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CAVM divides the Arctic into five bioclimate sub-
zones, A thru E (Subzone A is the coldest and Subzone
E is the warmest), based on a combination of sum-
mer temperature and vegetation. Fifteen vegetation
types are mapped based on the dominant plant growth
forms. More detailed, plant-community-level, informa-
tion is contained in the database used to construct the
map. The reverse side of the vegetation map has a
false-color infrared image constructed from Advanced
Very-High Resolution (AVHRR) satellite-derived raster
data, and maps of bioclimate subzones, elevation, land-
scape types, lake cover, substrate chemistry, floristic
provinces, the maximum normalized difference vegeta-
tion index (NDVI), and aboveground phytomass. The
vegetation map was analyzed by vegetation type and
biomass for each county, bioclimate subzone, and floris-
tic province. Biomass distribution was analyzed by
means of a correlation between aboveground phytomass
and the normalized difference vegetation index (NDVI),
a remote-sensing index of surface greenness. Biomass
on zonal surfaces roughly doubles within each succes-
sively warmer subzone, from about 50 g m-2 in Sub-
zone A to 800 g m2- in Subzone E. But the pattern
of vegetation increase is highly variable, and depends
on a number of other factors. The most important ap-
pears to be the glacial history of the landscape. Areas
that were glaciated during the late-Pleistocene, such
as Canada, Svalbard, and Greenland, do not show such
strong increases in NDVI with temperature as do areas
that were not glaciated. Abundant lakes and rocky sur-
faces limit the greenness of these recently glaciated sur-
faces. The highest NDVI and phytomass are found in
non-glaciated regions of Alaska and Russia. Soil acid-
ity also affects NDVI patterns. In Subzone D, where
the NDVI/ soil acidity relationship has been studied
most closely, NDVI is lower on nonacidic surfaces. This
has been attributed to fewer shrubs and higher propor-
tion of graminoids (more standing dead sedge leaves) in
nonacidic areas. This trend is probably caused by gen-
erally drier soils, with less production, on limestone-
derived soils. The trend is less clear in Subzone E be-
cause of fewer nonacidic surfaces, and the abundance
of glacial lakes with low NDVI on the acidic shield ar-
eas of Canada. Time series analysis of trends in NDVI
in Subzones C, D, and E in Alaska have shown a 17%
increase in the NDVI over the 21-year record. The in-
creases have been greatest in moist nonacidic tundra.
Future analyses of the circumpolar database will be di-
rected at examining which geographic regions and veg-
etation types have shown the strongest increases, and
how these are correlated with temperature changes.

URL: http://www.geobotany.uaf.edu/cavm/draft0306/
index.html
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Local and global changes in the Arctic climate may
have profound impacts on hydrology, soil stability, and
infrastructure, such as roads, buildings, and water, gas,
or oil pipelines. These changes will be manifested in
large part through permafrost, which can influence vir-
tually all physical, chemical, and biological processes
occurring in the soil. The ”Barrow Urban Heat Is-
land Study” (BUHIS) is an ongoing project in north-
ern Alaska that examines the effects of urbanization
on air and soil temperatures in and around Barrow.
At 4600 residents, Barrow is the largest native settle-
ment in the circumarctic region and the northernmost
urban area in the United States. Initiated in summer
2001, BUHIS is recording temperature and thaw depth
at more than 60 locations throughout the village, the
developing suburbs, and surrounding undisturbed tun-
dra. This paper describes one part of study examin-
ing the active layer and anthropogenic influences on its
thickness. Summer air and soil temperature data, to-
gether with digital vegetation and soil maps, are used
as input to a modified Stefan solution to map depth
of thaw over an area of 100 square kilometers that in-
cludes both the village of Barrow and the surrounding
tundra. Maps representing end-of-summer conditions
for 2001 provide the first spatial/temporal represen-
tation of active-layer variability within an urbanized
area. Increasing urban development in Arctic regions
is causing information about changes accompanying in-
dustrial development and urbanization to become more
vital, particularly given the possibility of a warming
climate.

C11E-07 1150h

Slope Relaxation in Thaw Lake Terrain,
NW Alaska.

L J Plug1 (902-494-1200; lplug@dal.ca)

B T Werner2 (858-534-6641; bwerner@ucsd.edu)
1Department of Earth Sciences Dalhousie University,

Life Sciences Centre, Halifax, NS B3H 4J1, Canada

2Complex Systems Laboratory, Cecil and Ida Green
Institute of Geophysics and Planetary Physics, Uni-
versity of California-San Diego, La Jolla, CA 92093,
United States

Thaw-induced subsidence of the ground surface, lo-
calized in thaw lake basins, generates topographic re-
lief of 1 to 20 m in regions of ice-rich permafrost. After
lakes drain, basin relief is modified by gravity-driven
slope processes and by re-inflation of the lake floor by
peat accumulation and refreezing. Unlike slopes in tem-
perate regions, where transport laws and rates have
been estimated from measurements (eg., linear diffu-
sion of topography and diffusion time constants), rates
of slope relaxation over 10 - 104 y have not been mea-
sured in permafrost terrain. To investigate rates of
permafrost slope relaxation, we conducted differential
GPS surveys (resolution ≈ 1 cm) and constructed dig-
ital elevation models of bounding slopes for four lake
basins ranging in age from modern (an actively expand-
ing lake) to 104 y, located in ice-rich aeolian Pleis-
tocene silt on the Seward Peninsula, NW Alaska. Tim-
ing of lake drainage, marking the onset of slope relax-
ation, is constrained by radiocarbon ages of basal ter-
restrial peat samples collected from permafrost cores
and stratigraphic exposures. The resulting chronose-
quence of slopes, each developed in similar materials
and from a similar initial state, is then used to investi-
gate time evolution of hillslopes in permafrost. Prelim-
inary results indicate that 1) Total thaw basin relief
ranges from 10–18 m; 2) Before and immediately fol-
lowing lake drainage, slopes display irregular, slump-
dominated profiles with angle 35–60◦ ; 3) After lake
drainage, mid slopes evolve toward smooth cross- sec-
tional and along-slope profiles consistent with diffu-
sive transport; 4) Upper slopes exhibit gentle diffu-
sive profiles near divides, but are marked by laterally-
discontinuous steep 1–2 m high ramparts where merg-
ing into mid slope, which persist in the oldest basins.
5) Lower slopes are marked by sharp breaks where toes
meet reinflating flat basin floors. Comparisons between
measured slopes and transport model predictions are
consistent with the view that permafrost slopes are
characterized by a mixture of linear diffusive and non-
linear transport processes (eg., solifluction) that can
maintain relief over long time periods.
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The concept of a terrestrial Circum-arctic Environ-
mental Observatories Network (CEON) was introduced
at Arctic Science Summit Week (ASSW) in 2000 at
a meeting of the Forum of Arctic Research Operators
(FARO: www.faro-arctic.org). CEON is conditioned by
the need for increased international integration of re-
search effort and the loss and/or danger of loss of con-
tinuous northern high latitude environmental observa-
tions. FARO has endorsed the CEON concept advocat-
ing that CEON be developed to promote environmen-
tal measurements and dissemination of these to Arc-
tic researchers whilst encompassing and building on the
strengths of existing arctic stations and environmental
observatory networks. Since 2000, the CEON concept
has increasingly received enthusiastic support from a
variety of existing networks, disciplinary collabora-
tions and research stations as well as endorsement from
the the International Arctic Science Committee (IASC)
(www.iasc.no). At ASSW 2002, a working group was
formed to scope and develop the concept of CEON.
Since then, presentations of the CEON concept have
been made at meetings of various networks, research
collaborations and polar research boards in Europe,
Russia and the United States in order to make contact
and collect feedback from potential CEON stakeholder
and user groups. Presentations have focused on the ne-
cessity for the CEON initiative to meet and promote
the needs of the participating research community, sci-
ence administrators, policy makers, industry, educa-
tion and indigenous communities. In doing so, it has
been stressed that CEON should be seen as a network
that facilitates and encourages environmental monitor-
ing, which provides linkages between disciplines and
existing networks and connectivity spanning regional
to circumarctic and global scales. Following CEON
presentations audiences have been asked to introduce

their own bias in the development of CEON by provid-
ing feedback to the following question: “What would
you do if you had the opportunity to conduct standard-
ized long term, integrated measurements across all re-
search stations and networks in the Arctic?” It is hoped
that this approach will facilitate the development and
scope of CEON based on the experience, needs and fu-
ture directions envisaged by a broad range of potential
CEON stakeholder and user groups. The CEON ini-
tiative should not be seen as duplicating prior or on-
going research effort, but an international partnership
that aims at forming a logistic and research framework
within which ongoing and future research can be ori-
ented to cumulatively form and facilitate long-term re-
search endeavors in the Arctic. Based on recent scoping
and development activities and the convention of the
first planning meeting in October 2003, this presenta-
tion recapitulates the enthusiastic support for the ini-
tiation of CEON and outlines a conceptual roadmap for
its inception. This road map will include the formation
of an interim multidisciplinary and international steer-
ing committee, an international workshop and a science
implementation strategy. We invite your thoughts and
ideas to facilitate the development of the CEON initia-
tive.

URL: http://www.cevl.msu.edu/ael/projects/
ceon.html
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The most important challenge to providing new in-
sights into the workings of the atmosphere on the top
of the Greenland ice sheet is to demonstrate that its
weak and intermittent turbulence can be adequately
characterized using existing instrumentation. To tackle
this problem, very high temporal resolution measure-
ments of turbulence at two heights near the surface
were collected at Summit, Greenland over several field
seasons. Two independent tests of stationarity on 1080
30-minute runs revealed that approximately 40% of
observations are nonstationary. Nonstationary runs
are characterized by periods with significant turbulent
fluxes separated be extended inactive periods with lit-
tle or no flux, with most of the flux during a run real-
ized in small fractions (<25%) of the total time. How-
ever, spectral analyses of stationary runs show that ve-
locity and temperature data, when non-dimensionalized
with appropriate scaling parameters, reduce to a set of
universal curves that are functions of z/L. To capture
99% of the turbulent heat flux in stable conditions sam-
pling rates do not need to exceed 15 Hz, which is far
less than the sampling frequency of 50 Hz used in this
investigation. This is important as it shows that stan-
dard fast-response sensors close to the surface (2m) can
capture the different scales of turbulent motion in this
environment. For these measurements to be useful in
other applications, such as establishing flux-profile re-
lationships or energy budgets, the issue of stationarity
must be addressed otherwise results may differ from
those expected.
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Evidence assembled over the past several decades
shows the Arctic system as in the midst of signifi-
cant environmental change. This includes pronounced
warming over most land areas, reductions in sea ice ex-
tent, alterations in precipitation, melt-water discharge
and sea ice circulation, and warming and increased
aerial extent of the Arctic Ocean’s Atlantic section
[Serreze et al., 2000; SEARCH SSC, 2001]. The ac-
cepted paradigm is that these changes are related to
the general dominance of the positive phase of the Arc-
tic Oscillation (AO) in recent decades [Thompson and
Wallace, 1998; 2000]. While the AO/NAO (North At-
lantic Oscillation) has proven to be a valuable integrat-
ing framework, many aspects of climatic variability and
change are fundamentally driven by events at synoptic
space and time scales, in particular, by the individual
or aggregate effect of extratropical cyclones. The po-
lar basin is considered a transit area or a sink for cy-
clones that develop elsewhere [Putnins, 1970]. In the
Northern Hemisphere, warming and cooling trends are
associated, respectively, with increases and decreases in
cyclone occurrence [McCabe et al., 2001]. As presented
by McCabe et al. [2001], differences in extratropical cy-
clone frequency and strength have a direct influence on
surface climate through effects on cloud cover, winds,
and precipitation frequency, duration, and magnitude.
Melt cycles and precipitation over the terrestrial Arc-
tic drainage are predominantly determined by the fre-
quency and strength of cyclones [Mote, 1998a, 1998b;
Serreze et al., 2002]. Cyclone activity also has pro-
nounced effects on the circulation and concentration of
sea ice cover with attendant feedbacks. This paper uses
NCEP global sea-level pressure data over the past forty
years and passive microwave data of the Greenland ice
sheet over the past twelve years to address the impor-
tance of cyclone processes in the moderation of melt
cycles on the Greenland ice sheet. The relationship be-
tween the intensity of these processes and differences in
the general synoptic environment associated with the
positive and negative phases of the AO/NAO will also
be addressed.
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Arctic National Wildlife Refuge
(ANWR): The Challenge of Current
and Future Concerns

Lynn R Everett (614-292-9909; everett.2@osu.edu)

Byrd Polar Research Center, 108 Scott Hall 1090 Car-
mack Road, Columbus, OH 43210, United States

Historically, when one thinks of ANWR the immedi-
ate concern has always been the effect of development
related to hydrocarbon extraction and its potential im-
pact on the environment. Hydrocarbon extraction is
always a possibility and remains before Congress to-
day, but is this type of development the greatest threat
to this region? Twenty-five years ago the beauty and
hidden resources of Alaska were barely touched, but
with the discovery of oil at Prudhoe Bay this quickly
changed. Suddenly this once inaccessible region known
as the Arctic Coastal Plain became a desirable place to
visit. Today, as the Prudhoe Bay oil fields production
begins to slow one can visualize an even greater im-
pact that could affect this fragile ecosystem. The land-
scape is being altered in many ways; not only due to
economic development, but also due to global climate
change. However, a potentially even larger impact is
seldom mentioned and that impact is the consequence
of more individuals traveling into the region. The Dal-
ton Highway (the road between Fairbanks and Prud-
hoe Bay) was opened to all traffic in 1995. Since then
the number of people traveling to the North Slope of
Alaska via the road has increased significantly. This in-
cludes but is not limited to potential entrepreneurs, re-
searchers, tourists as well as the oil field workers. The
anthropogenic impact humans may have in this region
along with the resultant commercialization will have a
lasting influence on ANWR and the surrounding region
will be impacted in ways that have not yet been consid-
ered. Who will decide who is or is not permitted to visit
ANWR? Who will determine what impacts will be al-
lowed? Will the opportunity to visit this unique region
be for tour groups or just occasional hikers? Will re-
searchers be allowed access and who will monitor their
inevitable footprint? Will the native people increase
stress on the environment more as their use of mod-
ern methods of hunting and travel increases? All of
these factors need to be considered as a comprehensive
strategy for the future is developed for ANWR and the
entire Arctic Coastal Plain region.
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The Polar Radar for Ice Sheet Measurements
(PRISM) Project at the University of Kansas has devel-
oped and field-tested a versatile communications sys-
tem for use by researchers in high-latitude Polar Re-
gions. The PRISM project is developing advanced in-
telligent remote sensing technology that involves radar
systems, an autonomous rover, and communications
systems to measure detailed ice sheet characteristics,
and to determine bed conditions (frozen or wet) be-
low active ice sheets in both Greenland and Antarc-
tica. We also have a very strong public outreach and
educational program aimed at K-12 educators and stu-
dents that requires data, voice and video feeds from
Polar field locations in near real time. Hence, PRISM
requires a robust communications system for use in the
field between a base camp and the mobile remote sens-
ing system, and from the field back to the University
of Kansas and onto the Internet. The communication
system that has been developed is truly mobile and
is relatively inexpensive. We initially considered var-
ious satellite services during the design phase of this
project. The two feasible options for high-latitude lo-
cations were Iridium, with its low-bit-rate service (2.4
Kb/s), and Inmarsat/Intelsat with broadband service.
We selected the Iridium option for testing and develop-
ment because it provided coverage in both Antarctica
and Greenland. To achieve higher capacity communi-
cations, the multilink point-to-point protocol (MLPPP)
implemented in Linux was tuned to operate efficiently
over the Iridium satellite system. This mechanism com-
bines multiple channels to obtain a seamless data con-
nection with a capacity equal to the sum of the in-
dividual link rates. We used four Iridium modems to
obtain an aggregate capacity of about 9.6 Kb/s. Stan-
dard Internet protocols (TCP/IP) were then used to
provide end-to-end connectivity. The communications
system field experiments were conducted at the North-
GRIP ice core drilling camp in Greenland (75◦ 06’ N,
42◦ 20’ W) from June 23-July 17, 2003. We measured
the reliability, throughput and general performance of
this system over periods of up to 24 hours. This in-
cluded delay, loss, throughput, call drops/up-time, rel-
ative signal strengths, connection time and number of
connection retries. The system was also successfully
tested while moving across the ice sheet at speeds of
up to 30 km/h. We were successful in uploading and
downloading large files (.2MB to 7.2MB) to the Inter-
net. In combination with a modified Wi-Fi deployment,
wireless Internet access was also provided to the entire
NorthGRIP camp for a few days. The field experiments
have shown that standard Internet protocols combined
with MLPPP and Iridium modems can provide Internet
access for polar expeditions at useful data rates. The 4-
modem configuration we tested was observed to be >90
% efficient, e.g., a 2.5 MB video file was transferred in
35 min. at 9.524 Kb/s. The system had an average
up-time of over 90 % and thus is stable and suitable
for autonomous operation. Mobile performance results
were very similar to that of stationary systems. While
the end-to-end network architecture developed to pro-
vide Internet access worked well, the system round trip
time is significant (∼ 1.8 seconds), which can impair
real time interactions.
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A key to understanding the dynamic behavior of ice,
both in planetary and terrestrial conditions, is a funda-
mental comprehension of flow mechanisms. The course
of deformation in ice gives rise to dynamic recrystal-
lization and other processes, leading to changing grain
sizes, which is predicted to reach steady state over ge-
ologic time periods. Deformation and flow of polycrys-
talline ice crystals in ice sheets and glaciers depends
strongly on crystal size and temperature. In order
to help understand grain-size effects on flow, we per-
formed laboratory experiments on fine-grained, poly-
crystalline ice Ih samples to investigate the effect of
temperature on the rate of grain growth in statically
annealed ice. Temperature was varied from 220-240K.
Ice samples were placed inside the bath for 1-75 hours

to examine the effect of time and temperature on grain
growth, grain-size distribution, and grain orientation.
Low-temperature scanning electron microscopy (SEM)
was used to measure grain size and growth. Grain size
distribution histograms are compiled to examine the
rate at which the small grains shrink and the large
grains grow. To extract information about the micro-
physics of grain growth, analysis criteria focus on a va-
riety of physical properties, such as size, grain bound-
ary curvature, and physical interaction of grains with
neighbors. While it is known that some grains grow at
the expense of others, it remains uncertain what prop-
erties control this action. A model based on experi-
mental data extracted from SEM images is developed to
determine laws for grain growth and shrinkage. The im-
portance of energy changes among grains, and whether
crystal energy is a significant criterion for grain growth
and ultimately in which grains grow and which shrink
during static growth, is suggested. The results are sig-
nificant in establishing grain growth rates under ambi-
ent conditions and temperatures applicable to natural
ice settings, such as in glaciers and ice sheets.

C12A-0865 1330h POSTER

Using Kernel Methods to Detect
Clouds, Snow, Ice and other
Geophysical Processes.

Ashok Srivastava1 (650-604-2409;
ashok@email.arc.nasa.gov)

Julienne C Stroeve2 (303-492-3584;
stroeve@kryos.colorado.edu)

Nikunj Oza1 (650-604-2978; oza@email.arc.nasa.gov)
1Ashok Srivastava, Research Institute for Advanced

Computer Science NASA Ames Research Center
M/S T35B-1, Bldg T35B , Moffett Field, CA 94035,
United States

2Julienne Stroeve , University of Colorado National
Snow and Ice Data Center Campus Box 449, Boul-
der, CO 80309, United States

The detection of clouds within a satellite image is
essential for accurately retrieving many surface geo-
physical parameters from optical and thermal imagery.
Even a small percentage of cloud cover within a ra-
diometer pixel can adversely affect the determination
of surface variables such as albedo and temperature.
Unfortunately, cloud detection over and snow- and ice-
covered surfaces remains difficult due to the small spec-
tral contrast in the visible and thermal infrared be-
tween clouds and snow/ice. This study examines the
use of kernel methods to distinguish between snow and
clouds over the Greenland ice sheet using MODIS im-
agery. Besides being able to classify clouds, the method
is also able to pick up regions of different snow types
(i.e. grain size variations) over the Greenland ice sheet.
Thus, the results presented here lend credibility to the
idea that a kernel- based method could reveal geophys-
ical processes and discriminate bewteen such processes.
Here we present the results for several images acquired
during the melt season in 2002.
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Among the more apparent changes in the Arctic

during the recent decades,sea ice extent isarguably one
parameter whose variability and trends are firmly es-
tablished. Several independent analysis have led to the
consensus that the annual sea ice extent in the North-
ern Hemisphere decreased 3% per decade from the late
1970s to the late 1990s. Seasonal and monthly analysis
have found the negative trends to be greatest in sum-
mer as exemplified by the last year’s record low sum-
mer ice miminum in September 2002. Although early
summer 2003 did not appear to be unusual in terms of
ice extent,the ice extent for August 2003 is near the
August value in 2002 and the ice pack appears very
diffuse with many ice floes appearing thin and flooded,
suggesting substantial melt and/or the presence of rel-
atively thin ice at the end of spring. Thus, although ice
extent is slightly greater than was the case in August
2002, there is the potential for the pack to decay further
if southerly winds prevail. Neither the 2002 nor 2003
sea ice anomaly appear to be strongly linked positive
phase of the Arctic Oscillation(AO) during the preced-
ing winter which in the current view preconditions the



F360

Cite abstracts as: Eos. Trans. AGU, 84(46), Fall Meet. Suppl., Abstract #####-##, 2003.

2003 Fall Meeting

ice cover to extensive summer decay. Interestingly, the
AO during the winter of 2002/03 was strongly negative.
This leads to the suggestion that in order to explain
such large negative ice anomalies during negative AO
years, it may be necessary to invoke more regional at-
mospheric forcings, especially in summer, oceanic con-
ditions or factors internal to the ice cover. Similar to
2002, low pressure over the Canadian Basin in July ap-
pears to have promoted ice divergence and tempera-
tures over much of the western Arctic were above nor-
mal from January through June 2003. Furthermore, it
is reasonable to expect that a general decrease in ice
thickness accompanying warming would manifest itself
as greater sensitivity of the ice pack to wind forcings
and albedo feedbacks. The decrease in the amount of
multiyear ice and attendant changes in the ice thick-
ness distribution could in turn pre-condition the arctic
sea ice cover to further reductions in the subsequent
summer(s). There may not even need to be a positive
anomaly in the summer temperature to reach another
low ice year.
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Significant advances in geophysical sciences most of-
ten follow from development of new abilities to mea-
sure Earth’s properties. One major development of the
past half century has been the measurement of stable
isotopic composition of precipitation and its variations
on vast spatial and temporal scales, the latter espe-
cially in Arctic and Antarctic glacial ice. The venerable
tradition of research in this subject emanates directly
from work of Dansgaard, Craig, and Epstein. Here I
discuss how isotopic variations induced by atmospheric
distillation offer a compelling example of a geophysical
phenomenon arising from microphysical properties, but
one that is dependent on the global-scale environment.
I discuss how the geography of precipitation isotopes
is explicable by treating the problem as an advective
diffusive reaction system. Three of the most impor-
tant results of environmental geophysics have emerged
from analyses exploiting (in part) the record of this
system in polar ice: the strong but quixotic coupling of
climate and biogeochemistry on multi-millennial time
scales; the high but plausible (and contentious) values
for global climate sensitivity to radiative forcings; and
the documentation of past very rapid climate changes.
Looking forward, I also discuss the major unresolved
issues lurking behind this facade of success, including
poor understanding of the controls on deuterium excess
at low temperatures, and inability to quantify many
non-temperature effects on isotope time series (many
of which were clearly discussed by Dansgaard nearly
forty years ago).
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The presence of snow cover on the ground modi-
fies significantly the interactions between the surface
and the atmosphere. In the actual context of pos-
sible climate warming it is critical to monitor snow
cover properties at different scales, including its ex-
tent, water equivalent and depth. The knowledge of
these properties is of great interest not only to cli-
mate issues, global and regional water cycle hydrol-
ogy, but also to agriculture management and hydroelec-
tricity production in northern latitudes. Traditionally,
snowpack physical properties are determined from snow
coring, at more or less dispersed sampling points. How-
ever, the significant spatial heterogeneity of landscapes
coupled to the high temporal variability of snow cover
make traditional methods less effective, particularly for
large and inaccessible areas. In the last decades several
algorithms using remote sensing data were developed
to estimate snow extent, depth and water equivalent.
The determination of snow water equivalent in open
areas such as Canadian Prairies, by remote sensing

means is becoming more and more operational. How-
ever, in forested regions, such as boreal forests, the
development of efficient algorithms remains challeng-
ing. Among other problems encountered, forest canopy
transmissivity of the microwave signal emanating from
the underlying snow layers is not well known in the
literature. In this study, ground-based measurements
using 19 and 37 GHz passive microwave radiometers
were conducted in order to estimate forest transmissiv-
ity. The experiment was held in February 2003 in the
former BOREAS southern study area in Saskatchewan
(Central Canada). Various forest types, conditions and
densities were considered. For each site two sets of
microwave measurements were taken: the downwelling
brightness temperature through the canopy cover and
the sky brightness temperature. The canopy physical
temperature was also measured. These measurements
were used to estimate the transmission factor for each
site. The results obtained show that depending on the
forest type and structure, canopy transmittance can be
as low as 15% to 20% especially in dense black spruce
and old jack pine forest. Highest values (up to 90%)
appear in less dense deciduous and sparsely distributed
young forests.
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A recent universal construction of bivariate Gaus-

sian distributions, leading to unforeseen kaleidoscopic
decompositions of circular bells in terms of a host of
elegant patterns having arbitrary n-fold symmetries, is
reviewed. It is shown, via a variety of examples, that
such patterns, revealed by iterating simple affine map-
pings yielding space-filling fractal interpolating func-
tions in three dimensions, encompass the common 6-
fold geometric structure encountered in natural ice
crystals. It is illustrated how both stellar and sectored
crystals may be grown in the “fullness of dimension”
via a variety of iteration schemes, leading to the conclu-
sion that such sets are mathematical designs concealed
inside the bell.
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Radarsat Geophysical Processor System (RGPS) is

designed to generate products that provide estimates
of sea ice motion, deformation and sea ice thickness.
The system uses Radarsat-1 ScanSAR Wide B (SWB)
imagery acquired over the last six years over the en-
tire Arctic Ocean. At the beginning of each winter
season a regular grid with a default spacing of 10 km
is initialized that defines the freeze up ice condition.
With changing ice condition this regular grid distorts
in shape and location. The distorted Langrangian grid
is stored as an RGPS data product that reflects the
ice condition at a particular time. In the past, RGPS
products have been used to study processes operating
at the scale of the entire Arctic Ocean. We are look-
ing into the use of the RGPS data in a more refined
grid, so that the product could also be used for study-
ing smaller regions of interest. We have converted the
specific binary format of the RGPS product to the more
popular ARC/INFO polygon coverage format used by a
wider research community. Finally, we have developed
a visualization tool that will allow the user to drape
the RGPS product containing ice attribute information
over the corresponding synthetic aperture radar images
and view a series of images showing change in ice con-
dition over time.
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During the 2003 summer field season, a prelimi-

nary investigation was conducted with remote sens-
ing to evaluate and determine the archeological po-
tential of glaciers and permanent snowfields in the
Wrangell Mountains, southeastern Alaska. In recent
years, archeologists have realized that the cryosphere
is far from barren of human contact. Rather the
cryosphere provides the ideal means to preserve or-
ganic cultural material trapped within ice and snow.
This preservation gives a unique glimpse of artifacts
such as projectile points, wooden shafts, sinew lash-
ing, and other materials that would have otherwise de-
graded hundreds or thousands of years ago. Through
the use of remote sensing, we aim to narrow the enor-
mous search area down to the most probable locations.
From observations made at current sites, it is known
that archeological artifacts are usually accompanied by
windblown plant detritus, accumulated mammal feces,
fur, and amorphous organic material melting out of the
ice. We measured with a field spectrometer the hyper-
spectral reflectance of organic material found in situ
on the ice in the vicinity of artifacts. Measurements
were also made for surrounding land cover classes. By
integrating the spectra with Landsat imagery we are
able to create custom spectral libraries and an accurate
supervised land cover classification. Since the organic
material at many sites is not extensive enough to fill an
entire pixel, we use sub-pixel resolution techniques to
separate organic debris, inorganic debris, snow and ice.
The resulting fractional amount of organic material in
each pixel, and its spatial relationships with surround-
ing land cover features, enable an improved quantified
model of archeological site potential for snow and ice.
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We investigate the interannual variability of
Eurasian spring snow cover extent (SCE) during 1973-
1998, especially focused on the relationship between the
recent decreasing trend and the year-to-year variation.
Two major patterns are detected by applying EOF
analysis to the interannual component of the snow cover
duration at each grid point derived from the NOAA
satellite measurement data set. Recent Eurasian SCE
change, mainly characterized by an abrupt decrease af-
ter the end of 1980’s, is identified as the first compo-
nent of EOF analysis (representing 18.3% of the total
variance), which is located over the eastern part of the
continent and has an apparent persistency from Febru-
ary to August. This pattern is the representative of
spring-to-summer snow cover variability over the whole
Eurasia. On the other hand, another dominant mode is
found over the western Russia (50-65N,40-80E) as the
second component (8.6%), which has a fluctuation of
about 4-6-year cycle without a significant linear trend.
The regression analysis shows that in April there is a
close relationship between the variation of this mode
and air temperature and geopotential height fields over
western Russia from surface up to stratosphere, which
indicates that this mode is strongly controlled by the
atmospheric circulation in spring. Furthermore, the re-
sults of the atmospheric heat budget analysis over the
western Russia shows that adiabatic compression in re-
lation to its vertical motion plays an important role
for heating the atmosphere and the decision of the tim-
ing of snow cover disappearance over western Russia,
while horizontal advection is always working as a heat-
ing sense independently of the interannual variation of
snow cover disappearance. Diabatic processes merely
affect the fluctuation of the atmospheric heating. Many
numerical studies have shown the influence of the con-
tinental scale variability of land surface processes in-
duced by snow cover on the following climate variation,
and some diagnostic studies pointed out that western
Russia (including central Asia) is a key region. But the
results of this work suggest that another scenario to ex-
plain the mechanism of these relationships is needed as
for that over western Russia.
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Glaciers and ice caps respond to changes in regional
climate at decadal scales and can thus serve as indica-
tors of regional climate change. Many of the tidewa-
ter and terrestrial glaciers in Glacier Bay, Alaska have
been in a state of rapid retreat since the late 1700s,
with highly disparate rates of recession occurring in the
western versus eastern arms, yet the combination of en-
vironmental and glaciological factors that must exist to
catalyze these rapid changes is not clearly understood.
The Cold Regions Research and Engineering Labora-
tory (CRREL) initiated the first systematic analyses of
weather and precipitation patterns across Glacier Bay
National Park in 2000 by establishing 26 meteorological
stations with the long-term objective of better under-
standing regional and global factors, that control ter-
restrial and marine physical systems. Initial tempera-
ture and precipitation trends show rapid seasonal and
annual shifts. This is consistent with apparent paleo-
trends in climate and glacier advance and recession over
the last 9K years, as well as the historical record that
indicate the area is climatically sensitive. Comparisons
of summer and winter precipitation totals show a pre-
cipitation gradient increasing northward from the lower
bay to the head of Muir Inlet (east arm), and decreasing
northwestward in the West Arm. Monthly averages of
air temperatures span about 3.5 C between the warmest
and coldest sites near sea level. Winter temperatures
averaged more than 1 C colder in the West Arm than
the East. We also found large gradients of increasing
rainfall from north to south in the east arm, from north
to south in the Western arm. Average temperatures in
October decreased westward in the northern half of the
Park and were milder at sites within the larger south-
ern Bay. Continuing a long-term climate-monitoring
program in Glacier Bay will assist with quantifying cli-
mate trends in the context of glacial movement, help-
ing to determine the overall sensitivity of the regional
glacial system to regional climate signals.
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Understanding tidewater and terrestrial glacier pro-
cesses is critical when determining the impacts that
contemporary climate and anthropogenic influences
play in long-term glacier response. This understand-
ing can only be acquired through a myriad of long-term
glaciological and environmental measurements aimed to
quantify glacial system response. The primary focus
of our long-term investigations in Glacier Bay, South-
east Alaska is to better understand regional and global
factors, such as climate, hydrology, oceanography and
geophysical processes that control terrestrial and ma-
rine based physical systems. Our recent climatic inves-
tigations include analyzing modern climate trends at 26
locations across Glacier Bay and measuring the isotopic
composition (oxygen and hydrogen) of precipitation,
surface water, and glacier ice to assess regional hydro-
logic trends. Stable isotopes from samples of glacier
ice, precipitation, and meteoric waters, have provided a
regional assessment of the hydrologic cycle and weather
patterns, allowing us to examine how current climate
affects glacier activity and mass balance, and to as-
sess the effect of precipitation on subglacial processes.
Concurrently, the Park’s longer-term Holocene glacial
history and paleoclimate are being investigated using
dendrochronological and radiocarbon dating of in-situ
stumps, logs and soils. We have precisely located sam-
ples of 100 interstadial stumps believed to be overrid-
den as ice moved down-fjord during glacial periods, as
well as over 100 paleo-wood samples found in adjacent
moraine, outwash, and lacustrine sediment deposits.
Conventional radiocarbon dating by Accelerated Mass
Spectrometry (AMS) has provided an estimate of ice-
marginal positions throughout the Holocene. Using

these data, we are also attempting to develop a tree-
ring chronology of the last 9,000 years. If we succeed,
this would be a unique dendrochronological record for
a subarctic region in North America.
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The alpine glaciated regions of the Belukha massif

on the Altai, the massif of Pobeda-Khan Tengry in cen-
tral Tien Shan, and the Bomi massif in Southeast Ti-
bet were studied during annual summer field sessions
since 1998. Analysis of soluble ion concentrations and
äO18 signals in snow pits and shallow ice cores from
glacier accumulation areas occurred to provide spatial
coverage of documenting the climate change for the vast
Asian continent, to identify the physical links control-
ling the glacio-chemical climate signals and to deter-
mine the appropriative deep ice core drilling sites. The
geochemical records from central Asian sites show el-
evated levels of major ions corresponding to their ter-
restrial origin, continental location and greater influx
of both primary and secondary aerosols compared to
the Southeast Asia. Seasonal variability in the ice core
obtained from the three glacier massifs was detected
in the soluble ion concentrations of the vertical pro-
files throughout the firn pits and shallow ice cores to
depths of 20 m. representing the time series for the
past five years. äO18 analysis from the Asian sites
shows pronounced peaks and are interpreted to rep-
resent annual accumulation layers. The signal varia-
tion is well-preserved at all locations and associates
with seasonal changes in precipitation, air tempera-
tures and sources of moisture. Analysis of the ä18O
signals from the 14 m core obtained at southeast Ti-
bet shows the considerable variability with the range of
14.19o/oo, and mean value of -16.19o/oo. These iso-
tope and geochemistry records will aid in understand-
ing inter-hemispheric dynamics and global teleconnec-
tion of climate, and can provide information impor-
tant to the forecasting of global climate change linking
regional responses with broad atmospheric circulation
patterns from the North Atlantic to Pacific and Indian
Oceans. In addition, these snow/firn records can be di-
rectly associated with the internal circulation system in
Central Asia. The developed research proved the fea-
sibility and benefit of a deep ice coring from the Altai
glaciers. Since that, the 175 m. deep core was obtained
in the Belukha Plateau during the summer of 2003 to
expand the high-resolution climatic records in Central
Asia.
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Sea ice core data from five autumn to early spring
cruises in the Ross, Amundsen, and Bellingshausen
Seas from 1993 to 1998 are reanalyzed to determine the
role of meteoric ice, flooding and snow ice formation in
the mass balance of Antarctic Sea Ice. Previous analy-
sis of crystal texture and oxygen isotope data have de-
termined that 15% to 38% of the total ice thickness has
a meteoric ice component. This suggests a substantial
component of the sea ice mass balance in the South-
ern Ocean during the growth season is due to flooding
and snow ice formation. We show that although deter-
mining the meteoric component is relatively straight-
forward, attributing a mechanism of formation to this
ice is more difficult. A number of post-genetic changes
can occur that may significantly alter the isotopic sig-
nature of the ice, making definitive attribution of gene-
sis difficult. Here, the oxygen isotope and crystal struc-
ture data is reanalyzed, and using a variety of models
of ice growth and compositional evolution, we suggest
that the true contribution of flooding and refreezing
to the mass balance may be significantly lower, at 6%

to 18% of the total ice thickness. However, we show
that such estimates are highly dependent on the ther-
mophysical behavior of the vertical exchange of brine
in the ice, about which little is known quantitatively.
The uncertainty in these estimates suggest that our un-
derstanding of the mass balance of Antarctic sea ice
and its snow cover remains incomplete and awaits a
better understanding of the ice permeability evolution
and other small scale sea ice processes. Lastly, recent
evidence from flooding experiments on Arctic sea ice is
presented that demonstrate the importance of the verti-
cal exchange of brine in determining the compositional
properties of the ice.
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The process of fracture is a major control on the

form of the Antarctic ice sheet, both through the pro-
cess of iceberg calving and through the isolation of
streaming flow by the formation of crevassed shear mar-
gins. Furthermore, the presence of crevasses is a valu-
able diagnostic of stress within the ice sheet. Their
persistent visibility after burial provides our primary
tool for mapping changes in ice stream activity. How-
ever, the processes of fracture initiation and growth are
poorly understood. Hitherto it has been a fundamental
assumption that crevasses always initiate at the sur-
face and propagate to some limiting depth. We revisit
the linear elastic fracture mechanics (LEFM) descrip-
tion of the initiation and critical-growth of near-surface
crevasses to examine this assumption. We assume
growth of an isolated crevasse from a small “starter
crack”, driven by tensile stress resulting from glacial
deformation and opposed by weight-induced lithostatic
stress. The LEFM approach allows us to estimate the
minimum length of “starter crack” required for growth
to occur. In this formulation the dynamic tensile stress
varies substantially with depth, such that the tensile
strain rate remains constant. We show that under these
conditions crevasse initiation may be from centimetre-
scale starter cracks located either at the surface or
at depths of 10-30 m. At present, the formulation
of a reliable predictive model is limited by an incom-
plete knowledge of the mechanical properties of firn
and a lack of material evidence to support the exis-
tence of “starter cracks”. Ground penetrating radar
data acquired on Rutford Ice Stream, Antarctica show
crevasses at depths of several metres beneath the ice
surface that do not appear to have been bridged in
the normal way, and which must have been formed
either at depth, or at the surface in areas where no
surface crevassing is currently visible. The theoretical
treatment together with apparent observations of sub-
surface crevassing calls for a reinvestigation of the pro-
cesses of fracture to re-establish the validity of assum-
ing that the depth of a crevasse is a reliable indication
of its age.
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