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Overview

The Cooperative Institute for Arctic Research (CIFAR) was established through a Memorandum of Understand-
ing between NOAA and the University of Alaska in April 1994. It is one of eleven national NOA A—University joint
institutes. The goal of these institutes is to promote closer cooperation between researchers from NOAA laboratories
and universities. CIFAR is the only joint institute exclusively concerned with arctic research and cooperates most
closely with NOAA'’s Pacific Marine Environmental Laboratory (PMEL) in Seattle.

With a new 5-year cooperative agreement in place as of 1 July 2001, CIFAR looks forward to its continuing
partnership with NOAA in supporting research addressing critical issues in the Arctic. During the first year of this
cooperative agreement, projects totaling over $4.8M were funded. Research supported by CIFAR falls under several

general research themes that characterize the
scope of interest of the Institute. Thematic
emphasis has changed somewhat from year to
year but the themes have remained focused on
the big problems of arctic research (see box).
During the period 1 July 2001 to 30 June
2002, 30 projects were supported. A full list of
these projects is presented in Appendix 1.
Research funded through CIFAR consisted of:
1) projects funded through the Arctic Research
Initiative; 2) projects funded to address the
decline of the western population of Steller’s
sea lion; and 3) projects funded individually by
NOAA addressing CIFAR’s research themes.

Arctic Research Initiative

In FY 2001, CIFAR released an announce-
ment of opportunity for the continuation of the
Arctic Research Initiative, a competitive grant
program begun in 1997 that addresses topics of
interest to NOAA and is managed by CIFAR.

The 2001 Arctic Research Initiative had
two research foci. The first was on climate
variability and change in the Arctic,
emphasizing the transport of freshwater, heat
and nutrients to and from the Arctic, and a
better understanding of the Arctic Oscillation.
The second focus was on the productivity of
the Bering Sea, the natural processes regulating
productivity and the flow of energy through
food webs supporting commercial, subsistence
and protected or endangered species.

A total of 12 two-year projects were funded
for just over $1M for the first year, with
~$575K funded through CIFAR and the
remainder funded directly by NOAA. A list of
these projects is presented in Table 1. Project
abstracts are posted on the CIFAR web site,
http://www.cifar.uaf.edu, and the progress
reports in this document will also be posted
there. Two of these projects (PIs Jennifer
Francis, Rosanne D’ Arrigo) did not receive
their funds in time to make significant progress
during this reporting period. Their reports will
appear in the 2003 CIFAR Annual Report.

CIFAR RESEARCH THEMES

Atmospheric and Climate Research
* Arctic Oscillation

* Arctic clouds and energy balance
* Paleoclimates

Climate Modeling
* Coupled models
* Model inter-comparisons

UV and Arctic Haze Studies
¢ Ozone and UV radiation
* Arctic Haze

Marine Ecosystem Studies

* South Eastern Bering Sea Carrying Capacity
(SEBSCC)
* Bering Sea productivity

Fisheries Oceanography

* Global Ocean Ecosystem Dynamics Program
(GLOBEC)
¢ Fisheries studies

Hydrographic and Sea Ice Studies
¢ Seaice research

* Tides and currents

* Ocean fluxes and circulation

Tsunami Research

Contaminant Effects
* Arctic pollution
* Effects on indicator species

Data Archiving and Support
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Table 1: 2001-2002 Arctic Research Initiative Awards

PI | Institution | Project Title | Award Yr 1

Funded through CIFAR

Igor Belkin Univ. of Rhode Ocean Fronts of the Bering, Chukchi and Beaufort Seas $ 39,586
Island

Rosanne D’Arrigo | Columbia Univ. Paleoclimatic Reconstruction of the Arctic Oscillation $ 85,946

Jennifer Francis Rutgers Univ. Interactions of Laterally Advected Heat and Moisture with Arctic $ 67,751

(with Key) Cloud Properties

Lyn McNutt (with | Univ. of Alaska Do Recent Changes in Sea Ice and Snow Cover Impact the Arctic $ 16,912

Overland) Fairbanks Oscillation?

Alan Springer Univ. of Alaska Trophic Pathways on the Chukchi-Beaufort Shelf: Where do the Ice $ 208,657
Fairbanks Algae Go?

John Walsh Univ. of Illinois An Arctic Archive of Model Output and Application to SEARCH § 75,347

Daqing Yang Univ. of Alaska Hydrologic Response of Siberian Major Rivers to Climate Change $ 31,325
Fairbanks and Variation

Subaward costs Univ. of Alaska $ 47,100
Fairbanks

Subtotal CIFAR $ 572,624

Funded directly by NOAA

Jeffrey Key (with | CIMSS Interactions of Laterally Advected Heat and Moisture with Arctic $ 38,537

Francis) Cloud Properties

Jim Overland NOAA/PMEL Do Recent Changes in Sea Ice and Snow Cover Impact the Arctic

(with McNutt) Oscillation?

Andrey CICOR Variability of Thermohaline Circulation and Freshwater Storage in the | $ 125,000

Proshutinksy Arctic Ocean

Peter Rhines U. Washington/ Observation and Modeling of the Freshwater Dynamics Connecting $ 150,000
JISAO the Arctic and Atlantic: A Feasibility Study

Joseph Shaw NOAA/ETL Temporal and Spatial Variability of Alaskan Clouds Studied with a $ 55,000

Ground-based Infrared Cloud Imager
John Weatherly CRREL Connections between Arctic—Subarctic Ocean Fluxes and the Arctic $ 38,606
Oscillation
Subtotal NOAA $ 458,143
TOTAL ARI $1,030,767

Steller’s Sea Lion Research

In FY 2001, NOAA received supplemental funding to provide scientific support for management decisions
regarding fisheries and marine mammal interactions in the Gulf of Alaska and Bering Sea. The western population
of Steller’s sea lion (SSL) has been in decline for several decades and is now considered endangered. There are
several possible factors causing this decline. One of these factors is commercial fishing in habitats critical to the
SSL, thought to cause a harmful reduction in SSL prey availability. Current management efforts are focused on this
factor alone. To determine if other factors might be important in the decline of the western SSL population, NOAA
was directed to conduct research focused on two of the other hypothesized factors—impacts of ocean climate regime
shifts and changes in predator/prey relationships. The NOAA Office of Oceanic and Atmospheric Research and the
NOAA National Ocean Service asked CIFAR to help organize the scientific community to respond to these needs.
CIFAR released an announcement of opportunity in February 2001. A total of 12 projects were funded in this
competition at a total level of $3.8M for two years, with about $2.5M funded through CIFAR. The list of projects is
presented in Table 2. Abstracts for the Steller’s sea lion awards are posted on the CIFAR web site,
http://www.cifar.uaf.edu, and the progress reports in this document will also be posted there.

Research Themes

Twelve of the projects funded during the period 1 July 2001 to 30 June 2002 were individually funded by NOAA
and address CIFAR research themes. The project “Persistent Organic and Trace Element Pollutants in the Alaskan
and Eastern Russian Arctic” addresses the Contaminants theme. It is part of the Study of Atmospheric Deposition of
Contaminants in the Arctic, jointly funded by NOAA and the U.S. State Department. A key scientific objective is to
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Table 2: 2001-2002 Steller’s Sea Lion Research Awards

PI | Institution | Project Title | 2-Year Total
Funded through CIFAR
Matt Berman (with Univ. of Alaska Decision-making Under Uncertainty: Management of $ 54,172
McBeath) Anchorage Commercial Fisheries and Marine Mammals
Jennifer Burns Univ. of Alaska The Role of Physiological Constraint in the Acquisition of $ 153,924
Anchorage Foraging Ability: Development of Diving Capacity in Juvenile
Steller Sea Lions
Ken Coyle (with Univ. of Alaska Climate-driven Bottom-up Processes and Killer Whale $ 694,218
Hunt) Fairbanks Abundance as Factors in Steller Sea Lion Population Trends in
the Aleutian Islands
Ron Dearborn Univ. of Alaska Publication Support for Is It Food I11? A Workshop on Steller $ 23,300
Fairbanks Sea Lion Declines
Bruce Finney Univ. of Alaska Impacts of Climate Change on the Bering Sea Ecosystem over | $ 198,507
Fairbanks the Past 500 Years
Robert Foy Univ. of Alaska Seasonal Assessment of Prey Competition between Steller Sea | § 202,308
Fairbanks Lions and Walleye Pollock
Gerald McBeath Univ. of Alaska Decision-making Under Uncertainty: Management of $ 65828
(with Berman) Fairbanks Commercial Fisheries and Marine Mammals
Stephen Okkonen Univ. of Alaska Interannual Variability of Biophysical Linkages between the $ 113,340
(with Maslowski) Fairbanks Basin and Shelf in the Bering Sea
Thomas Royer Old Dominion Ocean Climate Variability as a Potential Influence on Steller’s | $ 192,548
Univ. Sea Lion Populations
Jan Straley (joint Univ. of Alaska Predator/Prey Investigations of Killer Whales and Steller Sea $ 32,655
with Trites) Fairbanks Lions in Alaska
Richard Thorne Prince William Investigation of the Foraging Behavior of Steller Sea Lions in $ 541,200
(with Churnside) Sound Sci. Ctr. the Vicinity of Kodiak Island, Alaska
Andrew Trites (with | North Pacific Predator/Prey Investigations of Killer Whales and Steller Sea $ 168,165
Straley) Marine Sci. Fdn. Lions in Alaska
Subaward costs Univ. of Alaska $ 35325
Fairbanks
Total CIFAR $2,475,490
Funded directly by NOAA
Steven Bograd, NOAA/NMFS North Pacific Climate Variability and Steller Sea Lion $ 155,000
Michael Alexander, NOAA/CDC Ecology: A Retrospective and Modeling Analysis $ 58,190
Arthur Miller UCSD/JIMO $ 250,000
James Churnside NOAA/ETL Investigation of the Foraging Behavior of Steller Sea Lions in $ 156,300
(with Thorne) the Vicinity of Kodiak Island, Alaska
George Hunt (with UC Irvine/JIMO | Climate-driven Bottom-up Processes and Killer Whale $ 405,634
Coyle) Abundance as Factors in Steller Sea Lion Population Trends in
the Aleutian Islands
Wieslaw Maslowski Naval Post- Interannual Variability of Biophysical Linkages between the $ 92,648
(with Okkonen) graduate School | Basin and Shelf in the Bering Sea
Edward Miles U. Washington/ | Retrospective Studies of Climate Impacts on Alaska Steller $ 149,490
JISAO Sea Lions
Donald Percival U. Washington/ The Temporal and Spatial Nature of Regime Shifts and their $ 120,000
JISAO Impact on Steller Sea Lions
Subtotal NOAA $1,387,262
TOTAL SSL $3,862,752

study the sources, occurrence and environmental fate of persistent organic herbicides, pesticides, industrial chlori-
nate compounds, and aerosol trace elements in the atmosphere of the Alaskan and Eastern Russian Arctic. This
project is in the initial stages of sampling and analysis.
Eight of the funded projects fall under the Fisheries Oceanography theme. In any given year, the largest number
of individually funded projects are usually in this area. The fisheries of the Arctic, particularly the Bering Sea, are
among the most productive in the world. The productivity and sustainability of these fisheries have been the focus of
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numerous CIFAR-funded research projects. Research focused primarily on the most important fish stocks in various
regions, including salmon and pollock. Funding also included ship support for a Global Ocean Ecosystem Dynamics
Program (GLOBEC) project, “Physical-Chemical Structures, Primary Production and Distribution of Zooplankton
and Planktivorous Fish on the Gulf of Alaska Shelf: A GLOBEC Monitoring Proposal.” Two of these projects (PIs
Stephen Jewett and Sathy Naidu) received their funds in April 2002 and will report on progress in the 2003 CIFAR
Annual Report.

The project entitled “Observational and Theoretical Foundation for the Dynamics in a High-resolution Sea Ice
Model” addresses CIFAR’s Hydrographic and Sea Ice Studies theme; it is a continuation from CIFAR’s last 5-year
cooperative agreement. Work in 2001-2002 focused on providing remote sensing observational support for buoy
deployment in the Beaufort Sea.

Finally, three of the projects address the Tsunami research theme. Two of these projects are continuations of
work begun under CIFAR’s last cooperative agreement. A new project entitled “Tsunami Warning and Environ-
mental Observatory for Alaska” is designed to create an integrated observatory for tsunami research aimed toward
reducing the hazards in Alaska presented by tsunamis from large earthquakes and undersea landslides, and to
provide near-real-time oceanographic fisheries and weather data.

Publications and Presentations

At this early stage of the new cooperative agreement, one workshop proceedings volume has been published and
five papers from projects receiving their funding through CIFAR are in press:

DeMaster, D., and S. Atkinson, Eds. (2002) Steller Sea Lion Decline: Is It Food II, University of Alaska Sea Grant,
AK-SG-02-02, 80 pp.

McNutt, S.L. and J.E. Overland (In press) Understanding the spatial hierarchy in Arctic sea ice dynamics. Tellus.

Richter-Menge, J.A., S.L. McNutt, J.E. Overland, and R. Kwok (In press) Relating Arctic pack ice stress and
deformation under winter conditions. Journal of Geophysical Research.

Serreze, M.C., D. Bromwich, M.P. Clark, A.J. Etringer, T. Zhang, and R. Lammers (In press) The large-scale hydro-
climatology of the terrestrial Arctic drainage system. Journal of Geophysical Research.

Yang, D., D. Kane, L. Hinzman, X. Zhang, T. Zhang, and H. Ye (In press) Siberian Lena river hydrologic regime
and recent change. Journal of Geophysical Research.

Ye, H. (In press) Observed regional and climatological associations between spring and summer precipitation over
northern central Eurasia. Water Resource Research.

In addition, eight papers have been reported as submitted or in preparation, and eight presentations have been
made at national and international meetings.

These numbers do not include presentations or publications from Arctic Research Initiative and Steller's sea lion
projects funded at NOAA laboratories, other federal agencies, or through other joint institutes.
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Progress Report:  Ocean Fronts of the Bering, Chukchi and Beaufort Seas
Principal Investigator: Igor M. Belkin, Graduate School of Oceanography, University of Rhode Island

Objectives

The main goal of the project is to produce an up-to-date climatology of all major fronts of the study area and
explore the seasonal and interannual variability of the frontal pattern and individual fronts as well as their relations
to environmental parameters. Both satellite and in situ data have to be used. The main objectives of the project are
summarized as follows:

1. Surface thermal fronts detection and mapping from satellite SST data.
Long-term seasonal climatology of SST fronts from satellite data.
Assembling a dataset of cross-frontal hydrographic sections.
Determination of fronts from the hydrographic sectional database.
Tracking major fronts of the Bering Sea in the alongshelf direction from Bristol Bay toward the Bering
Strait and into the Chukchi Sea.
Interannual variability studies of major fronts; detection of possible climatic trends.
Elucidation of relations between fronts and environmental parameters (bottom topography, sea ice
cover, air temperature, river runoff, Bering Strait transport, and wind stress) on a variety of scales, from
seasonal to interannual to decadal.

a b own

N o

Methods

Satellite SST data from AVHRR sensors flown on NOAA satellites have been processed using the front
detection and cloud screening algorithms developed at the University of Rhode Island [Cayula and Cornillon, 1995,
1996; Ullman and Cornillon, 2000]. The front detection algorithm uses a histogram approach at three levels
(window, image and a sequence of overlapping images). For each window or image that contains a front (a
relatively narrow zone of enhanced SST gradient), the corresponding SST histogram would have a minimum
identified with the front. Two types of maps are used in the analysis: long-term frontal frequency maps and quasi-
synoptic frontal composite maps. The long-term frontal frequency maps show the pixel-based frequency F of fronts
normalized on cloudiness: For each pixel, F=N/C, where N is the number of times the given pixel contained a front,
and C is the number of times the pixel was cloud-free. Thus, the frequency maps are best suited for displaying the
most stable fronts. Some fronts, however, meander and shift, thus defying their presentation with frequency maps, in
which case quasi-synoptic frontal composite maps are most helpful because they portray all the fronts detected in
synoptic SST fields within a given time period.

Main Results

Mapping SST fronts from Pathfinder data in the Bering, Chukchi and Beaufort Seas. Surface thermal fronts have
been detected from individual twice-daily SST images with 9-km resolution, then composed into monthly frontal
maps. For each of the three seas, Bering, Chukchi and Beaufort Sea, a set of 144 monthly frontal composite maps,
1985-1996, has been produced and analyzed, as well as a set of 12 long-term monthly frontal frequency maps.

Long-term seasonal climatology of SST fronts. The Bering Sea in May (Figure, upper left panel) features a well-
defined front from Bristol Bay to Cape Navarin. The front is not isobathic: it is located over shallow depths (~50 m)
in Bristol Bay but continues over the outer shelf (100-200 m depth) farther west. The front does not correspond to
any of the major known fronts (inner, middle, or outer) since these fronts are believed to be isobathic [e.g.
Coachman, 1986]. The front is located about 1° of latitude south of the edge of sea ice cover and therefore appears
to be related to the marginal ice zone processes. We suggest that the front represents an imprint left in the ocean by
the receding sea ice cover. In November, several fronts extend SE-NW over the shelfbreak, outer shelf and inner
shelf (Figure, upper right panel). The shallow fronts inshore of the 50-m isobath seem unrelated to the tidal mixed
front associated with the 50-m isobath [e.g. Coachman, 1986]. Two fronts in the northwest correspond to the
northward Anadyr Current and southward Kamchatka Current, both being branches of the Bering Slope Current.

The Chukchi Sea in August (Figure, bottom left panel) has several fronts. The Bering Strait inflow front makes a
cyclonic incursion into Kotzebue Sound. Farther north, a front extends zonally toward Point Barrow. Another front
hugs the steep southern flank of Herald Shoal. Other fronts are associated with the Chukotkan segment of the
Siberian Coastal Current and its northeastern extension that veers offshore around Wrangel Island to pass through
Herald Valley, then continues eastward at ~72°N north of Herald Shoal.

CIFAR Annual Report 1 July 2001-30 June 2002



The Beaufort Sea in September features a robust shelf-break front (Figure, bottom right panel). The front is the
most stable where the slope is the steepest, off Cape Bathurst, suggesting a strong topographic control.

Future work. The satellite-derived frontal locations will be used for selection of cross-frontal hydrographic
sections from the World Ocean Database 2001 and other sources.

Surface thermal fronts from the Pathfinder SST data
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Publications and Presentations

Belkin, 1.M. (2002) Fronts of the Arctic/Subarctic Seas from Pathfinder satellite SST data, presented at the Arctic Ocean Circulation Workshop,
June 17-20, 2002, Lamont-Doherty Earth Observatory, Palisades, NY.
Belkin, 1.M. (2002) Fronts of the Bering, Chukchi, and Beaufort Seas: a review. In preparation.

Progress Report:  Interactions of Laterally Advected Heat and Moisture with Arctic Cloud Properties
Principal Investigator: Jeffrey R. Key, Office of Research and Applications, NOAA/NESDIS, Madison, Wisconsin

Other Participating Researchers: Jennifer Francis, Rutgers University; Steven A. Ackerman, Cooperative Institute
for Meteorological Satellite Studies (CIMSS), University of Wisconsin-Madison
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Purpose

This report serves as summary of progress for the first year of this SEARCH (Study of Environmental Arctic
Change) project. It covers work done at the Cooperative Institute for Meteorological Satellite Studies (CIMSS),
University of Wisconsin-Madison (UW) only. The project Pl at Rutgers University, Jennifer Francis, will provide a
separate progress report for activities at that institution. Rutgers is the lead institution on this project. [Ed. note: Due
to a delay in funding, the Rutgers report will appear in the next CIFAR Annual Report.]

Obijectives

Our overriding hypothesis is that the patterns of heat and moisture transport into and within the Arctic basin have
changed significantly during the past 20 years, and that they are strongly linked to changes in cloud properties and
the Arctic Oscillation (AO). The specific objectives of the study are:

1. Compute the advection of sensible heat and moisture over the Arctic basin from 20 years of TOVS Polar
Pathfinder soundings of temperature and moisture. Poleward and zonal components of transport will be
computed for each season and in three thick layers of the atmosphere. This work is being done at Rutgers.

2. Perform spatial and time-series analyses on fields of advective heat and moisture transport to identify
statistically significant regional changes during the 20-year data record, particularly comparing the pre- and
post-1989 periods when other parameters appear to exhibit a significant shift in regime. This work is being
done at Rutgers.

3. Compute cloud fractions and bulk microphysical cloud properties in selected regions and time periods with
the largest advective changes. For comparison, we will also investigate selected locations where little or no
change is apparent. This work is being done at CIMSS.

4. Investigate the extent to which observed spatial and temporal variability in advective fluxes and cloud
characteristics are related to variations in the AO. This work is being done at CIMSS and Rutgers.

5. Examine cloud properties in areas of large advective change to identify likely linkages with heat and
moisture transport. Compare these relationships to those in areas where advective fluxes exhibit no
significant trends. This work is being done at CIMSS and Rutgers.

6. Determine the source(s) of observed changes. Are observed trends or discontinuities in the heat (moisture)
advection patterns caused by changes in the thickness (water vapor) gradients and/or changes in the wind
field, and do these factors differ with region, season, and/or height? Can differences in cloud properties be
attributed to changes in moisture convergence? This work is being done at CIMSS and Rutgers.

The division of tasks between UW/CIMSS and Rutgers is such that CIMSS is primarily responsible for cloud
properties from the AVHRR, while Rutgers is responsible for the analysis of advection from TOVS. Linkages
between clouds and advective processes will be investigated by scientists at both institutions.

Personnel

The project manager and lead scientist at UW/CIMSS is Jeff Key. Key is a NOAA/NESDIS employee co-
located at UW'’s Cooperative Institute for Meteorological Satellite Studies. Xuanji Wang, a Ph.D. student in the
Atmospheric and Oceanic Sciences department, performs most of the data analysis.

Summary of Accomplishments

Our accomplishments for the first project year include:

1. Satellite retrieval techniques for use with the AVHRR Polar Pathfinder (APP) dataset have been refined
and validated. Retrieved parameters are surface temperature, surface albedo, cloud properties (particle
phase, effective radius, optical depth, temperature, and pressure), and radiative fluxes. Data from the
SHEBA experiment and two Antarctic meteorological stations have been used for validation.

2. 18 years of APP data have been acquired and processed. The twice daily data cover the period 1989-1999
at a spatial resolution of 25 x 25 km. Monthly and seasonally averaged products were also created and
archived.

3. The spatial and temporal distributions of surface, cloud and radiation properties have been examined.

4. Trends in surface and cloud properties, as well as their statistical significance, have been investigated. The
area north of 60° latitude has been cooling at the surface during the winter, but warming at other times of
the year. The surface albedo has decreased, particularly during the autumn months. Cloud amount has been
decreasing during the winter but increasing in spring and summer. Interestingly, although there are trends
in the shortwave (cooling) and longwave (warming) cloud radiative effects, the net (all-wave) cloud
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radiative effect shows no trend. This is a result of the fact that the shortwave and longwave effects are
similar in magnitude over bright surfaces with low sun angles, and effectively cancel each other.

5. Time series of surface temperature and cloud amount have been compared to the Arctic Oscillation (AO)
and North Atlantic Oscillation (NAO) monthly indices through a cross correlation analysis. As expected,
the satellite data show that when the AO and NAO are in their high phases, Greenland is colder than
normal and northern Europe is warmer than normal.

Data Products

A dataset consisting of retrieved surface properties, cloud properties and radiative fluxes for the area north of
60°N was generated. Products in this dataset include twice daily and monthly parameter images and means. The data
and read routines will be made available to the public in the near future.

Plans for the Next Project Year

During the second project year the individual cloud and advection datasets (AVHRR and TOVS, respectively),
will be examined jointly. Relationships between cloud properties and heat and moisture advection will be
investigated. Specifically we will

* Collocate Path-P and APP data in space and time

* Begin cross-correlation of advection fields and cloud properties

* Select regions and time periods for in-depth analysis

* Complete analysis of spatial/temporal relationships between advection and clouds
* Perform regression analyses to relate advection and clouds to AO

* Prepare manuscript(s) presenting results of analyses

* Prepare dataset documentation and ancillary information

e Deliver datasets to NSIDC

Publications

Wang, X., and J. Key (2002) The Arctic climate and its change revealed by surface and cloud properties and radiation fluxes based on the
AVHRR Polar Pathfinder dataset, to be published in Proceedings of the SPIE 47th Annual Meeting, Seattle, WA, 7-11 July 2002.

Wang, X. and J. Key (2002) Arctic climate characteristics and recent trends based on the AVHRR Polar Pathfinder dataset, to be published in
IGARSS 02 Proceedings, Toronto, 24-28 June 2002.

Wang, X., and J. Key. Recent trends in Arctic climate based on the AVHRR Polar Pathfinder dataset. In preparation for submission to Journal of
Climate.

Wang, X., and J. Key. A warmer but cloudier Arctic: Recent trends in satellite data. In preparation for submission to Nature.

Progress Report: Do Recent Changes in Sea Ice and Snow Cover Impact the Arctic Oscillation?
Principal Investigator: Lyn McNutt, Geophysical Institute, University of Alaska Fairbanks
Other Participating Researchers: James Overland (project P1), PMEL/NOAA, Seattle, Washington

Methods and Main Results

This fiscal year has focused on collection, analysis and verification of sea ice data for the Western Arctic Ocean
(Beaufort and Chukchi Seas) in support of the project PI, Dr. James Overland, NOAA, PMEL. These data activities
include:

* Identification of NOAA Advanced Very High Resolution Radiometer data for 1989-1998 and 1980-1988,

* Collection of Polar Pathfinder data sets for TOVS, SSM/I and AVHRR, and

* Assembling a detailed dataset of Synthetic Aperture Radar (SAR) data for1997-1998 during the SHEBA field
experiment.

The Co-1, Lyn McNutt, worked on validation of the snow and ice data, and contributed to discussions of the case
selections, compositing methodology, and interpretation of the results.
For details on the further analyses, please see the report submitted by the Project PI, Dr. James Overland.
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Progress Report: Do Recent Changes in Sea Ice and Snow Cover Impact the Arctic Oscillation?
Principal Investigator: James E. Overland, Pacific Marine Environmental Laboratory/NOAA, Seattle, Washington

Other Participating Researchers: N.A. Bond, JISAO, University of Washington; S.L. McNutt, University of Alaska
Fairbanks

Obijectives

i) How do low-level anomalous radiative and temperature fields in late spring relate to large-scale climate
variability, especially in association with the AO?
ii) To what degree do surface conditions feed back onto atmospheric structure in summer and early fall?

Methods

We make use of gridded fields: NCEP reanalysis for vertical profiles of winds, temperature, radiation, and
moisture; TOVs for temperature fields, and SSM/I data for ice and snow cover. These are analyzed by various
compositing and analytical techniques using atmospheric metrics such as vorticity. We strongly rely on visual
inspection and semi-quantitative analysis of weather events.

Main Results

In the previous year, we emphasized that the springtime warming in northwestern North America in the 1990s
relative to the 1980s was associated with anomalous atmospheric circulation related to the Arctic Oscillation (AO).
However, the relation is indirect. The local temperature anomalies are related to an increase of short warm air
advection events. The warm anomalies thus lag the main AO circulation changes in the lower stratosphere.

Early Summer: Our chief result in the present year is to note the influence of the moisture field in establishing
Arctic climate anomalies over the summer. In years with warm spring temperature anomalies, there is an early snow
melt and ice retreat in the western Arctic. Although summer temperatures are constrained over sea ice to be near the
freezing point, there are increased moisture anomalies throughout the summer. Our hypothesis is that these
anomalies carry the memory of springtime anomalies into the fall. Our data shows that in high humidity years, there
are warm temperature anomalies in September, after sea ice no longer operates as an ice/water bath.

Heat Budgets: In support of these qualitative results, we have quantified the role of diabolic processes, in
particular, the radiative and turbulent heat fluxes, and water phase changes, on the heat budget at low levels. The
principal result is that these effects in the net, act to cool the lower troposphere in the Western Arctic at the rate of
about 22 Wm™ more in the 1990s than the 1980s. This implies a new importance of dynamic processes (anomalous
horizontal advection) over thermodynamic processes. Thus, while the lower troposphere and lower stratosphere are
decoupled in summer, surface conditions do play a role in lower level atmospheric anomalies. Thus, there is a
complicated interaction over the year, with summer surface conditions contributing to the troposphere while the
winter troposphere is dominated by stratospheric influences.

Publications and Presentations
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Progress Report:  Variability of Thermohaline Circulation and Freshwater Storage in the Arctic Ocean
Principal Investigator: Andrey Proshutinsky, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts

The major goal of this project is to investigate the variability of the thermohaline circulation and freshwater
storage in the Arctic Basin under the influence of different climate regimes based on analysis of existing data and
numerical modeling.

Project objectives are to:
*  Determine and document the variability of fresh water storage and thermohaline circulation of the Arctic
Ocean;
* Identify the ocean response (freshwater storage and thermohaline circulation) to the seasonal, interannual
and the apparent 10-15-year cycle of atmospheric circulation modes (Proshutinsky and Johnson, 1997) in
the Arctic.

Project scientific questions are:
* What is the mechanism for accumulation of fresh water in the center of the Beaufort Gyre?
* Isthis fresh water transported to the North Atlantic and what are the conditions that influence its rate of
transport?
* What is the primary driver of the Arctic Ocean circulation, thermohaline or wind-driven forcing?
*  How does the wind-driven circulation change the thermohaline structure and resultant circulation
seasonally, annually, and decadally?

The present state of the Arctic Ocean and its influence on the global climate system strongly depend on the
Acrctic Ocean freshwater budget (dagaard and Carmack, 1989, hereinafter A&C) because fluctuations in the
freshwater export can significantly influence the depth and volume of deep water formation in the North Atlantic
(NA) and ultimately the strength of the global thermohaline circulation. The traditional approach for investigations
of the freshwater budget of the Arctic Ocean has been to perform a detailed analysis of its major components
including river runoff, the inflow of waters from the Atlantic and Pacific Oceans, the outflows through Fram Strait
and the Canadian Archipelago, the atmospheric moisture flux and the annual cycle of ice formation and melt (see
Lewis [2000]). Significantly less attention has been paid to the processes involved in the storage of FW in the Arctic
Ocean and its temporal variability. The regional differences in this storage (e.g., in sea ice thickness and in ocean
salinity) are substantial (4&C; Steele et al., 1996). For instance, the Canadian Basin of the Arctic Ocean contains
about 45,000 km? of fresh water (calculated relative to the salinity 34.80 by 4&C). This is 10-15 times larger than
the total annual river runoff to the Arctic Ocean, and at least two times larger than the amount of fresh water (FW)
stored in the sea ice. A release of only 5% of this FW is enough to cause a salinity anomaly in the North Atlantic
comparable in magnitude to the Great Salinity Anomaly of the 1970s. The largest of the anomalies is located in the
Beaufort Gyre (BG), identified by a salinity minimum at depths 5-400 m (Fig. LA-C.). This anomaly drives the BG
geostrophic circulation anticyclonically (Fig. 1D). We propose that the freshwater budget of the BG and the
freshwater flux to the NA depend significantly on the intensity of this salinity anomaly and climatic conditions
conducive to the transport of FW from the BG to the NA.

The origin of the salinity minimum in the BG can be inferred by a comparison of the seasonal change in wind
and sea ice motion. Fig. 2 shows the wind and ice drift patterns seasonally averaged for the period 1979-1997. In
winter (September—May), the wind (Fig. 2A) drives the ice and ocean anticyclonically (Fig. 2C) and the ocean
accumulates potential energy through a deformation of the salinity field (Ekman convergence and subsequent
downwelling, see Fig. 1C). The strength of the horizontal salinity gradient and resultant geostrophic circulation
depend on the intensity and duration of the anticyclonic winds. During the winter season the wind-driven and
geostrophic currents coincide to set up a strong anticyclonic ice rotation (Fig. 2C).

In summer (June—August), the wind is weaker or it may even be cyclonic (Fig. 2B) but in the mean the ice still
rotates anticyclonically (Fig. 2D). An obvious conclusion is that in summer the ocean geostrophic circulation
prevails and drives the ice against the wind motion. The salinity anomaly and freshwater content (FC) in the BG
(Fig. 1B) must decrease in summer, because without wind support, the ocean loses potential energy, i.e., Ekman
pumping is reduced. During the following winter the ocean again accumulates potential energy. Hence, the climatic
structure of the salinity and dynamic height distribution remain rather persistent (not shown) although exhibiting
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Figure 1. (A) The salinity distribution at
25m. (B), (C) Salinity distribution along
dashed line in summer and winter. (D)
Dynamic heights relative to 200 db and
direction of geostrophic currents.

Figure 2: Winter (A) summer (B) sea level
pressure (SLP, hPa) and geostrophic wind.
(C), (D) Season sea ice drift.

Figure 3. Results of numerical experiments in the
ideal basin. (A) Sea surface salinity (SSS) and
surface currents. (B) Salinity section along dashed
line. Both figures show results after 9 months of
anticyclonic symmetric wind forcing. (C), (D)
The same characteristics as in (A) and (B),
respectively, but after an additional 3 months of
symmetric cyclonic wind forcing.
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some seasonal and interannual variability. When viewed on a seasonal scale, the BG salinity anomaly stabilizes the
circulation, remaining essentially anticyclonic throughout the year, thus permitting the BG geostrophic circulation
cell to serve as a flywheel for the Arctic Ocean circulation.

Some modeling results confirming this mechanism are shown in Fig. 3. An idealized situation has been tested
using a 3-D Blumberg and Mellor [1987] numerical model in a 2000x2000 km basin with 1500 m depth. The basin
was initially horizontally uniform but vertically stratified, then it was forced for 9 months by symmetric anticyclonic
winds followed by 3 months of cyclonic symmetric winds. The anticyclonic winds generate downwelling in the
central basin and upwelling along the boundaries (Figs. 3A-B). The results after anticyclonic forcing only are
similar to the winter Arctic conditions, and the salinity structure in Fig. 3B resembles that in Fig. 1C. The addition
of cyclonic winds leads to upwelling in the central basin and downwelling along the boundaries and to a reduction in
the anomaly in the salinity field generated by anticyclonic winds. The distribution of salinity and currents after 3
months of cyclonic wind forcing are shown in Figs. 3C-D. The circulation pattern in Fig. 3C is similar to the ice
drift pattern in Fig. 2D, i.e., it is still anticyclonic but is weaker than in winter. The salinity distribution in Fig. 3D
resembles the summer salinity distribution in Fig. 1B when the cyclonic wind forcing leads to the release of FW
from deep to upper layers. The seasonal variability of FW content in the central part of the basin is about 10% (not
shown).

Hypothesis

A hypothetical chain of relationships among atmosphere, ice and ocean in the Arctic at the decadal time scale
has been proposed by Mysak and Venegas [1998], Proshutinsky et al. [1999] (hereinafter P99) and others but it is
important to know what causes the variability. In order to explain the relationship between the wind-driven and
geostrophic circulation and their influence on the accumulation and release of FW we examine the interplay between
the atmosphere, ice and ocean in terms of the two circulation regimes identified by Proshutinsky and Johnson
[1997] (hereinafter P&J) and P99.

ACCR

During the anticyclonic circulation regime (ACCR), when high atmospheric pressure prevails in the Arctic, the
Arctic Ocean accumulates FW through the increase of FW volume in the BG (Ekman convergence and subsequent
downwelling, see Fig. 1C) and through the increase of ice thickness and area due to enhanced ice growth (the Arctic
is colder during an ACCR than a cyclonic circulation regime (CCR) as shown in P99). Ice is additionally
accumulated in the BG during an ACCR due to convergence and ridging under anticyclonic wind forcing. River
runoff is increased (trajectories of cyclones are shifted toward land) (P&J; Johnson et al., 1999) and more FW
accumulates in the surface waters. When anticyclonic winds are prevalent, the flow of Arctic waters towards Fram
Strait is reduced (P&J; Trembley and Mysak, 1998). Consequently, the ice and water flux from the Arctic Ocean to
the Greenland Sea and the transport of Atlantic Water into the Arctic Ocean (as a compensation of outflow) are
weaker than usual. Deep convection in the Greenland Sea is then enhanced because the vertical stratification is
reduced (less FW in the surface waters). This decoupling of the Greenland, Iceland, and Norwegian Seas (GIN Sea)
from the Arctic leads to their eventual warming.

Transition to a CCR

All of the above processes lead (with some time lag) to an increase in the gradient of dynamic height between
the BG and the NA. The resultant geostrophic circulation increases, as does the outflow of FW and ice from the
Arctic. During warming of the GIN Sea, the Icelandic Low intensifies and moves to the north, leading to an
intensification of the transport of Atlantic waters into the Arctic Ocean. This increase in warm water flux to higher
latitudes enhances the penetration of atmospheric cyclones into the Arctic, and ultimately decreases the atmospheric
pressure in the Arctic. Warming of the Arctic establishes the CCR.

CCR

During the cyclonic circulation regime, when low atmospheric pressure prevails in the Arctic (see table
characterizing different environmental features of CCR and ACCR in P99), the Arctic Ocean releases FW to the NA
through the passages in the Canadian Archipelago and Fram Strait. Warming in the Arctic during the CCR increases
ice melting and releases additional FW to the central basin. The accumulation and storage of FW in the BG is not
favored by the CCR (even though the cyclonic regime leads to increased ice melt, the FW is not accumulated in the
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BG because of Ekman divergence and upwelling causing a decrease of freshwater volume in the BG), and hence
more FW is available for transport to the NA. River runoff is lower during the CCR than during the ACCR but
precipitation over the ocean is increased and hence more fresh water is available for immediate release to the NA
from sea ice and surface waters during the CCR.

The stronger surface winds of the CCR in the Fram Strait area (P99) increase the transport of thick ice, and
hence FW, to the GIN Sea. At the peak of these processes, when all of them coincide, we observe low salinity
anomalies in the GIN Sea.

Transition to ACCR

After several years of increased release of ice and FW to the GIN Sea, the surface layer becomes cooler and
fresher, and the sea-ice extent increases in the Greenland Sea. Freshening associated with melting of the increased
ice volume and increased flux of fresher surface waters leads to an increase in stratification and a decrease in the
interaction between the deep ocean and the atmosphere; deep-water convection is consequently suppressed. After
several years the dynamic height gradient between the BG and the NA (and consequently the geostrophic
circulation) decreases, the Icelandic Low moves to the south and the interactions between the GIN Sea and the
Arctic Ocean become weaker, reestablishing the anticyclonic circulation regime.

It is important to note that in this sequence of processes the accumulation and release of FW and ice plays a
fundamental role in the interaction between the Arctic Basin and the GIN Sea.

Project Results

During the first year of research we have reprocessed all available data collected in the archives of the Arctic and
Antarctic Research Institute, St. Petersburg, Russia. Gridded water temperature and salinity fields were averaged for
the years of cyclonic (1953-1957, 1964-1971, 1980-1983) and anticyclonic (1946-1952, 1958-1963, 1972-1979,
and 1984-1988) circulation regimes. These data are available for the scientific community at the Woods Hole
Oceanographic Institution web site (http://www.whoi.edu/science/PO/arcticgroup).

Maps of freshwater storage in the ocean corresponding to the anticyclonic and cyclonic climate regimes (based
on observations) and maps of freshwater storage in the sea ice for different climate regimes based on simulated
results were also prepared and posted at the web site.

A conceptual model (described above) of the freshwater accumulation and release during a seasonal cycle and
for cyclonic and anticyclonic climate regimes was formulated as the first order approach. This is a new hypothesis
along with supporting evidence that the BG plays a significant role in regulating the arctic climate variability. We
propose and demonstrate that the BG accumulates a significant amount of fresh water during one climate regime
(anticyclonic) and releases this water to the North Atlantic during another climate regime (cyclonic). This
hypothesis can explain the origin of the salinity anomaly periodically found in the North Atlantic as well as its role
in the decadal variability in the Arctic region.

A substantial release of the BG fresh water to the NA in response to changing climate conditions can be a source
for a catastrophic salinity anomaly in the NA and consequently, a source for an abrupt global cooling. The above
perspectives lead us to the conclusion that it is extremely important to understand the structure of the BG water
properties, its currents, and their variability in space and time. Specially designed “Beaufort Gyre Exploration
Program” (http://www.whoi.edu/science/PO/arcticgroup) was proposed in response to the NOAA’s 2001 Ocean
Exploration Program announcement of opportunity in order to support project’s goals and hypotheses and to explore
one of the most hostile and inaccessible areas of the globe. The proposal was evaluated by two reviewers and both
recommended to fund the proposal, but cost of the project was too high and NOAA declined this proposal. We
resubmitted the proposal to the NSF’s program “Arctic Freshwater Cycle: Land/Upper-Ocean Linkages. A
contribution to the Study of Environmental Arctic Change (SEARCH)” in June 2002.

A paper with the first project results was submitted to the Geophysical Research Letters (GRL) journal in
February but it was declined by one of the reviewers. This paper was revised and resubmitted to GRL in July 2002.
The manuscript is posted at the arctic group web site. Now we are working with a paper for the Journal of
Geophysical Research.

In this paper our major hypothesis will be described with much more detail and a direct link between the
Beaufort Sea anticyclonic Gyre and the Greenland Sea cyclonic Gyre as the two major circulation features of the
Acrctic Ocean will be described.
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Progress Report:  Observation and Modelling of the Fresh-water Dynamics Connecting the Arctic and
Atlantic: A Feasibility Study

Principal Investigator: Peter B. Rhines, School of Oceanography, University of Washington, Seattle

Other Participating Researchers: Mr. Jerome Cuny, Dr. Jonathan Lilly, Dr. David Bailey, Dr. Wei Cheng. Cuny is
a Ph.D. student funded jointly by National Science Foundation and this grant, working on Baffin Bay and Labrador
Sea fresh-water dynamics and climate change. Dr. Lilly is a just-completed Ph.D. who has done extensive research
on Labrador Sea dynamics funded by NSF and this project; he is now working on Labrador Sea altimetric
observations, for a short time, funded by this grant. Drs. Cheng and Bailey are primarily funded by The G.U.
Vetlesen Foundation but parts of their research are funded by this grant, and their modeling studies of Arctic-
Atlantic ocean fluxes contribute to the PI’s research in this grant.
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Obijectives

This project involves one of the most striking elements of ocean-related climate change in the past few decades:
the 30-year decline of subpolar salinity in the northern Atlantic and Nordic Seas. One of the key elements of this
change is the communication between the Arctic and Atlantic Oceans. The objective of this project is to develop
observations in key oceanic regions at high latitude, which can give us a multi-year picture of the evolution of water
masses; the object also is to analyze the important hydrographic and mooring observations made in the subpolar
Atlantic during the 1990s (some under NOAA sponsorship).

Methods

1. Programmatic. During the 1990s there was an intense period of observations in the Labrador Sea, with Rhines
involved through NOAA and ONR grants. That region is of great importance to global circulation and climate (see
Lazier et al. 2000). To further the objectives above, an international program known as ASOF (Arctic Subarctic
Ocean Flux) has been initiated, involving US, Canadian, European, and Japanese climate scientists and
oceanographers. Dr. Robert Dickson has been the driving force behind the international effort. In the US, ASOF is a
component of the SEARCH program. Rhines is chairman of the ASOF-West group, which with the parallel
leadership of Dr. John Calder of NOAA, has organized North American activities and led efforts to develop funding
for observations in the western subpolar Atlantic, Canadian Arctic Archipelago, and the near regions of the Arctic
Basin. Included in this activity, and funded in part by this project, have been a series of meetings to develop US-
Canadian research in the subArctic (at I0S and B10), the International SSG meeting in Washington, November
2001.

2. Analysis of archived observations. We have analyzed Canadian observations from the Davis Strait/Baffin
Bay/northwest Labrador Sea region, from a 3-year program ending in 1990. These data give a picture of the
seasonality and mean transports connecting the Atlantic with the Arctic, west of Greenland. We have constructed
volume flux diagrams as a function of potential temperature, 6, salinity, S, and time, which summarize the workings
of this system. In the future, time series of these fluxes will be key observations in the ASOF program, and of
importance to global climate. We have also analyzed hydrographic observations made during our NOAA funded
collaborations with BIO Canada, in the 1990s. These give a detailed picture of the role of freshwater in the Labrador
Sea convection cycle. More than one-half of the wintertime cooling by the atmosphere is used up in breaking
through the low-salinity waters in the upper few hundred meters. Climate-related changes in freshwater availability
(of either sign) will have strong impact on the ability of a warmer world to drive the global overturning circulation
of the oceans.

3. Initiation of new observations. \We have collaborated with Prof. C. Eriksen to develop an observational
program for hydrography of the passages connecting Arctic with Atlantic oceans, and for formation regions of the
Labrador Sea/Baffin Bay. This will be carried out with newly designed autonomous undersea vehicles, known as
Seagliders. The Seaglider is buoyancy driven, gliding up and down across the ocean with a slope of 3:1to 5:1. It
gives high-resolution measurements of temperature, salinity, dissolved oxygen, fluorescence, and particle scattering.
As soon as the gliders are ready we will launch them into the subpolar Atlantic. Planning has been carried out under
this grant; deployment costs by another NOAA grant, and grants from the Office of Naval Research.

We have also collaborated with Dr. Simon Prinsenberg of BIO, Canada to increase the observational array for
Barrow Strait, in the Northwest Passage. Coordination of various planned ASOF programs west of Greenland can
produce a comprehensive, time-evolving picture of freshwater and volume transport between Arctic and Atlantic.

Main Results

The charts of flux of water through high-latitude straits and passages (with its seasonal variability) give a
benchmark for observations in the near future. The distribution of Arctic/Atlantic flux in density classes (and 6-S
classes), eventually through each of the major passages observed by ASOF, is a key ‘answer’ that we seek, together
with its behavior in the future and impact on climate. Calculations of the strength of the low-salinity cap on the
Labrador Sea have been made which should stimulate quantitative understanding of the retarding effect of
freshwater on the meridional overturning of the oceans. Comparison with climate models is ongoing, and has
already shown the contrast between the vertical structure of observed oceanic water masses and the numerically
modeled structures that dominate current thinking about high-latitude climate change. A key issue in models is, as
with observations, the relative balance of the various Arctic outflows: those west of Greenland, near the surface, and
the deep overflows east of Greenland. When models cannot represent downslope flow of dense waters, they tend to
exaggerate the role of intermediate depth sinking from the Labrador Sea.
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Progress Report:  Temporal and Spatial Variability of Alaskan Clouds Studied with a Ground-Based
Infrared Cloud Imager

Principal Investigator: Joseph A. Shaw, Electrical and Computer Engineering Department, Montana State
University, Bozeman, Montana

Obijectives

This is a report of progress in the first year of a two-year research project to study the spatial and temporal
variability of Alaskan clouds using a ground-based infrared cloud imaging system. The instrument employed in this
study, called the “Infrared Cloud Imager” (ICI), was developed recently to record images of atmospheric emission
from which clouds can be identified and classified according to their radiometric brightness.

The two primary objectives of this study are to:

1. Measure spatial-temporal cloud statistics at Barrow, Alaska that can lead to improved cloud
parameterizations in Arctic climate models and begin to provide data for determining the relationship
between the Arctic Oscillation and Arctic cloudiness;

2. Compare cloud statistics derived from multiple-pixel and single-pixel sensors to identify statistical biases
that may occur in cloud statistics derived from zenith-viewing sensors such as cloud lidars and radars,
which depend on advection of the cloud field overhead to provide a representative cloud sample over time.

Methods

The principal tool in this study is the Infrared Cloud Imager (ICI), which records radiometrically calibrated
images of atmospheric emission in the 8-14 um wavelength range without liquid nitrogen or other detector coolants.
Each pixel in the images is classified as clear or cloudy, and classified further according to cloud type, based on its
radiometric brightness. The ICI is a recently developed sensor in which an infrared camera alternately views the sky
and a blackbody calibration target to generate radiometric sky images.

The ICI data are calibrated with a combination of laboratory and field calibrations. In the laboratory prior to
deployment, a calibration curve is generated with the system viewing a blackbody cone that can be cooled from
ambient down to approximately —70°C. The instrument gain (change in voltage for a change in radiance) found from
this laboratory calibration has been found to be reasonably stable over time, so in the field we only view one
calibration target to derive an updated offset term (radiance detected from self emission). This scheme appears to
work well, but is being refined continually through comparison with data from other radiometric sensors, such as the
Atmospheric Emitted Radiance Interferometer (AERI), and with radiative transfer models using radiosonde profiles
as input.

Results

We started work on this project with an analysis of the ICI calibration using ICI data collected at Poker Flat
Research Range (PFRR) near Fairbanks, Alaska, during the 2000-2001 winter. This analysis focused on uniformly
clear or cloudy sky periods, during which radiosondes launched at Fairbanks were expected to be at least somewhat
representative of the atmosphere over PFRR. We also used infrared and visible AVHRR imagery to verify the
uniform clear or cloudy conditions, and to provide a cloud-top temperature to be included in the comparison during
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cloudy periods. This analysis showed that the cloud-base temperature from ICI agreed with the radiosonde cloud-
base temperature to within 2°C, while the ICI clear-sky brightness temperature during the clear-sky period differed
by 4°C from radiative transfer calculations using the Fairbanks radiosonde as input. The clear-sky comparison is
quite promising, considering the potential for large differences caused by separation in space and time of the ICI and
radiosonde measurements, and considering the great challenge of calibrating uncooled infrared detector arrays at
such low radiance levels. Even without the calibration improvements that are presently underway, this level of
radiometric performance is sufficient for the cloud identification and classification task of the ICI instrument.

The most significant accomplishment during the first year of this project was successful deployment at the NSA
(North Slope of Alaska) site in Barrow, Alaska during February—May 2002 (following test deployments in Boulder,
Colorado during December 2001 and Bozeman, Montana during January—February 2002). The Barrow deployment
turned out to be approximately twice as long as the originally proposed field deployment duration, which was made
possible by robust operation of the ICI system and by generous facilities support contributed by the DOE/ARM
program and NSA site personnel.

For processing ICI images, we are working first on developing algorithms to separate the atmospheric and cloud
emission signatures. In this wavelength range, downwelling emission from a cloudy sky comprises primarily cloud
and water vapor radiance. We have developed algorithms that use microwave radiometer measurements of
integrated atmospheric water vapor to quickly estimate and remove the infrared water vapor emission, leaving only
the cloud emission so that we can perform robust and geographically independent cloud identification and
classification. We are also studying methods for determining which portion of the integrated water vapor emission is
contributed by the atmosphere below the cloud. At the NSA ARM site, this kind of analysis is enhanced by the
ubiquity of sensors that can give critical data such as cloud height and water vapor profiles.

During this coming year, we will refine and test various algorithms for correcting ICI images for water vapor
emission and for calculating spatial-temporal cloud statistics from ICI images. We will apply these algorithms to the
entire NSA data set and also begin comparing cloud statistics derived from vertically viewing and spatially resolving
sensors. Much of this work is awaiting a recalibration of microwave radiometer water vapor data available through
the ARM data archive. An additional deployment of the ICI at the NSA site in Barrow will occur in
February—March 2003, as part of a project funded by the DoE/ARM program, providing additional data that will add
to the results of the present project.

Publications and Presentations

Shaw, J.A. Radiometric measurements of Alaskan clouds with the Infrared Cloud Imager, invited presentation, Symposium of Arctic Atmosphere
Observation, Tokyo, Japan, 4-5 December 2001.

Shaw, J.A., E. Edqvist, and B. Thurairajah. The Infrared Cloud Imager (ICI) deployed at the NSA during 2002, in Proceedings of the Twelfth
Annual Atmospheric Radiation Measurements (ARM) Science Team Meeting (U.S. Dept. of Energy), St. Petersburg, FL, 8-12 April 2002.

Shaw, J.A., E. Edqvist, B. Thurairajah, H.E. Bravo, and K. Mizutani. Arctic clouds measured with the Infrared Cloud Imager, in Proceedings of
SPIE 4815 (Atmospheric Radiation Measurements and Applications in Climate) J. Shaw, Ed., Seattle, WA, 10-11 July 2002.

Shaw, J.A., E. Meheil, and K. Mizutani, Infrared radiometric cloud imaging with an uncooled microbolometer array camera. Submitted to
Applied Optics.

Progress Report:  Trophic Pathways on the Chukchi-Beaufort Shelf: Where Do the Ice Algae Go?
Principal Investigator: Alan M. Springer, Institute of Marine Science, University of Alaska Fairbanks

Other Participating Researchers: C. Peter McRoy, University of Alaska Fairbanks; Sara J. Iverson, Dalhousie
University, Halifax, Nova Scotia; Suzanne Budge, Dalhousie University, Halifax, Nova Scotia

Objectives

The goal of this project is to identify trophic pathways of ice algae on the Chukchi-Beaufort continental shelf
using fatty acid biomarkers to trace carbon flow through the Arctic food web. Fatty acid biomarkers are used to
differentiate between the two types of primary production, ice algae and spring bloom phytoplankton, that are the
base of food webs leading to organisms at higher trophic levels, specifically, arctic cod, black guillemots, bearded
and ringed seals, bowhead whales, polar bears, and humans. This, in turn, will allow us to evaluate the importance of
sea ice algae, relative to phytoplankton, to food web production in the Arctic.
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Methods

The first field season for this research began in May 2002. We collected samples over a four-day period from
May 28-31 off Barrow, Alaska. Ice algae were obtained from cores. Large volumes of water from under the ice
were filtered to obtain phytoplankton from the water column, which also included some sedimenting ice algae.
Fauna, including copepods, amphipods, and benthic and pelagic worms, were collected with traps and nets deployed
under the ice. Ice algae were also collected at a separate site in Bering Strait for comparison. Samples of ice algae
and phytoplankton were preserved in 5% buffered formalin for taxonomy.

Numerous marine mammal blubber samples were obtained from subsistence hunters in both regions in spring.
We have approximately 60 samples of ringed, bearded, spotted, and ribbon seals and walrus. Bowhead whales will
also be sampled. Arctic cod and adipose samples of black guillemots are being collected from the area around
Cooper Island.

Analyses were begun in June 2002. Lipid extraction was performed on all samples using a modified Folch et al.
(1957) method (Parrish, 1999) using chloroform and methanol, followed by fatty acid methyl ester formation with
BF;. Individual fatty acids were determined using temperature-programmed gas liquid chromatography according to
Iverson et al. (1997) on a Perkin Elmer Autosystem Il Capillary FID gas chromatograph fitted with a 30 m x 0.25
mm id. column coated with 50% cyanopropyl polysiloxane (0.25u film thickness; J & W DB-23; Folsom, CA).

Preliminary Results

Fatty acid analyses of samples collected in Barrow in May indicate some key differences between ice algae and
water column phytoplankton. In ice algae, there was a clear predominance of fatty acids with 16 carbon atoms over
fatty acids with 18 carbon atoms, so the ratio of Y C16/ C18 was consistently greater in the ice algae than in
phytoplankton. Also, levels of the fatty acid 16:1n-7 were much greater in ice algae than in water column
phytoplankton. In contrast, amounts of other specific fatty acids, such as 20:5n-3, 18:4n-3, 18:2n-6 and 18:1n-9,
were higher in the water column phytoplankton.

On May 30, a distinct shift in the along shore current from southerly to northerly occurred and an increase in
small zooplankton and phytoplankton cells in the seawater samples was obvious. Clear differences were apparent in
the taxonomic composition of water column phytoplankton after this change in current. Also, the fatty acid signature
of that phytoplankton began to more closely resemble that of the ice algae with increases in Y C16/Y C18 and levels
of 16:1n-7. This suggests that, in addition to the water column phytoplankton, these samples contained numerous
free-floating ice algae cells and are perhaps not wholly representative of typical water column phytoplankton.

The fatty acid signatures of zooplankton sampled under the ice at Barrow are similar to zooplankton collected in
other areas with large amounts of 18:4n-3, 20:5n-3 and 22:5n-3. However, unusually elevated levels of n-7 fatty
acids were encountered, particularly 18:1n-7, 20:1n-7 and 22:1n-7. These fatty acids are likely formed by chain
elongation of 16:1n-7 and, along with the presence of 16:4n-1, indicate extensive feeding of the zooplankton on ice
algae. There is also some evidence of a change in zooplankton fatty acid signatures after the current shift, with an
increase in 14:0 and a decrease in 22:6n-3.

These data demonstrate that we may use fatty acid signatures to differentiate between the two types of primary
production, ice algae and spring bloom phytoplankton. In addition, the fatty acid composition of the zooplankton
contains several ice algae biomarkers and indicates that ice algae are important dietary items of herbivores. These
data represent the first step towards the eventual quantitative use of fatty acids to delineate trophic pathways in
higher order consumers, including planktivorous sea birds, fish and marine mammals, and they suggest that we can
expect to recognize fatty acid signatures of ice algae in higher trophic levels.

References

Folch, J., Lees, M. and Sloane Stanley, G.H. 1957. A simple method for the isolation and purification of total lipids from animal tissues. Journal
of Biological Chemistry 226: 497-5009.

Iverson S.J., Frost, K.J., and Lowry, L.F. 1997. Fatty acids signatures reveal fine scale structure of foraging distribution of harbor seals and their
prey in Prince William Sound, Alaska. Marine Ecology Progress Series 151: 255-271.
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Progress Report: ~ An Arctic Archive of Model Output and Application to SEARCH
Principal Investigator: John E. Walsh, University of Illinois
Other Participating Researchers: William L. Chapman and Michael S. Timlin, University of lllinois

Report

The primary objective of the project is a synthesis of global climate model output for uses in ACIA (Arctic
Climate Impact Assessment) and SEARCH (the Study of Environmental Arctic Change). The need for such a
synthesis arises from the widely varying formats, archival locations and access procedures for the output of global
models. In addition, there is a general need for information from these models by Arctic scientists who are not
familiar with global models nor with archival procedures. The most immediate need for such information has arisen
in ACIA, for which a scenario working group identified five models and a common forcing scenario to be utilized
by an interdisciplinary group of authors charged with assessing Arctic climate changes and their impacts over the
next century. Under the present project, we have coordinated the archival of the model output for ACIA and we have
performed diagnostic analyses of several subsets of the archived data.

The ACIA archive consists of B2 scenario output from five state-of-the-art global models: the Canadian Climate
Center (CCCma) model, the European Center/Hamburg model (ECHAM), the model of the Geophysical Fluid
Dynamics Laboratory (GFDL), the Hadley Centre’s HadCM3, and the National Center for Atmospheric Research’s
Climate System Model (CSM). The CCCma archive consists of output from an ensemble of three 21%-century
simulations, differing only in their initial conditions. The primary collection of output from each model consists of
monthly grids of 20-30 variables, while daily grids of 58 variables (including surface air temperature and
precipitation) are also archived for each model.

The information provided to ACIA has consisted of two types: (1) background information in the form of menu-
driven images available at the ACIA scenario website, http://zubov.atmos.uiuc.edu/ACIA/ and (2) digital and
graphical information tailored to specific needs of authors of individual ACIA chapters, provided on an “as
requested” basis. The background information at the website includes time-series plots of key quantities from all
models, including side-by-side comparisons of 21%-century temperature projections from the five models. The
website also includes a clickable matrix for plots of temperature and precipitation maps for any ACIA time slice
from any model.

The user-specified information has been provided in response to 20-25 requests from ACIA authors. These
requests have generally been for regional values of variables such as snowfall, winds, growing-season quantities,
and seasonality of changes.

A research focus of our activity during the first project year has been the compilation and analysis of scenarios of
sea ice from the various models. We have extracted grids of monthly sea ice coverage for all models for the period
1980-2100. The control-climate sea ice coverage of every model shows some bias, at least on a regional basis. The
control climate’s sea ice cover ranges from a generally under-simulated sea ice cover (in CCCma) to a generally
over-simulated sea ice cover (in the NCAR CSM). In the other models, the total hemispheric coverage is similar to
the observed. In order to optimize the scenarios, we have used the present-day biases to introduce adjustments to the
ice coverages projected for the future. In all cases, the bias-adjustments are functions of longitude, calendar month
and model. After such adjustments are made, the greenhouse-driven (B2 scenario) retreat of sea ice ranges from
about 12% in the NCAR CSM to about 40% in the CCCma model. The retreat is more rapid in the warmer models,
which also have the least ice in the control climate. One model, the CCCma, becomes ice-free in the summer by
about 2050 without bias-adjustment and by about 2090 after bias-adjustment. Several other models have very little
ice at the summer minimum in 2100. Interestingly, the decrease of wintertime sea ice is relatively small—only
10-20% by the late 21* century in most of the models. The results of this study are described in more detail in a
paper by Timlin and Walsh (2002).

A second diagnostic application of the application has been targeted at the needs of SEARCH as well as ACIA.
We are using the daily output from the models to examine the frequency of extreme events in the Arctic:
temperature exceeding high and low thresholds, precipitation exceeding various thresholds over various periods
(daily, 5-day, monthly), and dry periods of varying lengths. This type of information requires daily output because
the extremes are lost in the averages over the commonly used monthly periods. The preliminary findings are that
most models show increasing frequencies of heavy precipitation events during the summer, and increasing
frequencies of high temperature occurrences. The frequencies of extremely low temperatures during the winter
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generally decrease. Very preliminary results concerning storm events point to a varied picture among models: some
of the models show stronger low pressure centers over the Arctic under the greenhouse scenario, while others depict
decreasing frequencies of intense cyclonic systems. The reasons for these differences will be a focus of research in
the coming year, as will a more complete documentation of the projected changes in the frequency and duration of
extreme events in the Arctic.

Publications

Timlin, M.S., and J.E. Walsh (2002) Simulation of present-day and future Arctic sea ice cover by a suite of global climate models. Polar
Research, submitted.

Progress Report:  Connections between Arctic-Subarctic Ocean Fluxes and the Arctic Oscillation

Principal Investigator: John W. Weatherly, Cold Regions Research and Engineering Laboratory, Hanover, New
Hampshire

Obijectives

The overall goal of this proposed project is to investigate the impacts of the Arctic Oscillation on the ice, water,
heat, and salt fluxes between the Arctic Ocean, the subarctic GIN (Greenland, Iceland and Norwegian) Seas, and the
Atlantic thermohaline circulation. Three main questions will be addressed:

1. How does the Arctic Oscillation (and associated climate variability) affect the heat, salt, ice, and water mass
exchanges between the Arctic and subarctic oceans?

2. How does the strength of the Atlantic thermohaline circulation and the related ocean transports affect these
exchanges?

3. How does the AO and the resulting variability in ice export affect the thermohaline circulation?

Methods

A global, coupled atmosphere-ocean-ice general circulation model (GCM) will be the primary tool used for
investigating the connections between climate variability and Arctic-global ocean exchanges. This approach
provides a method for diagnosing the interactions between atmosphere, ocean, and sea ice, and for testing
hypotheses about the climate system using a variety of model simulations.

The global climate models being used for this study are the two models that have been developed and run at the
National Center for Atmospheric Research (NCAR), the Community Climate System Model (CCSM), and the
Parallel Climate Model (PCM). These two models consist of mostly similar model components for the atmosphere,
ocean, and sea ice, though have been coupled in different ways. The first step is to diagnose the relationships
between the AO and ocean fluxes from existing and ongoing climate simulations performed by the Climate Change
Research group at NCAR, using both the PCM and CCSM models. Correlations will be computed between variables
such as the AO index, the Fram Strait ice volume export, the heat and water mass fluxes through the Barents Sea,
West Spitsbergen Current, northward heat and water transport in the subarctic seas, and the strength of meridional
ocean circulation in the North Atlantic. Spatial correlation maps can also be computed between the AQO index and
Acrctic ice velocities, ice concentrations, and sea surface temperatures.

Project Status and Progress

This project is awaiting the initial funding distribution from NOAA for FY 2002. The specific tasks for this
project will begin when funding is available. Nonetheless, climate model development and simulations with the
NCAR PCM and CCSM are proceeding, and are providing better model results for analysis in this project.

Development of a higher resolution version of the Community Atmospheric Model (CAM) by NCAR has
improved the Arctic sea-level pressure results. The T85 resolution (approximately 1.4° degrees) shows better
intrusion of lower pressures from the Norwegian Sea into the Eurasian Basin, and less dominance of the central
Arctic high pressure. The summer SLP pattern is also more uniform (flat), similar to observations, and improved
over the T42 version (approximately 2.89).

The PCM modeling group at NCAR has completed new coupled climate simulations with both the new version
of the PCM-2 and the new CCSM-2. These models both include the complete ice-thickness distribution model with
the elastic-visco-plastic ice dynamics, and global ocean model resolution of 1° (and in the Arctic of 50-70 km). The
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CCSM-2 ocean and sea ice components will be used in this study for the ocean-ice simulations of the years
1950-2000.

Publications and Presentations

No publications, as the specific study tasks are awaiting funding.
Workshop presentation: “Climate change modeling and the impacts of simulated Arctic variables,” CAMP
workshop, University of Wisconsin, Madison, sponsored by IARC.

Progress Report:  Hydrologic Response of Siberian Major Rivers to Climate Change and Variation
Principal Investigator: Daging Yang, Water and Environmental Center, University of Alaska Fairbanks

Other Participating Researchers: Tingjun Zhang (Co-Pl), National Snow and Ice Data Center, University of
Colorado, Boulder; Xuebin Zhang (Co-Pl), Climate Research Branch, Meteorological Service of Canada,
Downsview, Ontario; Hengchun Ye (Co-Pl), Department of Geography and Urban Analysis, California State
University, Los Angeles

Obijectives

Climate over Siberia has experienced significant changes during the past few decades, such as considerable
winter warming, winter and fall precipitation increase, winter snow depth increase, and ground temperature rising
and permafrost thawing. Climate models predict a 1-4°C surface air temperature increase over the earth in the 21
century, with even greater increase in the Arctic regions. This warming trend will impact the structure, function, and
stability of both terrestrial and aquatic ecosystems and alter the land-ocean interaction in the Arctic.

River freshwater inflow, contributing as much as 10% to the upper 100 meters of water column of the entire
Arctic Ocean, critically affects the salinity and sea ice formation, and may also exert significant control over global
ocean circulation. Arctic hydrologic systems exhibit large temporal variability due to large-scale changes in
atmospheric circulation. This variation significantly influences the cross-shelf movement of water, nutrients and
sediments. Thus, examination of streamflow changes and variations in the major northern river basins and their
relations to surface climate and atmosphere are critical to better understand and quantify the atmosphere-land-ocean
interactions in the Arctic and consequent global impacts.

The primary objective of this project is to investigate the hydrologic response of major Siberian rivers to climate
change and variation. We have constructed and analyzed long-term records of temperature, precipitation,
snowcover, active layer depth, soil temperature, river streamflow, ice thickness, and Arctic oscillation (AQ) index to
focus our research on the following three key aspects:

* [Investigating regional hydrologic change. This includes a) quantifying the annual and seasonal freshwater fluxes
to the Arctic Ocean from Lena, Ob and Yenisey rivers and their inter-annual variation and long-term trends; b)
developing river ice thickness climatology and examining its relation to winter low-flow for the river basins.

* Identifying regional climate variation and trends. This includes a) defining climatologies, trends and variability
of monthly and yearly temperature, precipitation, snowcover, soil moisture, active layer depth, shallow ground
water storage; b) applying comprehensive statistical methods to selected key variables to identify the major
spatial variation patters and their temporal changes at different time scales.

* Examining atmosphere-land interactions. This includes a) multiple-correlation analysis of river runoff and ice
thickness with key atmospheric circulation index (e.g. AO), temperature, precipitation, soil moisture, snow
cover, active layer depth, shallow ground water storage; b) identifying important climatic and atmospheric
control factors to regional hydrological changes; and ¢) quantifying lengths of memory of different variables
(temperature, precipitation, snowcover, etc.) and their impact on inter-annual variation of river discharge.

Methods

During the first year, we focus our effort on data set developments and analyses. Up to June 2002, we have
acquired long-term monthly records for temperature, precipitation, snow cover, ground temperature, active layer
depth, river streamflow, and river ice thickness for the three large watersheds. We also obtained AO index and SST
data for northern Atlantic and Pacific oceans. We used statistical approaches to examine the observational evidence
of associations between river discharge and atmospheric and terrestrial variables, such as air temperature,
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precipitation, snowcover, soil moisture, timing and duration of the active layer depth, river ice thickness, and Arctic
oscillation (AQ) index.

Main Results
Hydrology Component

We identified remarkable changes in hydrologic regime of the Lena, Yenisey and Ob rivers. A significant
increase in fall and winter discharge at the outlet of the watersheds has been found during recent decades for all the
three rivers, particularly for the Yenisey basin. An early start of snowmelt period toward mid May was found in the
Lena basin, with an increase of streamflow in May and a decrease in June. A decrease of river ice thickness has also
been detected for the Lena River. A shift of the Ob River’s maximum monthly discharge from spring snowmelt
period towards summer season (July, August and even September) has also been discovered. Our analyses of
influences of atmospheric and climatic variables on seasonal and annual discharge changes and variations suggest
that changes in river streamflow of large Siberian rivers are the consequence of recent climate warming and are also
related to changes in permafrost conditions.

Human activities, such as changing land surface and building large dams, influence the hydrologic regime and its
change. Efforts are currently underway to document the dams in the northern river basins, including their size, year
of completion, and ways of operations. Our preliminary examinations of reservoir regulation on river discharge in
the Lena River show that peak discharge has been reduced by 20-30% and low flow has been significantly increased
by 50-60%. As a result, the discharge trend derived from the observed records has been underestimated in summer
and overestimated in winter. Winter discharge increase may also impact river ice condition. These results suggest
more research attention to the human dimension of arctic environment changes.

Climate Component

Temperature. Based on long-term global climatic data sets, our initial analysis of climate trend shows that
annual mean temperature has increased since the mid-1930s in almost all parts of the three basins, although some
northern regions of the basins are stable. Statistically significant trends are observed in most parts of the Ob basin,
the eastern Yenisey basin and the eastern Lena basin. The spatial patterns of the trends differ from season to season.
Among the four seasons, the greatest increase was found in winter. Warming during winter is over 4°C for
19361995 in the southern Ob and Yenisey basins, as well as in the eastern Lena basin, and the trends are
significant. The spatial pattern in winter is similar to the annual one, except that winter warming is stronger. The
greatest warming during spring is over 3°C for 1936-1995 in the northwestern Ob basin, the southeastern Yenisey
basin and eastern Lena basin, and the trends are significant in these areas. Summer shows significant warming trends
in a small area of the eastern Ob basin, northeastern Yenisey basin, and eastern Lena basin. Some significant
negative trends are found in the center of the Yenisey and Lena basins. Fall shows significant positive trends in most
southern areas of the Ob basin and southeastern Yenisey basin and there are some negative trends found in the north
of the three basins, but the trends are significant only in the northern Ob basin. It is apparent that warming in winter
temperature contributed the most to the positive trend in the annual mean of daily temperature.

Precipitation. Annual precipitation in the Lena Basin significantly decreased by about 20% during 1936-1995 in
a small area in the northeast, and no significant increasing trends are found. The spatial patterns of the trends differ
from season to season. Winter shows significant increasing trends in the north; spring shows no significant trends;
summer shows significant negative trends in the north; and fall shows significant positive trends in a very small area
in the north. Yenisey River annual precipitation significantly decreased by 20%-30% during 1936-1995 in part of
the south. Seasonally, winter and fall show some significant positive trends in the north, and spring shows positive
trends in the east. Summer has significant negative trends in north and center, winter and fall also have a very small
area in the south with the same trends. Ob basin annual precipitation increased in the west by 10%-30% during
1936-1995. Among the four seasons, the significant positive trends are only found in winter, and the greatest
increase, which is found in the south, is about 70%-90%. Spring shows no significant changes. In summer, some
significant negative trends are found in the northeast. Fall shows insignificant positive trends in most parts of the
basin.

Permafrost Component

Permafrost Distribution. Based on data from the International Permafrost Association Circum-Arctic Map of
Permafrost and Ground Ice Conditions, we conducted statistics on permafrost distribution over major Arctic River
basins. Results indicate that the permafrost fraction increases from the western Russian Arctic region to the eastern
Russian Arctic region. The Ob River basin has the smallest permafrost fraction, with approximately 4-10% of the
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basin underlain by permafrost. The Yenisey River basin has about 36-55% of the area under permafrost. The Lena
River basin has the largest permafrost fraction, 78-93%. Existence of permafrost has significant impact on the
surface water budget. For example, mean runoff ratios (runoff vs. precipitation) in the colder and permafrost
dominated Yenisey and Lena River basins (0.41-0.55) are higher than for the warmer and largely permafrost-free
Ob River basin (0.26).

Soil Temperature Increase. Soil temperature at 40 cm depth over the Russian Arctic and Subarctic has increased
approximately 0.9-1.1°C over the past few decades. The increase is particularly pronounced during the winter
months, probably due to the increase both in air temperature and snow thickness. Increase in soil temperature
implies thawing and degradation of permafrost over the study area. Further work is needed to understand the thermal
status of soils and permafrost over each river basin scale.

Active Layer Thickness. Based on ground-based measurements from 11 stations over the Lena River basin,
maximum thickness of the active layer increased by about 30 cm from the late 1960s to the mid-1980s. An increase
in maximum active layer thickness increases water storage capacity, thus partitioning the surface water budget.
Further work will be needed to better understand changes in active layer thickness over the entire basin and other
major river basins. This information helps to understand the changes in river runoffs during the past few decades.

Presentations

Yang, D., and T Ohata (2001) Lena river ice regime and recent change. Presented at the AGU 2001 fall Meeting, Dec. 10-14, 2001, San
Francisco. Supplement to Eos, Transaction, AGU, 82(47) Nov. 20, 2001.

Yang, D., T. Zhang, X. Zhang, and H. Ye (2002) Hydrologic response of Siberian major rivers to climate change and variation. Presented at the
NSF ARCSS All-hands Workshop, 20-22 February 2002.

Oelke, C., T. Zhang, M. Serreze, and R.L. Armstrong (2001) Regional-scale modeling of soil seasonal freeze/thaw over the Arctic drainage basin.
Presented at the AGU 2001 fall Meeting, Dec. 10-14, 2001, San Francisco. Supplement to Eos, Transaction, AGU, 82(47) Nov. 20, 2001.

Zhang, T., R.G. Barry, and R.L. Armstrong (2001) Distribution of frozen ground in the Northern Hemisphere. Presented at the AGU 2001 fall
Meeting, Dec. 10-14, 2001, San Francisco. Supplement to Eos, Transaction, AGU, 82(47) Nov. 20, 2001.

Zhang, T., M.C. Serreze, R.G. Barry, and J. Bohlander (2002) Climate change: evidence from historical soil temperature measurements in the
former Soviet Union. Presented at the NSF ARCSS All-hands Workshop, 20-22 February 2002.
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Siberia. Journal of Hydrometeorology.
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