study.
We can observe intra-annual episodic events as well as interannual variability between the 8
annual cycles between 1996 and 2004. Furthermore, results of this work can be compared to
earlier, detailed studies completed in the 1970’s to address potential change on decadal
timescales. As brief episodic events are the subject of other ongoing research (Mahoney et al., in
prep.), in this study we will address just the latter two timescales.

Mahoney et al. (2005) compared the locations of the SLIE from studies in the 1970’s (Barry et
al., 1979b; Stringer et al., 1980) and found that there was little difference in the end-of-season
locations of the SLIE. However, in this study we have noted significant changes in the timing
and duration of the annual landfast ice cycle between the periods 1973-76 (Barry, 1979; Barry et
al., 1979b) and 1996-2004 (Section 4.2.4). We have also noted long-term changes in the onsets
of freezing and thawing temperatures (Section 4.2.7) and significant differences in these between
the two study periods. However, in order to elucidate the processes driving the timing of the
landfast ice cycle, we will first examine interannual variability between 1996 and 2004 to shed
light on the processes driving the timing of the landfast sea ice cycle.

From Figure 4.2.2, it is apparent that interannual variability in maximum landfast ice extent is
dominated by the presence or absence of large stable extensions. It also appears that the position
to which the SLIE retreats after the extension breaks up is farther offshore than the typical end of
cycle maximum position in other years. However, their occurrence has little correlation with the
timing of the final break-up of the landfast ice. We also find nothing in our analysis of sea level
pressure patterns that corresponds to the occurrences of stable extensions.

If stable extensions are excluded, as by others (Barry et al., 1979b; Stringer et al., 1980), landfast
ice extent does not appear to vary significantly on an interannual basis. It is noteworthy that this
is different to observations in other Arctic marginal seas. In the Russian Artic, landfast ice extent
has been correlated with the discharge of Ob’, Yenisei, Lena and Kolyma rivers (Dmitrenko et
al., 1999) Also, although they observe no significant long-term trends, Polyakov et al. (2003)
note that variability in landfast ice extent in the Laptev, East Siberian and eastern Chukchi Seas
correlates with both dynamic and thermodynamic forcing. In the Kara Sea, they suggest that
thermodynamic forcing is more important, which differs from the findings of Divine et al.
(2005), who note that there are modes of Kara Sea landfast ice extent, which are controlled by
atmospheric circulation. However, probably due to steeper bathymetric gradients that in the
Russian Arctic, Alaska landfast ice extent appears more narrowly confined by bathymetry and
less dependent on climatic forcing. Also little change is observed over a longer timescale, and so
we will instead focus on interannual variability in the timing of the landfast ice cycle.

Although we do not see any significant correlations between the timing of landfast ice events and
the occurrence frequencies of individual CPs there is a seasonal cycle in the ratio of winter to
summer patterns over a running 90-day period. Estimates of the dates of each year’s spring
transitions were derived by identifying the day of year on which the winter:summer ratio
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dropped below 0.5. Similarly the dates when the ratio rose back above 0.5 were used to estimate
the fall transition. This provides a way to compare the key landfast ice events with the
seasonality of sea level pressure patterns to complement similar comparisons with air
temperature (Section 3.4.3).

As mentioned in Section 1, landfast ice does not exclusively form in-situ, but relies upon the
advection of pack ice to stabilize and increase in area. To include interannual variability of pack
ice interaction, Defense Meteorological Satellite Program (DMSP) Special Scanner
Microwave/Imager (SSM/I) Daily Polar Gridded Sea Ice Concentrations (Cavalieri et al., 1990)
were acquired for the 8 annual cycles of our study period. From these data, we derived estimates
of the timing of the appearance and disappearance of pack ice from the nearshore zone. These
dates were defined according to the mean daily sea ice concentration (SIC) in grid cells between
50km and 200km of the coast rose above and dropped below a threshold. A threshold of 80%
concentration was found to yield the strongest correlations with landfast ice behavior.

Table 5.3.1. Correlation and lags between key landfast ice events (Sections 3.3.8 and 4.2.4) and
measures of interannual variability in the temperature and atmospheric circulation.

Correlation |Lag (days)
R’ Mean o Min Max
Onset of freeze First landfast ice* | 0.08 60 10.4 47 3
Stabilization 0.02 147 16.3 128 173
Fall CP First landfast ice* |0.16 60 10.3 45 73
Transition Stabilization 0.23 143 133 130 170
Fall 80% First landfast ice* |0.72 29 13.1 15 59
nearshore SIC  Stabilization 0.07 112 184 91 144
Onset of thaw Break up 0.68 18 4.6 11 24
Ice-free coasts 0.72 29 3.7 24 34
Spring CP Break up 0.34 11 9.8 -4 24
transition Ice-free coasts 0.38 23 10.1 9 35
Spring 80% Break up 0.45 -36 15.0 -54 -9
nearshore SIC  [ce-free coasts 0.08 -25 155 42 2

*1996-1998 omitted from analysis (see Section 3.3.8)

The start of the landfast ice cycle does not correlate strongly with either of the measures of
interannual variability in the climate (Table 5.3.1). Furthermore, there is great variability in
FDDs acquired prior to the presence of landfast ice (Figure 4.2.9). However there is a strong
correlation (R* = 0.72) between the mean date of the first appearance of landfast ice and the date
at which the mean sea ice concentration in the nearshore rose above 80%. Although this analysis
is only based upon dates from 5 annual cycles due to Radarsat data availability (Section 3.3.8)
this suggests that the strongest direct effect upon landfast ice formation is the presence of
significant concentrations of pack ice in the near shore zone. Clearly, however, the pack ice is
also responding to atmospheric circulation and the accumulation of freezing degree days.
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The patterns of events in spring are more clearly correlated (Table 5.3.1), with the mean date of
onset of thawing temperatures being the strongest corollary for events at the end of the landfast
ice season. In addition, the mean annual dates of break-up correlate very strongly with those of
ice-free coastlines (R* = 0.91). On average, over the 8 years of the study period, the onset of
thawing temperature occurred 18 and 29 days prior to break up and ice free coasts, respectively.
However, despite the relatively small standard deviations in lag intervals, the predictive
usefulness of this date is limited since lag periods are also small and only slightly larger than the
window of time used to calculate onset of thaw (Section 3.4.3). The correlations of break up and
ice free coasts with the springtime transition from winter to summer CPs are considerably
weaker, which suggests that the end of the annual landfast ice cycle is controlled more by
thermodynamics than atmospheric dynamics. In addition, there is less variability in the TDDs
required for break-up and ice free conditions as compared with FDDs required for the formation
of landfast ice (Figure 4.2.8). The TDD totals for each event are within the same range as those
determined by Barry (1978) and Barry et al. (1979b). However, no correlation could be found
that might suggest an underlying cause for interannual variability in the number of TDDs
acquired prior to break-up and ice-free conditions.

In the above analysis, we have identified the main variables that explain the interannual
variability in the timing of landfast ice events between 1996 and 2004. This has been achieved
through correlation of mean annual measures of atmospheric circulation, pack ice concentration
and air temperature with mean dates of landfast ice events. However, in doing so we have
neglected differences in climate across the study area. This may explain the weak correlations
found at the beginning of the landfast ice cycle. Although additional correlations were performed
on individual zones, with no significant improvement in the correlations, the CP analysis cannot
be broken down in this way and so does not take into account differences between zones. In
particular, the Chukchi Sea coast experiences the influence of the Bering Sea to the south more
directly than the Beaufort Coast experiences more frequent and stronger storms than the Beaufort
Sea (Atkinson, 2005). Furthermore, such storms are not well captured by the CP analysis. The
differing climate of the Chukchi Sea probably explains one half of the u- and n-shaped date
curves in Figure 4.2.6 and the greater level of interannual variability (Table 4.2.2)

In the examination of differences between the dates of key events identified in this study
(Section 4.2.4) and those of the period 1973-77 (Barry et al., 1979b), we take into account some
of these regional differences. According to a comparison of the mean dates, landfast ice
formation occurs up to 1 month later in zone 1, while zone 2 shows little change from the earlier
period. However, these mean standard deviations of dates in zone 1 are significantly larger than
in zone 2, such that the difference between study periods is within the range of uncertainty.
Furthermore, it is unclear what may be responsible for such a change due to weak correlations
with the date of landfast ice formation. Thus, although Figure 4.2.10 and Figure 4.2.11 show
trends toward more summer-like Septembers and later onsets of freezing temperatures,
respectively, it is not clear whether these are related to any change in the landfast ice season.

In spring, it is in the Beaufort Sea that the greatest differences are seen between study periods,
though both zone 1 and 2 show earlier break up and ice-free conditions in recent years,
particularly if the first dates of break-up within each zone are used (Section 4.2.4). In agreement
with Barry (1979; 1978), the results of this study show that the timing of landfast ice break-up is
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most closely correlated with air temperature and thawing degree days. However, this is not to say
that turbulent heat flux from the atmosphere is the main driving mechanism behind melting and
break-up since the other processes in the surface energy balance also control the accumulation of
thawing degree days. Hence, the breaking-up of ice can be a positive feedback on air temperature
since increasing open water fractions will increase the shortwave flux and therefore lead to
increased surface air temperature. We therefore suggest that the long term trend towards an
earlier onset of thawing (Figure 4.2.11) is evidence that the shortening of the landfast ice year in
spring is also part of a longer term trend.
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6. Conclusions

A major conclusion from this study of lead distribution patterns and landfast ice extent along the
northern Alaska and Northwestern Canadian coast between 1993 and 2004 is the fact that
throughout these years (and earlier time periods examined in a qualitative fashion or by
consulting datasets published in previous studies) major lead patterns and landfast ice patterns
are repeated and recurring and appear to conform to consistent seasonal and spatial patterns of
variability. These patterns are controlled to a large extent by a combination of topographic (or
bathymetric) constraints, atmospheric forcing and large-scale ice dynamics, as summarized in a
simplistic fashion in Figure 6.1. Thus, the prevailing direction of ice motion with the Beaufort
Gyre results in import of ice from the Canada Basin and north of Greenland into the study area.
Despite an overall ice thinning trend in the region (Tucker et al., 2001), at least for some years
substantial fractions of multiyear ice have been observed in the study area (see Section 4.3).
During periods with significant onshore motion components, this ice circulation pattern creates a
“dead space” in the southeastern Beaufort Sea that may extend well up along the coast towards
the Canadian archipelago and possibly northern Greenland. As a result, we find a significantly
lower lead fraction in the eastern part of the study area during such stagnation episodes (see
detailed discussion in Section 4.2 and 5.2). Furthermore, the landfast ice extent, once it has
attained its stable minimum near the 20-m isobath also responds to such stagnation episodes,
resulting in several stable extension periods where the SLIE was shifted far to the North (see also
further discussion below). The prevailing circulation regime hence also results in a more stable
landfast ice cover in the eastern and central stretches of the Beaufort Sea. The local production of
grounded ridges due to shear along the WNW-ESE trending stretches of coastline contributes to
the stabilization of the landfast ice. At the same time, the prevailing wind regime favors
production of open water and flaw leads or polynyas off the Mackenzie Delta and Herschel and
Barter Islands during periods where atmospheric forcing and ice dynamics work in concert to
clear ice out of the southeastern Beaufort Sea.

Transiting out of the Beaufort ‘dead space” further towards the West, ice conditions become
much more dynamic, with lead patterns radiating out of Point Barrow throughout the year.
Furthermore, the orientation of the coastline in the eastern Chukchi Sea results in the highest
recurrence probabilities of leads anywhere in the study area during all months of the year. A
further set of lead systems of importance originates with ice grounded on Hanna Shoal. The
higher areal lead fractions and higher lead densities in this region are due to a combination of
two factors. First, both Hanna Shoal grounded ice as well as the Point Barrow landmass jutting
out into the Chukchi and Beaufort Seas generate leads for a wide range of ice drift conditions.
Second, the stagnation of ice movement in the eastern Beaufort Sea actually concentrates shear
deformation into the eastern Chukchi and Western Beaufort Sea. This fosters the formation of
long, arcuate leads that originate from Point Barrow or slightly further East and extend well up
into the Canada Basin and off towards the coast of northern Greenland. These lead systems are
also apparent in a couple of year’s worth of Radarsat Geophysical Processor System data that
determine the amount of shear for larger grid cells throughout the Arctic. The stagnating ice also
acts as an anchor point that furthers the development of arches, including stacked lead systems
that develop as ice clears out between the pinned ice in the East and more mobile (or partially
pinned, in particular on Hanna Shoal) ice in the West.
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These processes lead to characteristic sequences of lead evolution, with arch patterns
propagating towards the NNE as the ice becomes more mobile and is cleared out. Large arcuate
leads that parallel the lines of maximum shear between stagnant ice in the East and mobile ice in
the West can also progress eastward, either through multiplication along progressive shear lines
or through the development of separate arch systems that are capable of fragmenting the entire
stretch of coastal ice between Point Barrow and the Mackenzie Delta in a few days. Such
episodic events also impact the landfast ice edge, in particular in areas where it extends beyond
this stable minimum position. The fact that winter break-out events are more frequent in the
eastern Chukchi and western Beaufort Sea than the eastern half of the study area reflects the
large-scale offshore pack-ice regime.

The large-scale sea-ice characteristics and recurrence of characteristic spatial and temporal
patterns of variability are of importance both from a short- and long-term planning perspective.
The regional and local contrasts in parameters such as lead recurrence probability or between
lead number density and progression of the transition season can aid in planning of industrial
development and assessment of ecological impacts of development. The temporal sequence of
lead propagation, which depends largely on the passage of weather systems, may hold predictive
power on operationally relevant time scales of days (development of arch patterns) and possibly
even weeks (stable extensions). The data compiled in this study and the detailed description and
discussion of characteristic patterns and associated quantitative information on SLIE or lead
locations and morphology can furthermore aid in the validation and improvement of high-
resolution sea-ice/ocean models operational in the Western Arctic sector.

Understanding the controlling factors of interannual variability in these landfast ice and lead
patterns appears to be much more of a challenge, however. The development of leads in
particular is highly dependent on the passage of individual weather systems. With sampling rates
of such processes dictated by cloud conditions in the case of AVHRR, only a few promising
leads worthy of further pursuit emerge. Thus, lead patterns appear to be linked to the prevailing
atmospheric circulation regime, albeit only marginally. However, in combination with
quantitative estimates of the distribution of multiyear ice advected into the study area,
atmospheric circulation indices may hold some promise as potential predictors of lead patterns.
With significant interannual variability dominating lead patterns, only one variable, the first
appearance of “spring ice” characterized by an increase in the number density of leads and the
lack of linear leads, appears to show some significant trend during the study period. The
importance of this transition from the perspective of marine ecology, solar heating of the upper
ocean and lateral melting of ice floes as well as from an operational viewpoint (e.g., for oil spill
clean-up efforts) is significant. However, at this point, it is far from clear what exactly drives the
timing of this transition and how these processes are related to more tangible measures such as
the onset of surface melt.
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Figure 6.1. Schematic depiction of the dominant features and processes driving lead and
landfast ice variability patterns in the study area. The red arrow designates the
propagation of lead systems into the central and eastern Beaufort Sea. The dark blue
areas indicate recurring flaw leads or polynyas. The big arrow shows the general trend
of ice drift in the Beaufort Gyre, with shore-parallel drift dominating on average along
the Beaufort coasts.

By examining the spatial variability in landfast ice extent and stability at higher spatial resolution, we
were able to identify 4 distinct zones of contrasting landfast ice behavior (eastern Chukchi, west-central
Beaufort, east-central Beaufort and Mackenzie Shelf region). Furthermore, we have identified 3
elements of the coastal and bathymetric configuration that differ between these zones and can be used to
explain the differences in behavior. These elements are:

(1) The width and slope of the shallow inner shelf,

(2) The convexity and convolution of the coastline,

(3) The coastline orientation with respect to mean pack ice drift direction.
Despite the differences between zones, the landfast ice terminates at approximately 20 m of water in
each one. This observation has been made by many authors (Stringer, 1980; Kovacs, 1976; Shapiro,
1975, 1976; Reimnitz, 1974) but in this study we have quantified the relationship and its spatial and
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temporal variability. Furthermore we show that reaching an isobath near 20 m is a critical event in the
annual cycle allowing the advance of neighboring landfast ice to this depth and in turn the subsequent
advance of the SLIE into deeper water. However, although the data indicate that grounded ridges are
important in stabilizing the landfast ice, questions remain regarding why the SLIE is apparently
stabilized so much less frequently in deeper water when there is evidence that deeper keels exist. It
seems likely either there is an abrupt decrease in the abundance of keels deeper than 20 m, as suggested
by Melling (1995), or that the ridge keels experience greater ocean drag in deeper water (Hibler, 2005
personal communication). Understanding the mechanisms by which grounded ridges hold sea ice fast to
the coast is likely to be important in predicting the response of landfast ice to the observed changes in
the Arctic sea ice in recent years (e.g. Perovich et al., 2003; e.g. Tucker et al., 2001).

We have also examined temporal variability of landfast sea ice on interannual and decadal timescales. In
doing so we have noted that while the landfast ice extent is typically controlled by the configuration of
the coast and bathymetry as discussed above, the occurrences of stable extensions are the cause of large
interannual variability. No corollary to these events was found in the characteristic sea level pressure
patterns. While these extensions are not usually considered as part of the landfast ice from an
operational standpoint, they represent a persistent physical barrier isolating the waters beneath from the
atmosphere above, which we expect would have significant oceanographic and ecological implications.

To examine variability in the timing of the annual cycle, we defined 4 key events that could be
determined objectively from the SLIE data. Figure 4.2.7 shows the detailed spatial variability of
these dates across the study area and the means of these dates over the study period for all coast
points in each zone are given in Table 4.2.2. These data represent the most recent description of
the annual cycle of Alaska landfast ice. In comparison with dates reported by (Barry et al.,
1979b) for the period 1973-77, we observe a significant shortening of the landfast ice cycle.
Along the northern Alaska Chukchi Sea coast the first landfast ice formed approximately 1
month later, though this is approaching the range of uncertainty. Along the western Beaufort Sea
coast, there was no appreciable difference in these dates. Break-up occurred earlier on average
by 6 and 19 days along the Chukchi and Beaufort coasts respectively. Although the difference
for the Chukchi coast is less than the typical interannual variability, we feel that our dates are
conservative since we calculate a mean date for each zone instead of the date of the first
observance, which occurs approximately 3 weeks earlier. The greatest differences we observed
in the mean dates of ice-free coasts, which occur 17 and 37 days later in the Chukchi and
Beaufort Seas respectively.

By examining interannual variability of the timing of key landfast ice events within the study period, we
found that the timing of pack ice incursion into coastal water was the best corollary for the timing of
landfast ice formation, suggesting that later formation in recent years may be related to the more
northward retreat of the perennial ice edge in recent years ([Serreze, et al., 2003; Stroeve, et al., 2005]).
However, due to weak interannual correlation, we were unable to conclude whether any progressive
delay of landfast ice formation was related to observations of summer-like Septembers (Figure 4.2.10
and later onsets of freezing temperatures (Figure 4.2.11). However, in spring we found a strong
correlation between the timing of break-up and ice free coastlines and the onset of thawing temperatures.
This leads us to the conclusion that the shortening of the landfast ice cycle in spring is related to the
earlier onset of thawing temperatures in recent years (Figure 4.2.11).
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7. Recommended New Research

The purpose of this study was to attempt to identify and classify features and lead patterns in the
pack ice of the Beaufort Sea. With that information available, it is possible to suggest studies of a
more analytical and quantitative nature that can be used to improve modeling of pack ice
deformation, distribution of openings in the ice pack and the establishment and persistence of a
seasonal landfast ice cover. In addition, several features and parameters have been identified that
might be indicators of environmental change, if their times of origin can be determined. These
are discussed in the following sections. Note that while this study relied almost exclusively on
AVHRR and Radarsat SAR imagery, the availability of MODIS and high-resolution passive
microwave imagery in the most recent years should not be overlooked as additional sources of
data. Based on the present work, we have identified a number of areas requiring further research
in the future. Listed in topical order (i.e., not by priority) these are:

1. The sequences of lead patterns identified and described here provide a basis for case history
studies in which climate data is used to drive models to attempt to recreate the observations.
Lead orientations can be deduced from the calculated displacement patterns and, alternatively,
the observed patterns provide the opportunity to experiment with fracture criteria in the models.
However, in general, models of pack ice deformation do not include the nearshore areas because
of the need to know the boundary conditions at the pack ice — landfast ice interface. These are
variable depending upon the configuration of the landfast ice edge, the direction of pack ice
motion, bulk mechanical properties of the pack ice and the adhesion, or lack of it, at the
boundary. For some of the lead patterns and sequences described here, the sense of motion of the
pack ice at the time the leads formed can be found. Then, because many leads either originate or
terminate at the boundary, it should be possible to test likely boundary conditions to reproduce
the observed lead patterns. This is a reasonable approach to obtaining this type of information,
given the scale of the problem.

2. The formation and persistence of leads along the pack ice-landfast ice boundary (i.e. flaw
polynyas or flaw leads) depends on the movement of the pack ice and the configuration of the
landfast ice edge. Displacements roughly parallel to the boundary leave openings on the
downstream sides of nodes at the landfast ice edge. The length of the openings and the area of
open water produced depend on the shape of the boundary and the duration of the movement
episode. If the movements are limited in time, then the openings will probably remain narrow.
However, with larger displacements, leads project into the pack ice, and eventually produce a
Pack Ice Edge Zone (Section 4.3). The frequency of occurrence of open water along parts of the
boundary, and the area it occupies, could be determined from satellite imagery and could be
useful in considerations of possible oil dispersion.

3. Operationally, the flaw zone (as discussed in detail in Section 5.2) presents a particular
challenge in the context of oil and gas production and oil-spill response and mitigation. The
present study identified the extent of the flaw zone based on lead recurrence maps and data on
the variability of the outer landfast ice edge. Further work could focus on a more in-depth
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examination of ice drift and deformation patterns in this zone that may not be well described by
large-scale forcing or ice motion fields.

4. The first appearance of one or more specific features in both early and late winter might be
useful as indicators of the timing of the limits of the ice year. As a test, a catalogue of these could
be assembled from the available satellite imagery.

The problem of identifying the day of the first appearance of the grounded ice on Hanna Shoal
from AVHRR imagery was described in the text. However, other possibilities are (1) the
grounding of ice on the shoal off Harrison Bay, (2) the formation of the line of ridges along the
20 m depth contour into Camden Bay, (3) the first occurrence of the line of ridges to offshore
Barter Island, and (4) the smoothing of the landfast ice edge across the mouth of Mackenzie Bay.

The transition to warmer conditions might be marked by the first recognition of “spring ice”,
followed by the rate at which it spreads across the southern Beaufort Sea. Spring ice appears as a
phenomenon that is largely unstudied yet of substantial importance in a variety of contexts. A
more detailed examination, in particular, of its exact nature and potential trends in its timing may
aid describing and predicting a range of important seasonal transitions. In addition, the first
appearance of a lead deep into Mackenzie Bay (the 'fishhook') might serve as another indicator.

5. Analysis of the mechanics of formation of several features observed in this study could be
useful for improving our ability to model pack ice deformation in the southern Beaufort Sea. The
similarities and differences between the arch that forms in the Bering Strait as ice is extruded
southward, and the Barrow and North Slope Arches was commented on in the text. The fact that
those arches are present so much of the time indicates that they are important elements in the
deformation pattern of the Beaufort Sea. Similar observations apply to other patterns and features
described in Section 4.3, including the lead fans at Point Barrow, tangent and high-angle leads
along the landfast ice edge, the relationship between wide arcs and the northeasterly trends from
Point Barrow, and leads that originate or terminate at the grounded ice on Hanna Shoal. Thus,
there is a wealth of isolated problems in the mechanics of pack ice deformation that requires
study, and the data provided here supplies case histories for that effort.

6. In looking for the first day of the ice year when there was grounded ice present on Hanna
Shoal, it was noted that in early winter, it was common at that location to find areas of open
water surrounded by large floes broken from the pack ice, even though the edge of the pack ice
was farther south. A similar observation was noted in describing the Barrow Arch with leads
aligned near 72°N. In that case, the emphasis was on the fact that the broken floes are in a linear
zone that extends westward from an arch to about 162°30'W. The zone appears to coincide with
the area in which the water depth has decreased to less than about 50 m as the Chukchi shelf is
approached from the north. This estimate of the depth is approximate, because of the difficulty in
transferring locations of points on the SWATHVIEW images to a map of the bathymetry on a
much larger scale. The apparent influence of the change in depth on the fracturing within the
pack ice is an observation that might be of interest to oceanographers concerned with near-shore
phenomena. Note also that in describing Barrow Arches with leads bounding their east sides it
was noted that many of the bounding leads are aligned along the trend of the shallower depth
contours on the east flank of Barrow Canyon. It is possible (perhaps likely) that the lead over the
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east flank of Barrow Canyon is more the result of the drift pattern of the pack ice in that area
than the change in water depth, but the point could still be investigated.

7. By combining our observations of the location of the SLIE with a bathymetric DEM compiled
for this study, we found strong evidence that the landfast ice is pinned at discrete locations by
grounded deep-keeled ice. Furthermore, there is an apparent limit at around 20 m to the depth at
which such keels can effectively stabilize the surrounding floating ice. However, we are unable
to conclude whether this is due to a decrease in abundance of ridges with deeper keels or a
change in the oceanic drag at this depth. A further problem in this context is the lack of a
consolidated, up-to-date bathymetric data set in the depth range between 0 and 50 m. A study
examining the quality of existing bathymetric data and consolidating various data sources into a
single, high-quality data set appears to be in order.

Also, although we identified some likely areas where the landfast ice well grounded, it is not
clear what fraction of the SLIE is grounded. This is not only important for stabilizing the ice, but
also in determining the nature of the SLIE as a boundary between current regimes. Deep,
continuous ridges at the SLIE could make an effective barrier to prevent the spread of oil spilled
beneath the ice, where as gaps in such ridges would represent areas where oil could be dispersed
beneath moving pack ice. Addressing these questions would likely require an intensive program
of ice-based field observations coupled with mooring data and high-resolution altimetry of the
ice cover.

8. The importance of stable extensions and vast sectors of stagnant ice devoid of leads appears to
have gone largely unnoticed, despite their great importance for atmosphere-ocean exchange of
heat and momentum. Ecologically, stable extension episodes of more than a month can have a
substantial impact on marine birds and mammals. The SAR data and SLIE locations as well as
the lead patterns compiled for this study could help guide a dedicated study of such events. For
some years, availability of SAR-derived deformation maps would add substantially to such an
effort.

9. We observed a strong correlation between the timing of the onset of thawing temperatures and
the subsequent break-up of the ice. However, although this suggests that warming and melting of
ice are important in weakening the ice, it does not address the role of mechanical breakage of the
ice, which may be responsible for mid-winter breakouts. Also, we speculated that solar heat
absorbed by open water in spring could be transferred to adjacent landfast ice and promote an
early onset of break-up. The exchange of water across the SLIE also has implications for the fate
of spilled oil and ties in with the questions regarding the nature of keels beneath the landfast ice.
Hence, any research program intending to address one ought to address the other.

10. A concerted effort was put forth to compile useful bathymetry for analyzing both the lead
and landfast ice characteristics, but it is clear that additional work could be conducted to develop
an improved data set. The concentration of depth sounding data is in the nearshore area (less
than 20 meters). Much less concentrated sounding data exist for offshore areas. Data mining the
archives from ship cruises (such as the USCGC HEALY) with onboard multibeam
instrumentation could be incorporated to supplement these offshore areas. In addition, new
industry data sources should be included. Opportunities for MMS to develop improved
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bathymetry may be accomplished through increased collaboration with other regional efforts
with similar needs, such as the Alaska Ocean Observation System, the Arctic Observing
Network and the Barrow Coastal Observatory. The Hawaii Mapping Research Group based out
of the University of Hawaii at Manoa is currently processing multibeam surveys conducted from
the 2005 USCGC HEALY cruise, plus other data sources in an effort to create an improved
bathymetry grid (personal communication with Margo Edwards and Paul Johnson.) Such efforts
should eventually yield an improved data set.
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Appendix C. List of catalogs and digital media

Catalogs
AVHRR imagery reviewed for this study: Disk 2

RadarSat SAR imagery reviewed for this study: Disk 2

Digital Media

Variability of landfast ice widths and water depths at the SLIE for all 8 annual cycles (222
SLIEs) for all 200 coastal locations: Disk 1

Geodatabases of (i) SLIEs for all 8 annual cycles and (ii) leads for all 11 annual cycles: Disk 1

GeoTiffs, grids and shapefiles of (i) SLIEs for 5 annual (1996-2001) cycles and (ii) leads for all
11 annual cycles: Disk 1

GeoTiffs, grids and shapefiles of SLIEs for 4 annual (2001-2004) cycles: Disk 2
Summary statistics of lead data for all 11 annual cycles: Disk 1

Monthly averages of the SLIE in ArcGIS format: Disk 1

Metadata templates for ArcGIS deliverables: Disk 2

Monthly lead recurrence probability maps: Disk 2

Bibliography of sea ice leads and landfast ice: Disk 2

SF298 Report Documentation Page: Disk 2

Technical Summary: Disk 2

OCS Study MMS 2005-068, PDF and Word version: Disk 1
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