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Preface 

As described in a separate document (Climate Change and the Cryosphere: Snow, Water, Ice, 
and Permafrost in the Arctic (SWIPA) – Project Proposal for SAOs (Part 1) - Project Basis, 
Objectives, Plans for Project Organization and Implementation, and Status of Project 
Development), at the Arctic Council Ministerial Meeting in 2006, Norway proposed priority 
areas for the period of their leadership of the Arctic Council. These included further studies 
on the reduction of snow and ice in the Arctic. Norway, on behalf of Denmark, Norway, and 
Sweden, presented a concept for a ‘Cryosphere Project’ to the Senior Arctic Officials (SAOs) 
at their meeting in April 2007.  

The detailed proposals for the components and modules of the AC Cryosphere Project 
presented in this document are a follow-up to the decisions made during the SAO meetings in 
April and November 2007. Experts from the eight Arctic Countries and a number of relevant 
international organizations, including IASC, CliC and IPY, have evaluated and discussed the 
content of the project. This document presents the current status of the detailed planning of 
the project components and modules. 

Rationale for the Cryosphere Project 
During the past 5–6 years, the rate of loss of sea ice in the Arctic Ocean has increased 
considerably, and more rapidly than projected. If this accelerated loss of sea ice continues, 
the Arctic Ocean could be ice-free during summer earlier than was projected by the 2004 
Arctic Climate Impact Assessment (ACIA). At the same time, increased movements of ice-
flows draining the Greenland Ice Sheet have come as a surprise to the scientists. IPCC (2007) 
concluded that the physical processes explaining the increased movements are not well 
understood. The uncertainty about what will happen to the Greenland ice sheet in response to 
global warming has increased over the period between the IPCC reports in 2001 and 2007. In 
addition, observations show that snow cover extent on land and the ice in small glaciers and 
ice caps in the Arctic is being reduced, and that the permafrost is increasingly vulnerable to 
thaw.      

As a result, the local, regional and global impacts of these increased rates of reduction in the 
Greenland ice sheet, sea ice, glaciers, permafrost, and snow could be more immediate than 
previous scientific reports have indicated. While Arctic residents are directly affected by the 
changes that are addressed in the proposed project, the potential impacts on sea level and 
ocean circulation are global. This situation emphasizes the need for more detailed and 
thorough knowledge about ongoing processes, and more accurate projections about the future 
situation for the Arctic cryosphere, as well as the resulting impacts on local, regional, and 
global scales.  

The ongoing IPY represents a considerable basis for accelerated progress in understanding. 
The proposed SWIPA reports provide an opportunity to synthesize new information from the 
IPY and provide a bridge between the IPY, Arctic Council and future IPCC activity. Strong 
coordination between the Cryosphere Project and the IPY, and other ongoing relevant 
national and international activities, is central to the Cryosphere Project concept. 

Objectives 

The objectives of the Cryosphere Project are to provide the Arctic Council with timely, up-to-
date, and synthesized scientific knowledge about the present status, processes, trends, and 
future consequences of changes in Arctic sea ice, melting of the Greenland ice sheet, and 
changes in Arctic snow cover, permafrost, mountain glaciers and ice caps, and related 
hydrological conditions in the Arctic. Future scenarios will be developed to determine, as far 
as possible, the consequences of these changes on physical processes on local, regional, and 
global scales, and to determine consequences for Arctic biological systems, and human 
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societies and lifestyles. The project does not intend to initiate any new research, but will be 
based on recent or ongoing projects, including AMAP national implementation plans, and 
international activities including IPY research. The resulting reports will highlight gaps in 
knowledge and recommend actions for future research and monitoring to fill these gaps.  

The main objectives of the Cryosphere Project are to: 

• Summarize the state of knowledge regarding Arctic cryosphere changes, 
including gaps in knowledge; review the key processes that are currently considered 
to be the primary reasons for the changes that are being observed, in order to improve 
the understanding of sea ice and thereby improve input to climate models. 

• Summarize predictions from models; review strengths and weaknesses of individual 
models; evaluate new model runs; and make recommendations for model 
improvements. Scenario projections will focus on time horizons of 10-, 30, 50-, and 
100-years. 

• Analyse impacts on ecosystem as a consequence of changes in Arctic cryosphere; 
provide quantitative or qualitative estimates of, e.g., changes in food web dynamics, 
responses to rapid/threshold changes, impacts on biodiversity, species extinction, 
colonisation, etc. 

• Analyse socio-economic impacts related to Arctic cryosphere changes and how 
they may be influenced by mitigation and adaptation; provide quantitative or 
qualitative estimates of, e.g., information concerning shipping seasons, length of fast 
ice season, number of people impacted, safety issues, food supply, etc. 

The project will deliver scientific reports that will also contribute recommendations for the 
improvement of observing platforms and networks (SAON input).  

Project Implementation: National Leads and International Cooperation 
As described in a related document (Climate Change and the Cryosphere: Snow, Water, Ice, 
and Permafrost in the Arctic (SWIPA) - Information Paper for SAOs - Project Basis, 
Objectives, Plans for Project Organization and Implementation, and Status of Project 
Development) that describes the overall project concept and organization in more detail, the 
project is conceived as an ‘integrated project’ - integrating information on the physical 
changes to the system, but also considering impacts on humans (the ‘human dimension’).  

For practical purposes, the proposed project work is organized according to three main 
components (the last of which comprises four sub-modules): 

Component 1: Climate Change and Arctic Sea Ice. Lead: Norway 

Component 2: Climate Change and the Greenland Ice Sheet. Lead: Denmark 

Component 3: Climate Change and the Terrestrial Cryosphere 

Module 1:  Changing snow cover and its impacts. Lead: Sweden 

Module 2:  Changing permafrost characteristics, distribution and extent and their 
impacts. Lead: Sweden 

Module 3:  Mountain glaciers and ice caps. Lead: Canada, Russia and USA 

Module 4:  Hydrology: Rivers and lakes. Lead: Canada, Russia and USA 

The project will be implemented by AMAP and its Climate Expert Group (CEG) in close 
cooperation with national organizations, international organizations (in particular, IASC, 
CliC, and IPY), and Arctic Council working groups and Permanent Participants. Each of the 
components and modules of the project has an associated lead country and one or more 
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identified lead person(s). The scientific reports that will be prepared will be based on all 
information available from international scientific journals, national reports, new research 
and monitoring data (including both in situ and satellite observations and remote sensing 
data), etc., subject to documented QA/QC. 

A project integration team will address integrations issues during both project 
implementation (to avoid duplication) and reporting stages, also considering on ‘cumulative 
impacts’ based on the information on impacts deriving from the various project 
components/modules. 

Modeling input, which represents a core requirement for all project components and modules, 
will be made available from ongoing modeling work being coordinated by the AMAP 
Climate Expert Group as part of the approved AMAP workplan.  

A detailed description of each of the current status of planning within each of the project 
components/modules is presented below. 
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1  Component 1: Arctic Sea Ice in a Changing Climate 

1.1  Background 
Sea ice is a fundamental component of the Arctic cryosphere, and thereby also the global 
cryosphere. It plays an important role in the global climate system, has major socio-economic 
significance, and is a key climate indicator. Key processes are connected to: 

(a) the high albedo of the sea ice surface, in contrast to the low-albedo of an ice free 
ocean; 

(b) influence on atmospheric heat transport, through impacts on the large scale ‘pole-to-
equator’ temperature gradient; 

(c) impacts on ocean-atmosphere heat exchange; 
(d) role as a habitat within a complex ecosystem; 
(e) relevance for access to the High Arctic in the context of transport and travel; and 
(f) role in the traditional ways of life of indigenous people. 

Sea ice, which has a ‘life-time’ ranging from weeks to a few years, is a key indicator of 
climate change since it responds to important climate parameters on observable time scales. 

Over the past decades, Arctic sea ice has undergone rapid change. Arctic sea ice extent has 
reduced significantly, with largest negative trends associated with end-of-summer (seasonal 
minimum) ice cover.  

Between 1978 (when continuous remote sensing of sea ice extent using passive microwave 
sensors started) and the end of 2006, Arctic sea ice cover decreased at 8.9% per decade. 
September 2007 was not only a record minimum in Arctic sea ice extent since 1979, but also 
about 1 million km2 lower than the previous recorded minimum of September 2005. Sub-
regional (e.g. the Kara Sea) patterns, or shorter (e.g. sub-decadal) time domains exhibit a 
larger spatial and temporal variability, making clear the need for collection of long time 
series of pan-arctic data with sufficient spatial resolution. Observations also indicate a 
reduction of Arctic ice thickness. Ice thickness can be observed by direct in-situ 
measurements, from above the ice (electromagnetic surveys), and from below (upward 
looking sonar from moorings and submarines). Uncertainties associated with reductions in 
sea-ice thickness are greater than those for reductions in sea-ice extent, since less data and 
less consistent data about ice thickness exist. Sea ice model calculations forecast a 
continuation of the reduction of the sea ice extent, with about half of the IPCC AR4 models 
(IPCC, 2007) projecting an Arctic free of sea-ice by 2100 (i.e. the September (annual 
minimum) concentration of sea ice is less than 15% in all pixels of the model domain). 

All of these changes in the physical Arctic sea ice system have associated impacts on Arctic 
ecosystems, economy, tourism, and lifestyles of indigenous people. In general, less sea ice in 
the Arctic is likely to lead to more human activity, more ship traffic and better marine access 
to areas with oil and gas resources. However, despite the observed negative trends, sea ice 
changes are complex and inter-annual variability of sea ice evolution is high. Loss of summer 
sea ice cover will also mean that more sea-ice is seasonal ice, as opposed to perennial (multi-
year) ice, with attendant changes in other properties and behaviour. Ecosystems currently 
existing in the Arctic depend to a large degree on the presence of sea ice, and changes in 
ecosystems are likely to follow changes in sea ice conditions. For ecosystems, the rate of 
change is particularly important. Arctic indigenous people depend on sea-ice for activities 
including hunting and travel, and possess a vast amount of traditional local knowledge about 
sea ice and related aspects. It is important that their knowledge be included in new studies 
dealing with Arctic sea ice. 
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1.2 Outline of contents 
The Cryosphere Project sea ice component focuses on five inter-related key issues:  
 

1. Sea ice extent 
2. Sea ice thickness 
3. Feedback processes 
4. Ecosystem impacts 
5. Socio-economic impacts 

 
These form the basis for the content of the proposed project work (Fig. 1) and main chapters 
of the sea ice component report. The level of detail in which each issue is addressed will be 
constrained by the size of the report; however, an emphasis will be placed on gaps in 
knowledge, improvement of uncertainties, and work related to discrepancies between 
observations and climate models.  
 

 

Physical State of

Figure 1: Interactions between components in the Cryosphere sea ice project. Arrows indicate how changes in 
one component affect other components. 

 
The provisional outline of the chapters of a report on the sea ice component is as follows: 
 
1  Sea-ice extent (Lead author: Leif Toudal Pedersen, DMU, Copenhagen, Danmark 

Co-lead author: Walt Meier, NSIDC, Boulder, USA) (30 pages) 
 
1.1 Review of sea ice extent data prior to 1978 

 Quality and resolution; existing data and ongoing work 
1.2 Fast ice extent 

 Current knowledge and monitoring 
1.3 Accuracy of passive microwave satellite information derived information for all 

seasons 
 Validation (link to existing work) 

1.4 Relationship between ice extent and ice concentration/ice types 

1 Sea Ice Extent 2 Sea Ice Thickness 

3 Feedback Processes nd Human a Impacts on Sea Ice 

4 Consequences for 
Ecosystem 

5 Sosio-Economic 
Consequences 

the Arctic Sea Ice

Consequences

Physical State of

1 Sea Ice Thickness Extent 2 Sea Ice

3 Feedback  Processes      

4 Consequences for 
Ecosystem 

5 Socio-Economic 
Consequences 

the Arctic Sea Ice

Consequences
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1.5 Changes in factors controlling ice extent 
 Ice drift, atmospheric and oceanic processes, role of icebergs 

1.6 Role of ice dynamics and changing ice regimes for sea ice extent 
 Drift ice data review, IABP, satellite data, mooring data, changes in forcings, 
etc. 

1.7 Modelling I: Known model deficiencies and state of the art.  
 IPCC AR4 intercomparisons, suitability for sea ice. AOMIP. Regional and 
temporal differences; Limitations in downscaling in respect of model design 
and amount and resolution of input data. Identification of main problems in 
current ice models. 

1.8 Modelling II: Assessment of sea ice model validation and model intercomparison. 
 Investigation of spread of scenarios and disagreement of extent reductions 
between individual models and models and observations. Quantitative 
description of uncertainties in ice scenarios 

1.9 Characteristics of Ice-Ocean transition; Marginal Ice Zone (MIZ) 
 MIZ nature and changes (width, shape, currents, upwelling, size of ice floes 
etc.) 

 
2  Sea ice thickness (Lead author: Christian Haas, University of Alberta, Edmonton, 

Canada. Co-lead author: Sebastian Gerland, NPI, Tromsø, Norway) (30 pages) 
 

2.1 Existing ice thickness data and availability 
 Submarine ULS, moored ULS, drillings, EM, IMB, satellite (Icesat, ERS & 
Envisat radar altimeter) 

2.2 Effects of snow on ice thickness 
 Albedo, insulation, snow ice formation, superimposed ice formation 

2.3 Climatology and its use to calculate ice thickness anomalies 
2.4 Changes of factors controlling ice thickness 

 Atmospheric and oceanic processes, ice dynamics, snow-to-ice transformation 
2.5 Key uncertainties in sea ice thickness data 

 Need for validation and standardization, etc. 
2.6 Approaches to calculate sea ice mass as opposed to sea ice extent and thickness 

alone 
 as well as ice types, ice consolidation 

 
3  Feedback processes (Lead author: Donald K. Perovich, CRREL, Hanover NH, 

USA.Co-lead author: Alexander Makshtas, AARI, St. Petersburg, Russia) (20 pages) 
 

3.1 Increased knowledge and understanding of the albedo feedback process on sea ice 
  The role of snow, cloud feedbacks, lead/polynya feedback (e.g. moisture & 
heat fluxes) 

3.2 Projection: Speed of melting in models with different levels of consideration of 
feedbacks 

3.3 Thresholds, tipping points and rates of change 
 State of knowledge; surprises; interaction of feedbacks 

3.4 Feedbacks related to oceanic and atmospheric transport changes 
 Heat, moisture, freshwater, particles (link to 1&2) 

3.5 Importance and role of local-scale sea ice features 
 Melt ponds, ridges, grounded icebergs, snow evolution), in large-scale sea ice 
evolution 

3.6 Importance of sea ice reduction for global carbon cycle 
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3.7 Importance of sea ice reduction to arctic freshwater production, outflow and THC 
3.8 Linkages of human induced forcings on physical and ecological sea ice system 

 Greenhouse gases and aerosols, black carbon fallout, etc  
3.9 Effects of local human activities on the development of sea ice 

 Local pollutants, accidents/oil spills; ship traffic, change of freshwater inflow 
into fjords, etc 

 
4 Ecosystem impacts (Lead author: Kit Kovacs, NPI, Tromsø, Norway. 

Co-lead author: Gerhard Dieckmann, AWI, Bremerhaven, Germany) (10 pages) 
 

4.1 Summary on knowledge regarding prominent sea ice-ecosystem links 
4.2 Sketch consequences for 10, 30, 50 and 100 years ahead (link to 1) 
4.3 Overview of sea ice changes (following scenarios) and their ecosystem impact 

 More first-year ice vs. multi-year ice, summer vs. winter changes, delayed 
freeze onset, early melt onset, change in position of MIZ, rapid & slow 
changes & its timing, ice morphology and snow changes, brine channels, solar 
radiation budget, lead & polynya processes, etc 

4.4 Sketch of changes in the Arctic biotic ecosytems 
 New species; food webs, etc. 

4.5 Ice-associated (MIZ and pack ice) 
 Pelagic deep sea; benthic deep sea; pelagic shelf; benthic shelf 

4.6 Consequences for valued ecosystem components 
 Marine mammals and sea birds, etc. 

4.7 Impacts of Arctic sea ice changes on ecosystems in regions other than the Arctic 
 Changes in migration, etc 

 
5  Socio-economic impacts (Lead author: James D. Reist, Canada. 

Co-lead author: Grete K. Hovelsrud, CICERO, Oslo, Norway (10 pages) 
 

5.1 Change or loss of traditional lifestyles 
5.2 Loss/Shift of fisheries & harvesting 

 Replacement and new opportunities 
5.3 Sketch consequences for 10, 30, 50 and 100 years ahead 

 Link to models in (1) 
5.4 Positive/negative consequences from a human perspective 

 Increased access for fisheries; tourism; traffic; development; subsistence 
resource use, etc 

5.5 Shipping routes 
 Choice, Length of shipping seasons in a seasonally ice-free region at a given 
time. Inter-annual variability. Iceberg occurrence. 

5.6 Change of frequency and intensity of certain extreme weather events 
  Polar lows, storms and mild spells which are relevant for sea ice, with a focus 
on local/regional examples 

5.7 Decrease in predictability and consequences 
 Sea ice, weather, resources; safety and well-being, etc. 

5.8 Positive/negative consequences in sub-arctic areas from sea ice changes 
 Increase in precipitation and changed storm tracks, etc. 

5.9 Case studies of peoples and societies specifically affected by sea ice changes 
5.10 Engineering challenges 

 Change in design criteria; strength of constructions, ship icing, etc 
5.11 Coastal erosion (less ice equals greater wind fetch) 
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5.12 Potential of more jurisdictional conflicts, political disputes/conflicts connected to 
Arctic sea ice changes 

5.13 Mitigation possibilities 
 Restricting local soot production and icebreaker traffic, etc 

1.3 Links: IPY, CliC, AMSA and other international activites 
The level of research and monitoring activity focussing on Arctic sea ice has developed 
significantly during the current decade, especially in connection with the International Polar 
Year (IPY) 2007-2008. Several IPY cluster projects address Arctic sea ice, with intensive in 
situ studies, and others concerned with remote sensing and modelling. Many of the studies 
have interdisciplinary approaches where different subjects are visited in an integrated 
approach. Considerable emphasis is also placed on outreach and education. IPY results have 
already started to be published in scientific literature and the media. One important duty of 
the sea ice component will be to develop a common ‘consensus’ among the various IPY 
projects with regard to Arctic sea ice, in order to establish, as far as possible, a pan-Arctic 
overview of the outcome of the IPY. 

It is planned to use both older sea ice data and IPY sea ice data in this project. The common 
IPY data policy should allow relatively fast access to data being collected under the IPY. In 
this connection, it is important that scientists directly involved in IPY sea ice studies are also 
participating in the Cryosphere project. Among the IPY projects that are of particular 
relevance to the sea ice component are are: 

• Arctic Sea Ice Properties and Processes (IPY cluster 95; liaison Don Perovich, USA, 
IPY 95 co-lead) 

• PAN-AME (IPY cluster 26; liaison Stig Falk-Petersen, Norway) 
• BIAC- Bipolar Atlantic Thermohaline Circulation, (IPY cluster 23) 
• DAMOCLES (Tara and other related activities) (IPY cluster 40) 

Other nationally funded IPY project linkages include 

• iAOOS and iAOOS Norway – Closing the loop (Fram Strait sea ice studies) 
• Sea Ice Mass Budget of the Arctic (SIMBA) (a part of an international Arctic Ocean 

Observing System iAOOS)   
• Alaska Sea Ice Observatory  (ASIO) 
• Assessing, understanding, and conveying the state of the Arctic sea ice cover  
• CFL- Circumpolar Flaw Lead Study 
• Experimental research of the Arctic sea ice cover on the basis of data from Russian 

drifting research stations and the satellite information.  (Sea ice of the Arctic Basin) 
• International Sea Ice Summer School 2007 (ISIS) 
• SEDNA (Arctic Ice Camp) 
• Towards an integrated  sea-ice observatory in the Arctic seasonal ice zone 

(SIZONET)  
• The Study of Short-Term Arctic Sea Ice Predictability: Sea ice forecast research in 

support of International Ice Chart Working Group (IICWG) requirements  (IICWG – 
Sea Ice Forecast Research) 

• THORPEX 

It is also planned that umbrella organisations, such as CliC, will actively collaborate in the 
project work, for example in areas such as data base implementation and collaboration in 
organization of meetings.  Within CliC, a sea ice working group has recently been 
established, which represents an ideal network to be linked to the project.  
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The AMAP climate expert group represents an important resource for input to this project. 

A close link to the PAME/AMSA project is important especially for the work on socio-
economic consequences (see description chapter 5). The envisaged work will consider results 
from ACIA, IPCC AR4, the NOAA Status of the Arctic report 2006 (and post 2006 updates), 
and the concluding report of AMSA (due 2008). Links to other organisations and groups will 
be established according to opportunities and needs. 

1.4 Draft time Schedule 
The proposed project duration is from 2008 (date to be defined) until the end of 2011. 

The draft schedule presented below does not yet address all issues. Meetings between the 
project lead, all chapter leads, co-leads and selected contributors will be organized depending 
on the eventual schedule for the work. Meetings between chapter leads and co-leads, and 
leads of the other SWIPA projects are also envisaged. 

• 29 February 2008. Final project description to be submitted to AMAP and Arctic 
Council. 

• Spring 2008. SAO Meeting Lofoten. Possible approval of project. 
• June 2008. Project kick-off meeting. 
• Autumn 2008. Second project meeting. 
• Spring/summer 2009: first chapter reports completed. 
• Nov.-Dec. 2009: COP 15 Climate meeting in Copenhagen (http://www.cop15.dk/en/). 
• 2009-2010: Reports from progress stages of the individual work packages. 
• 2010: Project presentations at the IGS Sea-Ice Symposium in Tromsø, Norway. 
• 2011: Final report due (to reach IPCC AR5). 

1.5 Project core group 
The coordinators for SWIPA component 1 are Sebastian Gerland (Norwegian Polar Institute, 
Norway) and Kim Holmen (Norwegian Polar Institute, Norway). Proposed members of the 
project core group are listed in the table below. In addition, an extensive list of proposed 
contributing authors has also been developed.  

Name Role  Country Affiliation 

Sebastian Gerland Component co-lead Norway Norwegian Polar Institute 

Kim Holmen Component co-lead Norway Norwegian Polar Institute  

Gerhard Dieckmann Core group Germany Alfred Wegener Institute for 
Polar and Marine Research 

Grete K. Hovelsrud Core group Norway 
Center for International Climate 

and Environmental Research 
(CICERO) 

Christian Haas Core group Canada 

Department of Earth & 
Atmospheric Sciences, 1-26 

Earth Sciences Building, 
University of Alberta 

Kit Kovacs Core group Norway Norwegian Polar Institute 
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Alexander Makshtas Core group Russia Arctic and Antarctic Research 
Institute 

Walt Meier Core group USA National Snow and Ice Data 
Center 

Christine Michel Core group Canada Fisheries and Oceans Canada 

Donald K. Perovich Core group USA 

USACE-Engineer Research & 
Development Center, Cold 

Regions Research and 
Engineering Laboratory 

(CRREL) 

Leif Toudal Pedersen Core group Denmark Danish Meteorological Institute 
(DMI) 

Lars-Otto Reiersen Core group  
Project 

Coordination 
Secretary 

Arctic Monitoring and 
Assessment Programme 

(AMAP) Secretariat 

James D. Reist Core group Canada Fisheries and Oceans, Arctic 
Aquatic Research Division 

 

The project ‘core group’ will meet regularly, and also make use of video-conferencing 
facilities. Core group meetings will serve to ensure coherent progress within the individual 
chapter groups, facilitate linkage between chapters, and coordinate various project activities, 
such as report publications, website activities, outreach, planning of theme workshops. 

Each chapter will have a number of contributors. As of February 2008, the list of nominated 
potential contributors includes about 90 scientists; the nomination process is open and will 
remain so throughout the project period – meaning the chapter leads are free to involve 
scientists according to project needs and availability of experts. It is expected that there will 
be extensive international contributions. 
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2 Component 2: Climate Change and the Greenland Ice Sheet  

2.1 Background 
Studies of the Greenland ice sheet show that, over the past seven years the contribution to sea 
level rise from the Greenland ice sheet has increased, doubling over that of the previous 
period. As the climate warms, there is more snowfall in central Greenland, but a greater loss 
near the coasts. The ice sheet currently loses 133 km3 per year, based on estimates from the 
GRACE satellite. The ice stream at Jakobshavn has retreated rapidly since 2000. The melt 
area on the Greenland ice sheet has increased markedly and the melting season is now one 
month longer. One large gap in knowledge is the response time to climate change and the 
associated processes and how these relate to ice mass balance models. A sub-project on the 
Greenland ice sheet has been proposed as outlined below, with Denmark as the lead country. 

2.2 Outline of contents 
The provisional outline of the chapters of a report on the sub-project is as follows (the sub-
project report is envisaged as having a total of 105 pages, including the references, allocated 
as indicated below): 

1 Introduction (5 printed pages) (Dorthe Dahl-Jensen) 
1.1. Evolution of the Ice Sheet  

 The global role of the Ice Sheet  
 Long-term evolution (geological, ice cores, D-O events) 
 Holocene evolution 

 
2 The Greenland Ice Sheet today  (35 printed pages)  

2.1. Overview of the Greenland Ice Sheet (~8 pages) (Konrad Steffen) 
2.1.1 Arctic climate and large scale synoptic 

 NAO, PO, AO 
 Cyclone split and barrier 
 Recent Arctic warming 

2.1.2 Climate observations (Greenland Ice Sheet) 
 Surface climatology (pres., temp., wind, accum., melt)  
 Climate variability and trends 

2.1.3 Surface properties and processes 
 Snow facies zones (melt, percolation, accumulation) 
 Ice thickness (grounding line, ice temp. zones, basal melt) 
 Interface properties (frozen bed, ocean interaction, moulins) 

 
2.2. Surface Mass Balance (SMB) (~8 pages)  (Jonathan Bamber) 

2.2.1 Introduction: Relative importance of components 
 How changing climate affects SMB 
 How precipitation pattern might change in future 
 Importance of albedo 

2.2.2 Accumulation 
 Observations 
 Regional climate models 
 Differences and trends (spatial & temporal) 

2.2.3 Ablation 
 Run-off estimates from models 
 Melt extent and run-off from observations 
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 Differences and trends in run-off and incl. SMB 
 

2.3. Ice Discharge (~8 pages) (Martin Truffer) 
2.3.1 Introduction: Mechanisms of fast flow 

 (as opposed to slow inland flow) 
2.3.2 Survey of recent changes 

 (advance / retreat, thinning, acceleration) 
2.3.3 Ocean – ice interaction 

 (e.g. sub-ice shelf at Petermann; others ?) 
2.3.4 Influence of surface run-off on ice discharge 

 
2.4  Total (Net) Mass Balance Observation/Estimation (~8 pages)  

(Mark Fahnestock)  
2.4.1 Introduction (~0.5 page)  

 Total balance as a combination of 2.2 and 2.3;  
 Magnitude of annual mass input and loss;  
 Time-dependence of net balance (seasonality vs trend);  

2.4.2 Techniques employed to observe and/or estimate Net Balance  
 Altimetric techniques and limitations (laser, radar, and ASTER) 
 Mass budget techniques (InSAR/speckle tracking etc.) 
 Changes in the gravity field (GRACE) 

2.4.3 Synthesis and State of the Art 
 Net Balance change over time box plot updated from IPCC and recent 
publications 
 Discussion/comparison of results 

 Commonality and disagreements 
 Disparities within and between techniques 

 Those we think are understandable  
 (time periods, spatial coverage limitations, etc) 

 Those that we cannot reconcile 
 Context for recent measured/estimated changes in net balance  

 
2.5 Summary and Outlook (~1 page)  (All chapter 2 leads) 

 At the time of writing, the ice sheet was … 
 While there are limitations in our present abilities to …, 

there are a number of improvements that may come from: 
 New satellite missions that will improve… see section … 
 Existing long time series of xxx that, as they are extended,  
 will allow us to… 
 Efforts that will improve our ability to model processes we  
 cannot observe directly (see section xx). 

 
3  Predictions and Sensitivity (15 printed pages)  

3.1. Meteorological Modeling of Greenland (5 pages) (Jens Hesselbjerg) 
 Regional climate and meteorological modeling in Greenland 

 Precipitation and accumulation regimes 
 Melt zone and temperature climatology 
 Mean and variability, NAO effects, etc. 
 Model limitations and challenges 

 Resolution of margins 
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 Ocean and sea ice influences on regional climatology 
 

3.2. Models of Greenland Ice Sheet Dynamics (5 pages) (Shawn Marshall) 
 Summary of ice sheet modeling studies 

 Reconstructions of the present-day ice sheet 
 Basic 3D character of the ice sheet in the  
 Models (temperature, balance fields, etc.) 
 Modeled “glacial memory” (ongoing adjustments) 

 Model limitations and challenges 
 Limitations of the current models  
 Lack of ice streams, no coupling with ocean, calving, 
basal motion, geothermal flux, margin dynamics  

 
3.3 Future Climate and Ice Sheet Scenarios: Response of the Ice Sheet to a Warmer 

Climate (5 pages) (Both chapter 3 leads) 
 Global and regional climate model forecasts for Greenland 

 Sea ice, NAO, and ocean conditions that affect Greenland              
 Models of future ice sheet evolution 
 Uncertainties in the model forecasts 

 One-way climate forcing, lacking important feedbacks; 
 ‘conservative’ ice sheet physics 

 
4 Impacts caused by Changes in the Ice Sheet (25 printed pages) (Erik Buch) 

4.1. Ocean circulation (~8 pages) 
 North Atlantic circulation – deep convection, climate impact 
 Greenland coastal currents incl. fjords – circulation, stratification 
 Sea ice 

4.2. Marine environment and ecosystem (~8 pages) 
 Primary production 
 Fish stocks 
 Marine mammals and birds 

4.3. Socio-economic factors in Greenland (~9 pages) 
 Fishery and hunting 
 Oil and mineral resources 
 Energy and hydropower 
 Tourism 

 
5 Current research and knowledge (15 printed pages).  

(5.1 – 5.6: ~8 pages) (Konrad Steffen)  
5.1. Observations and data from new programmes 

 Mass balance and volume estimates 
 Ice flux, ice velocity, ice berg calving 
 Lapse-rate camera studies at ice margins 
 Melt lake studies in ablation region 
 Sub-glacial Earth quakes in the marginal ice zone 

 
5.2. Improved process quantification to advance models 

 Sub-glacial hydrology, basal lubrication, and water storage 
 Ice dynamics and buttressing 
 Ice deformation, grounding line retreat, crevasse over-deepening 
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5.3. Surface melting and run-off in surface mass balance models 
 Observations from small-scale process studies (if available in time) 
 Regional models with sub-grid parameterization of processes 

 
5.4. Outlet glacier dynamics 

 Ocean interaction with floating ice tongue 
 Grounding line retreat and elevation change 

 
5.5. Integration of ice sheet models with GCMs 

 SCAR workshop report from St. Petersburg meeting (July 2008) 
 Ice modeling workshop results from Princeton, publ. in EOS, Dec. 07 

 
5.6. Use of palaeo-climate data in reconstructions of the Ice Sheet during  

 earlier warm periods 
 Reconstruction of past sea level 
 Sea level changes during the last glacial cycle 

 
5.7 Knowledge gaps  (~6 pages)  (Carl Egede Bøggild) 

 Gaps in mass balance surface observations and coverage 
 Gaps in ice discharge observations and process understanding 
 Gaps in net balance techniques, error size and coverage 
 Climate model limitations for resolving e.g. ice margin processes 
 Ice sheet models coupling and process improvements 
 Challenges to reduce uncertainties in future scenarios 
 Better understanding of impacts on people living in the Arctic 

 
Each lead author is expected to provide to this sub-chapter ~0,5 page of “gaps” 
relating to their topics 

 

6  Summary (5 printed pages) (Dorthe Dahl-Jensen) 

Total pages: 105 pages incl. summary   
+  References   
+  Appendix with list of current research activities related to the 
Greenland Ice Sheet 

2.3 Links to IPY and other activities 
This sub-project will be linked to these ongoing IPY consortia: 

- The Greenland Ice Sheet – Stability, History and Evolution (IPY cluster 118; liaison 
Dorthe Dahl-Jensen, IPY cluster co-lead) 

- MARGINS (IPY cluster 339; liaison Mark Fahnestock, IPY 339 cluster co-lead); 

other IPY-related activities, including: 

- The State and Fate of the Cryosphere (IPY cluster 105; partially funded) 
- Sea level and tidal science in the polar oceans (IPY endorsed project #13; partially 

funded) 
- Integrated Arctic Ocean Observing System (IPY endorsed project #14) 
- The dynamic response of Arctic glaciers to global warming (IPY endorsed project 

#37) 
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- Ice and snow mass change of Arctic and Antarctic polar regions using GRACE 
satellite gravimetry (IPY endorsed project #125)  

and other national and international activities relevant to the component objectives. 

2.4 Draft time schedule 
The draft time schedule proposed for the sub-project is as follows: 

2007:  
Project planning. 
 
2008: 

♦ January  
o Corresponding with nominated contributing authors  
o Development of Data Use Agreement and ‘instruction-to-authors’ 
o Announcing  1 April deadline for contributing authors’ assignment 

 
♦ 1 April 

o Deadline for contributing authors to submit preparatory material to their (sub-
)chapter lead 

 
♦ 2 April – 1 September 

o Sub-chapter and chapter leads develop their sub-chapters or chapters 
 

♦ 11-12 April 
o Midway Workshop in Copenhagen for the sub-chapter and chapter leads 
o Need to have all leads present. If not all can come, find a better spring date 

 
♦ June-July 

o Potential chapter reviewers and whole document reviewers are contacted 
  

♦ 1 September 
o Reviewers’ agreements are finalized 
o Reviewers’ identity revealed 
o Sub-project lead receives the manuscripts from all (sub-)chapter leads 

 
♦ 15 September 

o Reviewers receive material and the review process begins 
 

♦ 15 October 
The review process ends 

 
♦ 16 October – 15 November 

o Sub-chapter and chapter leads revise their manuscripts 
o Authors’ comments to reviewers’ comments become available  
o Disagreement between a (sub-)chapter lead and a reviewer to be handled by 

sub-project lead 
 

♦ October - November 
o PSG and SSG meet to decide on project progress, quality control and 

topics of importance in relation to the other two sub-projects 
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o Publication format, form and numbers are decided 
o Printing bids are requested from 2-3 printer’s shops 
o Printer’s shop selected and printing time booked 

 
♦ December 

o Concluding Workshop for the (sub-)chapter authors 
o The chapters are sampled in near-final form 
o Illustrations (photos, graphs, 3-D graphics etc) are decided 

 
2009 

♦ 1 January – 15 February 
o Revisions of text and graphics as needed  
o Illustrations in final form are prepared 
o Chapters are proof-read 
o Preamble, chapter summaries, key findings prepared and proofed 
o Cited literature listed and proofed 
o Cover and back-cover decided 
o Deciding and preparing contents of the layman versions 
o Finalizing report contents. Executive summary. Key findings 
o Creating two short layman versions (1 Danish and 1 English) 
 

♦ 16 -28 February 
o Proofing, printing and binding of deliverables 
o Preparing press material for the release of the publication 

 
♦ March 

o The 2009-version of “The Greenland Ice Sheet in a Changing Climate” is 
ready 

o Announce clearly that this publication is the status as of the end of 2008 
 

♦ 31 March 
o End of contract between Danish Energy Authority  (DEA) and Danish Polar 

Center (DPC) 
 

♦ April - May 
o Start of new contract between DEA and DPC 
o Arctic Council Ministerial Meeting. Launch of publication.  
o Distributing the printed deliverables 

 
♦ June – December 

o The secretariat tracks new Greenland Ice Sheet related science publications 
and work in progress. 

o The secretariat builds a database on recent years’ science publications related 
to Greenland’s Ice Sheet 
 

♦ 30 November – 11 December 
o COP15; the 15th Conference Of Parties to UNFCCC. 
 

2010 
♦ January – December 
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o The secretariat tracks new the Greenland Ice Sheet related science publications 
and work in progress 

o The secretariat adds to the database on recent years’ science publications 
related to the Greenland Ice Sheet 

 
♦ August 

o Contacting chapter authors with request to update the 2008 status 
o Potential chapter reviewers and whole document reviewers are contacted 
 

♦ 1 November 
o Deadline for chapter leads to submit revised chapters 
  

♦ Mid November 
o Workshop in Copenhagen for chapter leads for this sub-project and selected 

key persons from the other sub-projects 
 

♦  December 
o Reviewers’ agreements are finalized 
o Sub-project lead receives the manuscripts from all (sub-)chapter leads 

 
2011 

♦ 1 January 
Reviewers receive material and the review process begins 

 
♦ 1 February 

o The review process ends 
 

♦ 2 – 28 February 
o Chapter leads revise their manuscripts 
o Authors’ comments to reviewers’ comments become available  
o Disagreement between a chapter lead and a reviewer to be handled by sub-

project lead 
 

♦ March 
o PSG and SSG meet to decide on project progress, quality control and topics of 

importance in relation to the other sub-projects 
o The chapters are sampled in near-final form 
o Illustrations (photos, graphs, 3-D graphics etc) are decided 
o Illustrations in final form are prepared 
o Chapters are proof-read 
o Preamble, chapter summaries, key findings prepared and proofed 
o Cited literature listed and proofed 
o Deciding and preparing contents of the new layman versions 

 
♦ 1 April 

o The sub-project deliverables are ready to be handed over to AMAP for 
printing, distribution etc 

o End of contract between DEA and DPC 
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2.5 Project group  
The Coordinator for component 2 is Professor Dorthe Dahl-Jensen at the University of 
Copenhagen, Niels Bohr Institute, Centre for Ice and Climate. A project core group 
comprises the proposed lead authors for the chapters in this component are listed in the table 
below. In addition, an extensive list of proposed contributing authors has also been 
developed.  

 
Chapter & sub-chapter leads Chapter  Country E-mail address 

Dorthe Dahl-Jensen 1 Denmark ddj@gfy.ku.dk 

Konrad Steffen 2.1 USA konrad.steffen@colorado.edu 

Jonathan Bamber 2.2 United  
Kingdom j.bamber@bris.ac.uk 

Martin Truffer 2.3 USA truffer@gi.alaska.edu 

Mark Fahnestock 2.4 USA mark.fahnestock@unh.edu 

Jens Hesselbjerg 3 Denmark jhc@dmi.dk 

Shawn Marshall 3 Canada marshals@ucalgary.ca 

Erik Buch 4 Denmark ebu@dmi.dk 

Konrad Steffen 5 USA konrad.steffen@colorado.edu 

Carl Egede Bøggild 5 Norway carl.egede.boggild@unis.no 

Dorthe Dahl-Jensen 6 Denmark ddj@gfy.ku.dk 

mailto:truffer@gi.alaska.edu


 

3 Component 3: Climate Change and the Terrestrial 
Cryosphere 

This component is divided into four modules (work on which will be harmonized and 
integrated during implementation and reporting):  

• 3A) Changing snow cover and its impacts;  
• 3B) Changes in permafrost characteristics, distribution, and extent, and their impacts;  
• 3C) Mountain glaciers and ice caps;  
• 3D) Hydrology: Rivers and lakes.  

3A Module 1: Changing snow cover and its impacts 

3A.1 Background 
Snow cover is a dominant feature of Arctic landscapes where it is particularly persistent 
during the year. Between the periods of maximum snow cover (January) and minimum snow 
cover (August), it is the dominant feature affecting the characteristics of the land surface and 
thus pervades most processes that occur in the Arctic. Processes affected by snow include: 

• physical processes such as local and regional climate, hydrology though storage and 
distribution of solid water and subsequent thaw, glacier and ice sheet dynamics 
through the albedo effect and accumulation, insulation of sea and lake ice (both snow 
depth and albedo), soil and permafrost temperatures (insulation effect and albedo); 

• chemical processes such as deposition, accumulation, and spatial redistribution of 
contaminants;  

• biological processes such as determination of the growing season for biological 
production, protection of Arctic plants from winter damage, protection of Arctic 
animals from extreme winter temperatures and predators, and habitat provision for 
micro-organisms and invertebrates;  

• human activities and economy via effects on water resources for various uses 
including agriculture, hydropower, costs of snow clearance from highways, metal 
corrosion, airfields and habitation, tourism and leisure, Arctic indigenous lifestyles 
and cultures, and landscapes hazards such as avalanches and slush torrents.  

Second-order impacts arising from the direct impacts of snow cover have major implications 
for mankind at global and local levels. They include effects on sea level and climate on one 
hand and economies and cultures of local residents on the other.  

First- and second-order impacts cannot be quantified or projected without knowledge of the 
likely future changes in snow cover. There is currently a necessity to address the numerous 
uncertainties in our understanding of the dynamics of the snow and its impacts, starting from 
current significant inadequacies in measurements of snow precipitation.  

The goal of this module is to provide a synthesis of the current knowledge of Arctic snow 
cover and its impacts in relation to climate change in order to reduce uncertainties, highlight 
those remaining, and recommend actions to enhance our knowledge. 

3A.2 Outline of contents  
The outline of the chapters of a report on the module is as follows: 

Summary (2 pages) 
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1 Introduction (6 pages) 
1.1 Mandate for the sub-project (importance for society) (1 page)  

1.1.1 Definition of snow 
1.1.2 Importance of snow   
1.1.3 Aims of the report 
1.1.4 Existing sources of information and data 

 
 1.2 Methodology (1 page) 
 

1.3 Snow cover in the climate system (4 pages) 
  

2 Changes in snow regime and properties (12 pages) 
2.1 Current distribution and variability of snow cover characteristics and their recent    

changes (4 pages) 
 2.1.1 Probable causes of changes in snow cover  
 2.1.2 Changes in distribution 
 2.1.3 Changes in duration 
 2.1.4 Changes in snow properties 

 
2.2. Projected changes in snow cover and characteristics (3 pages) 
 2.2.1 Probable causes of changes in snow cover  
 2.2.2 Changes in distribution 
 2.2.3 Changes in duration 
 2.2.4 Changes in snow properties 

 
2.3 Major gaps in knowledge (5 pages).  

2.3.1 Key uncertainties in measurements of snowfall and snow cover 
parameters; 
2.3.2 Information that is missing in available snow databases;  
2.3.3 Deficiencies of remote sensing of snow  
2.3.4 Missing links between traditional and scientific knowledge of snow 
properties  
2.3.5 Problems in snow modeling and projections 

 
3 Evaluation of the impacts of a changing snow cover and its characteristics (19 

pages) 
 3.1 Climate processes and the role of snow cover: (4 pages) 

3.1.1 Albedo 
3.1.2 Surface energy budget  
3.1.3. Atmospheric inversions 

 
3.2 Environmental processes (3 pages)  

3.2.1 Insulation of surface 
3.2.2 Effects on the hydrological cycle at the local and regional scales  

3.3 Ecological processes, role of snow cover (5 pages) 
         3.3.1 Snow impact on vegetation 
         3.3.2. Snow impact on fauna 
         3.3.3. Snow-vegetation interactions (feedbacks) 

 
3.4 Socio-economical processes, role of snow cover  (7 pages)  
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3.4.1. Water resources and hydro-power, agriculture (e.g. winter wheat), transport 
systems and alternative energy production.  

3.4.2. Tourism, leisure, human health, hazards  
3.4.3. Indigenous cultures and traditional land-use (farming, reindeer herding, 

hunting, fishing).  
 

4 Suggested strategies for local adaptation and regional mitigation (6 pages) 
 
Justification for this part: The impact that Arctic communities can have on mitigating 
likely future changes in snow are likely to be insignificant. As mitigation globally is 
likely to be a slow process, Arctic communities must adapt.  
 

   4.1 Possibilities and strategies for adapting to changes in snow cover at the local  
scale  (4 pages) 
 

4.2 Possibilities and strategies for adapting to changes in snow cover at the regional      
scale (2 pages) 

  
5 Recommendations (3 pages): 

 
5.1 Integration of snow characteristics, distribution, and extent with other processes in 

the Cryosphere and the entire Earth System 
 
5.2 Key research problems that should be addressed in snow research (2 pages) 
 
5.3 Recommendations for mitigation due to snow cover changes (1 page) 

        
6 Conclusions: the human face of permafrost change (4 pages) 

6.1 Opportunities and Challenges 
 
6.2 “Winners and losers” 
 
6.3 Need for policy development 

 
7 References 

 

3A.3 Links with other organizations and activities 
The module will be linked to a number of relevant IPY projects (including the IPY cluster 
‘Ice and Snow Mass Balances’) and other national and international activities and ongoing 
work. 

3A.4 Draft time schedule 
The draft time schedule is still under development. There will be meetings with all work 
package leaders, co-leaders, and contributors. There will be also regular meetings with only 
work package leaders and co-leaders, and meetings with the leaders of the two other AC 
Cryosphere projects. First meeting of the Integration Team is planned in June 2008.  

• 2009: Reports on progress in the stages of the individual work packages. Modelling 
on the basis of proposed scenarios and simulations 
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• 2010: Work on the data obtained within the IPY activity. 

• 2011: Final report. 

3A.5 Project group 
The Coordinator and editor of this module is Terry Callaghan of the Royal Swedish 
Academy’s Abisko Scientific Research Station, Sweden and Department of Animal and Plant 
Sciences, University of Sheffield, UK. A list of contributing authors has been suggested but 
not yet finalized. 

Coordinator and Core group 
members Country E-mail address 

Terry Callaghan Sweden terry_callaghan@btinternet.com 
Pasha Groisman USA Pasha.Groisman@noaa.gov 
Niklas Labba Norway n.labba@gmail.com 
John Pomeroy Canada john.pomeroy@usask.ca 
Vladimir Radionov Russia vradion@aari.nw.ru 

 

3B     Module 2: Changes in permafrost characteristics, distribution and 
extent, and their impacts  

3B.1 Background 
Permafrost is soil, rock, sediment or other earth material that remains below 0ºC for two or 
more consecutive years and it underlies most of the surfaces in the terrestrial Arctic. In 
addition, coastal and sub-sea permafrost exists around the Arctic coastlines. Permafrost is 
divided into three zones based on the percentage of land surface underlain: continuous 
permafrost (90–100%), discontinuous permafrost (50–90%), and sporadic permafrost (10–
50%). Further increases in air temperature, as predicted for the 21st Century, will initiate 
widespread permafrost thawing especially in the sub-Arctic where discontinuous and 
sporadic permafrost is common. The projected changes in permafrost characteristics, 
distribution, and extent have several impacts ranging from global to local scales. At present, 
land underlain by permafrost holds a large carbon pool. Widespread thawing will speed up 
the decomposition of organic material that was previously frozen and the carbon that 
currently is trapped in the permafrost may be emitted to the atmosphere. Also, thawing 
permafrost over large areas could drain into rivers systems that feed the Arctic Ocean and 
thereby affect its salinity, ocean current circulation, and heat redistribution. However, major 
uncertainties exist in our knowledge of how permafrost responds to increased air 
temperatures and how thawing permafrost affects hydrology: despite consistent trends of 
increasing permafrost temperatures, there are no consistent trends in increased active layer 
depth throughout the Arctic. Also, thawing permafrost and changes in climate have led to 
ponding in some areas but drainage of important water sources in others.  

Processes affected by permafrost include: 

• physical processes such as climate through greenhouse gas feedback and the possible 
freshening of the Arctic Ocean, changes in drainage patterns through the collapse of 
ground surfaces and increase in the formation of wetlands, ponds and drainage 
networks, particularly in areas characterized by heavy concentrations of ground ice, or 
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the drying of ponds and water resources due to connection with the ground water 
system. Increase in the formation of wetlands and ponds would lead to dramatic 
increases in water discharge to rivers and the Arctic Ocean as well as sediment being 
deposited into rivers, lakes, deltas, and coastal marine environments. Thawing 
permafrost also affects periglacial processes in general including the stability of the 
ground, e.g., slope stability which results in an increase of rock falls and landslides; 

• chemical processes such as those occurring when coastal permafrost rich in methane 
clathrates is destabilized by changes in pressure or temperature;  

• biological processes such as biogeochemical cycling and biodiversity changes. 
Biogeochemical cycling is fundamentally altered when a change in the water balance 
of northern wetlands occurs. Most wetlands in permafrost regions are peatlands, 
which may absorb or emit carbon as carbon dioxide or methane depending on the 
depth of the water table. Thawing of permafrost in peatlands results in accelerated 
biological decomposition and increased greenhouse gas emissions to the atmosphere. 
Where water-logging increases, the proportion of methane in the trace gas emissions 
increases, thereby increasing the global warming potential. Biodiversity is affected 
when a shift of ecosystems, e.g., from boreal forest to wetlands, occurs due to ground 
subsidence caused by permafrost thaw; 

• human activity and economy via effects on infrastructure in the Arctic. This affects 
local inhabitants by the slumping of buildings, roads etc., but potentially also affects 
global communities, for example, through the damage to pipelines used to transport 
gas and oil. Indigenous people will also be affected as traditional reindeer migration 
routes, for example, are very likely to be disrupted.  

The impacts cannot be quantified or projected without knowledge of the likely future changes 
in permafrost. There is a necessity to address a number of uncertainties in projections of 
future permafrost including, among others, the rate of change in permafrost degradation and 
the amount of carbon currently trapped in permafrost. The aim is to provide a synthesis on 
the current knowledge of Arctic permafrost and its impacts in relation to climate change in 
order to reduce uncertainties, highlight those remaining, and recommend actions to enhance 
our knowledge. 

3B.2 Outline of contents 
The outline of the chapters of a report on the module is as follows: 

Summary (2 pages) 
 

1 Introduction (10 pages) 
1.1 Mandate for the sub-project. (1 page) 

1.1.1 Definition of permafrost 
1.1.2 Importance of permafrost   
1.1.3 Aims of the report 
1.1.4 Existing sources of information and data 

 
1.2 What can we learn from past changes in permafrost across various time scales to 
understand future changes (1.5 pages) 
 

Examination of past trends in permafrost conditions and distribution (especially during the 
last glacial-interglacial cycle) can facilitate better understanding of the possible rates and 
pathways of permafrost degradation in the future. The main reasons for this are: 1) the 
main present-day features in permafrost distribution both vertically and laterally were 

 23



 

formed during the last 100,000 years and 2) we can expect that with persistent future 
climate warming, the first permafrost to begin to thaw will be the youngest Little Ice Age 
permafrost, followed by mid- and late-Holocene permafrost, and last to thaw would be the 
Late Pleistocene permafrost. This section will describe our knowledge of permafrost 
development in Pan-Arctic during the last glacial-interglacial cycle. 

 
1.2.1 Causes of changes 

1.2.2 Magnitude of changes 
1.2.3 Rate of changes 

 
1.3 State of present day terrestrial and sub-sea permafrost (3 pages) 

1.3.1 Distribution of permafrost: Pan-arctic and regional maps where possible  
1.3.2 Interaction between permafrost and climate,  
1.3.3 Synchrony and asynchrony between climate and permafrost/active layer 
dynamics  
1.3.4 Interactions between permafrost and snow (links will be made with sub 
project 3.1), 

 
1.4 Projections of future permafrost states (3 pages) 

1.4.1 Global and regional projections. Global and regional climate scenarios 
provided by the Cryosphere climate modeling group will be used to model 
future permafrost. 
1.4.2 Vulnerability of permafrost. Maps of permafrost vulnerability will be 
produced 

 
1.5 Permafrost databases and information (0.5 pages) 

Databases and information on permafrost will be compiled with comments on the 
availability of data for scientists, teachers and other stakeholders. 

 
2 Evaluation of the impacts of changes in permafrost characteristics, distribution, 

and extent and attribution of changes (30 pages) 
2.1 Hydrological processes (5 pages) 

(Local drainage patterns and runoff (hydrology will not be covered in detail as 
links will be made with the SWIPA module 3.D)) 

 2.2 Trace gas emissions (5 pages) 
2.2.1 Trace gas emissions from terrestrial permafrost (not the active layer)  
2.2.2 Trace gas emissions from sub-sea permafrost 

 
2.3 Ecological processes (7 pages): 

2.3.1. Biodiversity  
2.3.2 Net ecosystem production   
2.3.3 Effect on wetlands (wetting vs drying)   
2.3.4 Interactions between permafrost and vegetation  

           2.3.5 Biogeochemical cycling in the active layer, particularly trace gas 
emissions   
 
2.4 Geomorphological processes: How will impacts of changes in permafrost affect 

the landscape and humans? (8 pages):  
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2.4.1 Periglacial processes (rock glaciers, ice wedges, pingos, solifluction, 
weathering, thermokarst, thermal erosion, coastal dynamics  
2.4.2 Slope processes including permafrost-related geo-hazards.  
2.4.3 Fluvial dynamics  

 
2.5 Socio-economics (5 pages):  

2.5.1 Effect on infrastructure, e.g., buildings, pipelines, airfields, transportation 
routes, natural resources 
2.5.2 Water resources  
2.5.3 Effluent storage  
2.5.4 Land use, travel and rural and urban development scenarios  

 
3 Strategies for adaptation to changes in permafrost regions (5 pages)  

The impact that Arctic communities can have on mitigating likely future changes in 
permafrost is likely to be insignificant. As mitigation globally is likely to be a slow 
process, Arctic communities must adapt. 
 
3.1 Local scale  

 3.2 Regional scale  
  
4  Recommendations (3 pages)  

4.1. Key uncertainties  
4.2 Data needs 
4.3 Integration of permafrost characteristics, distribution, and extent with other 

processes in the cryosphere  
 

5 Conclusions: the human face of permafrost change (2 pages) 
5.1 Opportunities and Challenges 
5.2 “Winners and losers” 
5.3 Need for policy development 

 
6 References  
 

3B.3 Links with other organizations and activities 
The module will be linked to a number of relevant IPY projects for example the fully 
endorsed projects Permafrost Observatory Project: A Contribution to the Thermal State of 
Permafrost (TSP; IPY project 50; liaison Hanne Christiansen, IPY 50 co-lead) and Carbon 
Pools in Permafrost Regions (CAPP; IPY project 373). In addition the module will link with 
other national and international activities. 

3B.4 Draft time schedule 
This group will hold its next meeting the 4th of July 2008 in Fairbanks, Alaska, back to back 
with the Ninth International Conference on Permafrost (NICOP), as most of the permafrost 
community will be gathered there. Before that meeting, the contributing authors should be 
selected from the list of nominated authors by the core group and the coordinator. The 
remaining draft time schedule is still under development. There will be meetings with all 
work package leaders, co-leaders, and contributors. There will be also regular meetings with 
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only work package leaders and co-leaders, and meetings with the leaders of the two other AC 
Cryosphere projects. First meeting of the Integration Team is planned in June 2008.  

• 2009: Reports on progress in the stages of the individual work packages. Modelling 
on the basis of proposed scenarios and simulations 

• 2010: Work on the data obtained within the IPY activity. 

3B.5 Project group 
The Coordinator and editor of this module is Terry Callaghan at the Royal Swedish 
Academy’s Abisko Scientific Research Station, Sweden and Department of Animal and Plant 
Sciences, University of Sheffield, UK. A list of contributing authors has been suggested but 
not yet finalized. 

Coordinator and Core group 
members Country E-mail address 

Terry Callaghan Sweden terry_callaghan@btinternet.com 
Vladimir Romanovsky USA ffver@uaf.edu 
Arne Instanes Norway arne.instanes@opticonsult.no 
Hanne H. Christiansen Norway hanne.christiansen@unis.no 
Oleg Anisimov Russia oleg@oa7661.spb.edu 

 
3C Module 3: Mountain glaciers and ice caps 

3C.1 Background 
The objectives for Module 3 are: 

A) to synthesize the state of scientific knowledge regarding current and future changes 
in mountain glaciers and ice caps in the Arctic, to highlight uncertainties and gaps in 
this knowledge, to identify the types of in situ and remote sensing observations that 
are needed to fill these gaps, and to explore how the past and future behaviour of 
these ice masses can best be simulated given that they are generally too small to be 
represented directly in AOGCMs;  

B) to develop, using various climate downscaling approaches, projections of future 
Arctic mountain glacier and ice cap mass balances and their implications for glacier 
extent and volume; and   

C) to assess the consequences and impacts of these changes for the economy, the lives 
of Arctic peoples, and other elements of the Arctic environment. 

The primary audience for the scientific deliverable of sub-project 3C is the Arctic Council 
Ministers and Permanent Participants, but Arctic residents and stakeholders, non-Arctic states 
and international bodies dealing with climate issues and impacts are also target groups. 

• Arctic ice caps and mountain glaciers cover an area of almost 250,000 km2 in the 
islands of the Canadian High Arctic, Iceland, Svalbard, Franz Josef Land, Novaya 
Zemlya and Severnaya Zemlya, and in northern Russia and Alaska.   

• Arctic ice caps influence the mesoscale climate of the Arctic to a degree that depends 
on their size, elevation, and orientation relative to prevailing patterns of atmospheric 
circulation.   
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• These ice caps and mountain glaciers may have shorter response times than the large 
ice sheets of Greenland and Antarctica and are potentially sensitive to ongoing 
climate changes.  

• The surface mass balance of mountain glaciers and ice caps in the Arctic may be 
sensitive to changes in other elements of the Arctic cryosphere (such as snow cover 
and sea ice) that affect both the atmospheric circulation and the availability of 
evaporation sources. 

• The surface mass balance of ice caps and mountain glaciers in some regions of the 
Arctic has become more strongly negative in recent years due to warming of the 
atmosphere and ocean and changes in atmospheric circulation patterns. 

• Larger Arctic ice caps have complex dynamics involving a mix of fast and slow 
flowing components that likely vary in how they respond to climate forcing.  

• Arctic ice caps have complex thermal regimes involving a mixture of ice at and below 
the pressure melting point and their dynamics may be strongly affected by climate-
driven changes in thermal regime.  

• Surge-type glacier behaviour is common in the Canadian Arctic, Alaska, Iceland and 
Svalbard.  

• Some ice caps are significant sources of icebergs calved into the marine environment 
and changes in ice dynamics (including surging) likely have a strong effect on iceberg 
fluxes to the ocean and potentially on global sea level. 

• Mountain glaciers in Alaska, the Yukon, western Canada, and northern Russia (Polar 
Ural, Putorana, Byrranga and NE Siberia mountains, Kamchatka) contribute runoff to 
the Arctic Ocean  

• Changes in the extent and volume of Arctic mountain glaciers ice caps have effects on 
sea level and salinity and on the fluxes of particulate matter, nutrients, and 
contaminants to the ocean.  

• Glacier runoff is exploited as a source of hydroelectric power in some regions of the 
Arctic, and glacier related tourism is important to some local economies.  

• Icebergs can be a serious hazard to marine navigation, and to offshore oil and gas 
activities. 

• Direct measurements of changes in Arctic mountain glaciers and ice caps are limited 
to a small number of glaciers across the Arctic and there is a pressing need for a 
regional scale assessment of glacier and ice cap change based upon remote sensing 
observations and numerical modelling.  

• There is a need to develop indices of change that can be mapped repeatedly on a 
regional scale (such as glacier surface elevation, ELA, glacier terminus position, 
glacier facies zones, summer melt duration, and glacier velocity fields) to monitor 
ongoing changes in glacier geometry, surface mass balance, dynamics and iceberg 
production.  

• Recent studies and monitoring results offer new data and knowledge on the nature and 
dynamics of the ice caps and mountain glaciers in the Arctic as well as the local, 
regional and global effects of their melting. New studies carried out as part of the 
International Polar Year efforts will further improve our understanding of these 
issues. 

3C.2 Outline of contents 
 
1 Introduction. (6 printed pages)( 4 Co-leader: Russia - Maria Ananicheva, 

Europe - Jon Ove Hagen, North America - Martin Sharp, Ed Josberger) 
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1.1 Setting of Arctic ice caps and mountain glaciers relative to current patterns of 

climate, atmospheric circulation and modes of circulation variability 
(AO/NAO, PDO etc.) 

 
1.2 Characteristics of Arctic mountain glaciers and ice caps and their regional 
variability  
 
1.3. Significance of Arctic ice caps and mountain glaciers 

1.3.1 Sensitivity to climate change and sea level impacts 
1.3.2 Calving glaciers play a major role in delivering land ice to the global 
ocean 
1.3.3 Iceberg formation represents a major threat to marine oil and gas 

activities on the shelf, transportation, etc. 
1.3.4. Impacts on hydropower, regional water resources, freshwater 
ecosystems 
1.3.5 Sub-polar glaciers create a threat of glacial mudflow and, in volcanic 
areas (Iceland, Alaska), create a threat of floods (jökulhlaups) 

 
2  Climate Evolution in Glaciated Regions of the Arctic.  

  (N. America Ice cores – D. Fisher; Eurasia Ice Cores – A. Glazovsky, E. 
Isaksson); N. America Climate – M. Sharp; Eurasia Climate – A. Krenke) 
 
2.1 Compilation of Holocene ice core records from Arctic ice caps – histories of 

air temperature, precipitation, and summer melting 
 
2.2 Climate records of summer T and annual P for glaciated regions of the Arctic 

derived from instrumental observations and climate reanalyses. (3 pages) 
 
3 Changes in glacier extent and volume. 

(N. America (A. Arendt, B. Menounos, M. Sharp); Svalbard (J-O Hagen); Russian 
Arctic (A. Glazovsky); Russian Mountains (M. Ananicheva, Ya. Muraviev) 
 
3.1 Methods of measurement – optical remote sensing and photogrammetry, 

airborne and satellite altimetry, GPS surveys, GRACE, volume-area scaling 
 
3.2 Ice area, thickness, and volume – current state plus Holocene, historical, and 

ongoing changes. (4 pages) 
 
4  Surface mass balance of ice caps and glaciers.  

(E. Josberger, M. Dyurgerov, G. Cogley) 
 
4.1 Methods of measurement and errors  
4.2 Distribution and length of mass balance records 
4.3 Importance of summer and winter balances for overall variability in net 

balance 
4.4 Internal accumulation 
4.5 Temporal trends in mass balance records 
4.6 Mass balance trends as a function of elevation on individual glaciers 
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4.7 Spatial patterns in mass balance components and mass balance trends – mass 
balance teleconnections 

4.8 Links between mass balance and atmospheric circulation changes (AO/NAO, 
PDO, Circumpolar vortex) 
(4 pages) 

 
5 Proxy Indicators of surface mass balance 

(ELA (M. Ananicheva); Facies (A. Krenke), Melt, Surface T (M. Sharp); Albedo 
(J. Kohler ? TBC)) 
 
5.1 Proxy indicators, data sources, and methods of measurement 
5.2 Current ELA position on ice caps and mountain glaciers – including temporal 

variability 
5.3 Altitudinal distribution of different ice facies zones – including inter-annual 

variability 
5.4 Summer melting – patterns in melt duration and their variability 
5.5 Surface temperature and albedo changes 
(3 pages) 
 

6 Ice discharge and iceberg calving 
 (J-O. Hagen, J. Jania, A. Glazovsky, I. Buzin, T. Pfeffer, M. Sharp) 
 

6.1 Dynamics of Arctic ice caps/mountain glaciers and their variability – glacier 
surges and other forms of velocity variability, hydrologically driven velocity 
changes, thermal regime changes, tidewater glacier instabilities 

6.2 Methods of measurement – optical, GPS, remote sensing 
6.3 Distribution of surge-type glaciers and evidence of changes in surge 

recurrence 
6.4 Measured iceberg calving fluxes and their variability 
6.5 Controls on calving fluxes – ice dynamics, sea ice restraint, tidewater glacier 

instability, ice shelf breakup 
6.6 Importance of calving in ice cap mass balance – fraction of ice caps drained by 

calving glaciers 
6.7 Types of icebergs produced and relationship to ice dynamics 
6.8 Recent ice shelf breakup events 
6.9 Melt losses from floating ice tongues 
(4 pages) 
 

7 Synthesis of the Current State of Arctic Ice Caps and Mountain Glaciers 
 (4 Lead Authors J-O. Hagen to coordinate) 
  

7.1 Total mountain glacier and ice cap mass balance (surface balance + ice 
discharge) 
7.2 Comparison with observed trends in ice extent and volume 
7.3 Comparison with known climate and circulation changes 
7.4 Linkages to changes in other cryospheric components 
7.5 Remaining uncertainties and knowledge gaps 
(3 pages) 

 
8 Projections of Arctic Climate and Glacier changes 
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(R. Hock, S. Marshall, M. Ananicheva, A. Krenke (mountain glaciers)) 
 
8.1 IPCC AR4 (?) climate change projections for glaciated regions of the Arctic 
8.2 Downscaling Issues 

 8.3 Modelling of mountain glacier and ice cap mass balance in the 21st century  
 8.4 Modelling of ice dynamics and ice extent (regional scale modeling) 

(5 pages) 
 

9 Impacts. (12 printed pages) 
 

9.1 Impacts on sea level, marine transportation, and hydrocarbon exploration 
(E. Andreeva, A. Glazovskiy, I. Buzin, for NA (maybe Tad Pfeffer/Mark 
Dyurgerov?Tony King (C-Core) for iceberg related issues?), Europe -?) 
9.1.1 Mass changes and impact on sea level 
9.1.2 Freshwater fluxes  
9.1.3 Iceberg production and drift: impacts on planned infrastructure and shipping, 

fisheries, and oil/gas exploration in the Arctic, where activity is expected to 
increase significantly over the coming decades  

9.1.4 Icebergs and nutrient fluxes, marine productivity 
 

 9.2 Impacts on water resources  
(M. Ananicheva, A. Krenke, R. Dan Moore, Europe -?) 

9.2.1 Glacier runoff and water resource availability  
9.2.2 Implications for hydropower development and operations 
9.2.3 Biological impacts on freshwater ecosystems (stream T, sediment flux, 

fish habitat) 
9.2.4 Contaminant release from melting glaciers and implications for 

downstream aquatic ecosystems 
 
9.3.Catastrophic consequences of climate change impact for glaciers  

(M. Ananicheva, N. Kononova, Ya. Muraviev - Russian Arctic, for NA,  
Europe -?) 
9.3.1 Glacial/snow/melt water hazards prevention, catastrophic glacial surges 

(ex. Muldrow Glacier, Alaska), avalanches, mudflows, outburst floods  
 
9.4 Impacts on human health of the changing climate in the mountains (M. 
Ananicheva, N. Kononova) 
9.4.1 Impact of circulation patterns change under warming on human health in 

mountain regions 
    

 9.5 Impacts on mountain tourism   (Russian mountains – M. Ananicheva) 
9.5.1 Associated threats (avalanches, frequency of sharp weather changes, 

etc.) as a part of local ecologically-friendly development 
    

10 Ongoing research topics (IPY), (4 printed pages) TBC 
 

10.1 Observations from new programs 
10.2 Improved process quantification to advance models (glacier 

hydrology/flow/calving coupling; higher order stresses) (S. Marshall) 
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10.3 Prediction of melt and runoff from the ice caps and mountain glaciers – 
uncertainty analysis (R. Hock, S. Marshall) 

10.4 Integration of glacier/ice cap models with GCMs/RCMs (R. Hock, S. 
Marshall) 
10.5 Creation of spatial surfaces, altitudes of critical glaciological levels, and 

characteristics of mountain glacier regimes (?)  
 

11 Identification of knowledge gaps, (2 printed pages) (4 co-leaders E. Josberger) 
 11.1 Previously identified gaps 

 11.2 Gaps related to improving long-term predictions 
 11.3 Short-term gaps (range: IPY and next 3–5 years) 
 11.4 Long-term gaps (5–25 years) 
 
12 Summary, (2 printed pages) (4 co-leaders M. Sharp) 
 
13 References, (3 printed pages) 
 A total of 50 pages without Summary, References and Figures 

 

3C.3 Links with other organizations and activities 
The module will be linked to relevant IPY projects, e.g.:  

Glacier Response to Warming GLACIODYN (IPY #37; liaison Jon-Ove Hagen, IPY 37 co-
lead) http://www.ipy.org/index.php?/ipy/detail/glaciodyn 

Ice & Snow Mass Balances (IPY #125) http://classic.ipy.org/development/eoi/proposal-
details.php?id=125 

Polar Snapshot from Space GIIPSY(IPY #91) http://bprc.osu.edu/rsl/GIIPSY/ 

State & Fate of the Cryosphere Cryos (IPY #105) http://stratus.ssec.wisc.edu/ipy-cryos/ 

and other national and international activities including GLIMS (Global Land Ice Monitoring 
from Space) and CliC (Climate and Cryosphere). 

3C.4 Draft time schedule 
The draft time schedule is still under development. There will be meetings with all work 
package leaders, co-leaders, and contributors. There will be also regular meetings with only 
work package leaders and co-leaders, and meetings with the leaders of the two other AC 
Cryosphere projects. First meeting of the Integration Team is planned in June 2008.  

• 2009: Reports on progress in the stages of the individual work packages. Modelling 
on the basis of proposed scenarios and simulations 

• 2010: Work on the data obtained within the IPY activity. 
• 2011: Final report. 

3C.5 Project group 

The co-leads of this module are Maria Ananicheva (Institute of Geography RAS, Moscow, 
Russia), Jon Ove Hagen (University of Oslo, Norway), Martin Sharp (University of Alberta, 
Edmonton, Canada), Ed Josberger (Washington Water Science Centre, Tacoma, USA).  

 31

http://www.ipy.org/index.php?/ipy/detail/glaciodyn
http://classic.ipy.org/development/eoi/proposal-details.php?id=125
http://classic.ipy.org/development/eoi/proposal-details.php?id=125
http://bprc.osu.edu/rsl/GIIPSY/
http://stratus.ssec.wisc.edu/ipy-cryos/


 

The project will have a core group comprising the co-leads and lead authors. Each chapter 
will have a co-ordinating author (see table below). Participating individuals will be 
nominated through a process currently taking place.  
 
Co-lead and 
contributing authors Sub-Chapters  Country E-mail address 

Maria Ananicheva 1, 3, 5, 7, 8, 9.2, 9.3, 
9.4, 9.5, 11, 12 Russia maria_anan@rambler.ru 

Jon Ove Hagen 1, 3, 6, 7, 11, 12 Norway j.o.m.hagen@geo.uio.no 

Martin Sharp 1, 2, 3, 5, 6, 7, 11, 12 Canada martin.sharp@ualberta.ca 

Ed Josberger 1, 4, 7, 11, 12 USA ejosberg@usgs.gov 

Andrey Glazovsky 2, 3, 6, 9.1 Russia icemass@yandex.ru 

Alexander Krenke 2, 5, 8, 9.2 Russia ankrenke@nm.ru 

DavidFisher 2 Canada fisher2@nrcan.gc.ca 

Anthony Arendt  3 USA arendt@icesat2.gsfc.nasa.gov 

Brian Menounos 3 Canada menounos@unbc.ca 

Yaroslav Muraviev 3, 9.3 Russia murjd@kscnet.ru 

Mark Dyurgerov  4, 9 USA/Sweden mark.dyurgerov@natgeo.su.se 

Graham Cogley 4 Canada gcogley1@cogeco.ca 

Jack Kohler (TBC) 5 Norway Jack.Kohler@npolar.no 

Jacek Jania 6 Poland jjania@us.edu.pl 

Tad Pfeffer 6, 9 USA pfeffer@tintin.colorado.edu 

Igor Buzin 6, 9.1 Russia buzin@aari.nw.ru 

Regine Hock 8, 10 USA regine.hock@gi.alaska.edu 

Shawn Marshall  8, 10 Canada shawn.marshall@ucalgary.ca 

R. Dan Moore 9 Canada rdmoore@geog.ubc.ca 

Elena Andreeva 9.1 Russia vniisi@isa.ru 

Nina Kononova 9.3, 9.4 Russia ninakononova@yandex.ru 

Elisabeth Isaksson 2 Norway elli@npolar.no 
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3.D  Module 4: Terrestrial Hydrology 

3D.1  Background 
Through comments received to the draft proposals circulated over the summer, at the CEG 
meeting in Copenhagen, and the SWIPA Sub-Project 3 Section 3/4 meeting in St. Petersburg 
(February 2008), there has now developed strong support for a special “leg” on hydrology 
(originally named Rivers and Lakes) that should be separate from the Snow, Permafrost, and 
Ice Caps & Glaciers sections (modules) of SP-3. During the Copenhagen meeting draft 
content was developed by a group of experts, and further elaborated upon during the St. 
Petersburg meeting in February of 2008.  

Water has an important role in uniting disparate elements of the Arctic system - its physics, 
chemistry, and biology -- and could thus reasonably include the land, atmosphere, and ocean 
branches of the system. For the purposes of the SWIPA, an appropriate bounding is necessary 
to prevent an unreasonably broad array of topics to be covered. As a consequence of the 
Copenhagen meeting, the title Rivers and Lakes was proposed, which in retrospect was 
overly restrictive, insofar as many elements of the water cycle in addition to rivers and lakes 
will be treated in the final version of the chapter. At the St. Petersburg meeting decisions 
were made to  

• Re-title this section (module) Terrestrial Hydrology, which today includes Arctic rivers, 
lakes, and wetlands, groundwater and aquifers, and estuaries;    

• Remove the treatment of wildlife, freshwater ecosystems, and fisheries;  
• Assign page limits; and, 
• Begin assigning duties for the gathering of text content and drafting of the chapter 

components.  

3D.2 Outline of content for Terrestrial hydrology 
[outline page count 52 pp.] TBD indicates sub-section authors not yet identified. 
 
1 Introduction & Overview (2 pages) (C. Vörösmarty, T. Prowse) 

 1.1 Define Terrestrial Hydrology 
 
 1.2 Arctic land surface hydrological cycle 

 1.2.1 Drainage basins as delivery systems for water from atmosphere to the oceans 
1.2.2 Hydrology a key part of energy cycles, biogeochemistry, biology, physics 
across the Arctic 
1.2.3 Strong links to permafrost, snow and geomorphology 
1.2.4 Observed and potential acceleration of the cycle 

 
 1.3 Human reliance on surface water  

 1.3.1 To meet multiple needs, including economic value-added 
 1.3.2 With special emphasis on cryospheric elements that create seasonal 
shortages 

 
 1.4 Time frame of assessment will be flexible and limited by availability of data and 
   modeling results  
 

2  Rivers (13 pages) (V. Vuglinksy, A. Shiklomanov) 
 2.1 Runoff generation and discharge dynamics (D. Kane, M. Steiglitz) (1 page) 
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 2.2 Monitoring of runoff and discharge [water and ice] and runoff--review of 

hydrometric information sources (A. Snorasson, W. Grabs, V. Ryabinin, M. 
Puupponen) (2 pages) 
2.2.1 Station observations (river discharge, ice conditions) 

• How measurements are made, etc. (A. Shiklomanov, S. Frenzel) 
• Networks: hydrometric (point to Section/Module 1 on precipitation) 

         (BOX ON STATION DECLINES, to be inserted) 
• Representative-ness of networks (A. Bring, R. Lammers) 
• Summary of relevant SAON elements (R. Lammers) 

 2.1.2 Remotely sensed data (flood stage), GRACE (C. Birkett, T. Syed) 
      2.1.3 Derived runoff fields (B. Fekete)  

 
 2.3 Volumes of flow (T. Prowse, D. Kane) (2 pages) 
  2.3.1 Importance of river flows and their change (D. White, L. Hinzman)  

• To Arctic Ocean and northern seas (R. MacDonald, A. Rennermalm) 
• How are Russian rivers changing since earlier studies (V. Georgievsky, A.    

Georgiady) 
• Serving as ultimate source for water resources (D. White, R. Lammers)  

 
  2.3.2 Geographic distributions of discharge (A. Georgiady, T. Prowse, S. Frenzel, 
                      D. Lettenmaier, F. Su, G. Destouni)  

• Gaged territory (by region and sub-region) (A. Shkilomanov) 
• Ungaged estimates (A. Shiklomanov, G. Desouni) 
• Most flow into ocean from small # of large rivers (C. Vörösmarty, A. 

Shiklomanov) 
 - Report for larger rivers 
 - Within-basin flows 
 - Report for the smaller rivers 
• Role of mountains, forests, glaciated, climate regimes, permafrost-

dominated areas (R. Lammers)  
 
 2.4 Timing of flow (A. Rennermalm) (2 pages) 
  2.4.1 Runoff generation and snowmelt as source water (T. Ohata) 
  2.4.2 Due to changing climate (natural) (V. Georgievsky)            

• Importance: Movement of water down river 
  2.4.3 Due to changing land cover, fire (natural and managed) (A. Shiklomanov,  
                     D. McGuire) 

• Importance: Changing ET/RO ratios  
2.4.4 Due to impoundment (human-induced) (J. McClelland, D. Yang, A. 

Shiklomanov) 
• Importance: Seasonal shifts in river discharge due to dam construction 

 
 2.5 Extreme events (TBD) (2 pages)  

• Importance: A critical hydrological event faced by humans; not explored 
in ACIA 

  2.5.1 High/low flows (T.M Pavelesky, A. Shiklomanov)  
  2.5.2 Floods (M. Rawlins)  

  • Ice dams and flooding (V.A. Buzin, M. Ferrick) 
• Lena Floods (2001) (M. Rawlins, A. Shiklomanov) 
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  2.5.3  Droughts (TBD) 
 

 2.6 Temperature and energy flux (R. Lammers) (1 page) 
• Importance: Links to ocean heat balance and shelf ice formation 

 2.6.1 Ice formation and melt in rivers 
 2.6.2 Temperature changes in rivers 
 2.6.3. Energy flux changes in rivers 

  
 2.7 Ice (T. Prowse, V. Vuglinsky, Markov) (2 pages) 

• Importance: Ice jams and flooding; ice roads, shorter ice season limits 
ability to deliver supplies (Canadian mines) 

  2.7.1 Ice dams and breaks (M. Ferrick) 
 2.7.2 Ice events (ice on / ice off / duration)  
 2.7.3 Ice cover thickness (T. Prowse) 

 
 2.8 Sediments (R. Chalov, J. Syvitski) (1 page) 

• Importance: Many human settlements near water vulnerable to erosion; 
dams act as buffers to spring floods, increasing/decreasing bank erosion  
potential; breaks links to coastal sedimentary environment  

 2.8.1 Land erosion and fluvial transport 
• Greenland icemelt (B. Hasholt) 
• Iceland Jökulhlaups (A. Snorasson)  

 2.8.2 River bank erosion 
 2.8.3 Sedimentation 

• Natural 
• Altered by reservoirs and other water engineering  

  
 2.9  Water Quality (G. Stern, B. Peterson, S. Gordeev, A.V. Konoplev, M.   
                   Dornblaser) (3 pages) 

• Importance: Human health, community water supply, water 
infrastructure, wastewater systems 

  2.9.1. Basic hydrochemical composition 
  2.9.2. Pollution (consult AMAP assessment in 1998)  

• Biogenic 
• Carbon 
• POPS, metals 

  2.9.3. Pollution of coastal oceans 
 

3 Lakes, Reservoirs, Wetlands (5 pages) (L. Smith) 
 3.1 Monitoring (1 page) 

 3.1.1 Station observations (lake level, temperature) (T. Gronskaya) 
 3.1.2 Remotely sensed data (ice cover, freeze-thaw state) (G. McDonald, L. Smith) 

 
 3.2 Ice cover and timing of melt (C. Duguay, T. Gronskaya, J. Magnuson) (1.5 page) 

• Importance: Many communities rely on transportation corridors over ice 
roads only; shorter ice season limits ability to deliver supplies (e.g., 
Canadian  mines) 

 3.2.1 Ice events (ice on / ice off / duration) 
 3.2.2 Ice cover thickness 
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  3.3 Lake disappearance (L. Smith, R. Desyatkin) (1.5 page) 
• Importance: May be an indicator of permafrost thawing; resulting land 

cover changes in some areas could be large if process continues 
 3.3.1. Remote-sensing based analysis 
 3.3.2. Mechanisms 

 
 3.4  Links to trace gas fluxes (K. Walther) (1 page) 
 

4 Soil, groundwater and aquifers (4 pages) (TBD) 
• Importance: Relevant to human use of local water resources via wells 

(water mining); contamination in mining and industrial areas of the 
north, particularly where regulations are not in place or not enforced. 

 4.1 Monitoring (TBD) (1 page) 
 4.1.1 Well-log observations 
 4.1.2 Remotely sensed data: microwave for soil (T. England), GRACE for water  
      storage (T. Syed), and (SAR, Thermal-IR for aufeis) (K. Yoshikawa) 

 
 4.2 Basic geophysical description (springs, aufeis) (K. Yoshikawa) (1 page) 

 4.2.1. Stocks 
 4.2.2. Fluxes on land and to the ocean (I. Zekster) 

  
 4.3 Links to permafrost dynamics (L. Hinzman, T. Zhang) (2 pages) 

 4.3.1 Basic mechanisms 
 4.3.2 Disruptions -- thermokarsts, talik formation, permafrost warming 

 
  4.4 Links to carbon (riverine, atmospheric) and trace gas fluxes (1 page) 
 

5  Estuaries & Deltas (5 pages) (E. Karabanov, V. Mikhailov, M. Tretjyakov & TBD)  
• Importance: Estuaries vital link between land & ocean; Ob estuary is 

800+ km in length with a large residence time for the river water; 
location for major oil and   gas extraction; fisheries; transportation 
corridor 

  5.1 Monitoring (TBD; check on Makenzie delta specialist) (1 page) 
 5.1.1 Station observations (V. Ivanov)  
 5.1.2 Remotely sensed data (e.g., ocean color, sea ice) (J. Syvitski) 

 
 5.2 Change in hydrology (distributaries, lakes, etc.) (V. Ivanov, J. Syvitski) (2 pages) 
  

5.3. Change in sediment balance (from climate change, coastal erosion, relative sea 
level rise) (J. Syvitski) (1 page) 

  
 5.4. Salinity and mixing change of estuaries (V. Ivanov) (1 page) 
  

6 Humans and the Terrestrial Hydrosphere (6 pages) (D. White, L. Hamilton) 
 6.1 Monitoring (TBD) (1 page) 

 6.1.1 Observations (e.g., population from national census) (D. Balk, L. Hamilton) 
 6.1.2 Remotely sensed data (e.g., land cover, land-use change, urbanization) (C. 

Elvidge) 
 
 6.2 Transportation (TBD) (1 page) 
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• Importance: Many communities rely on transportation corridors over ice 
roads only. Shorter ice season limits ability to deliver supplies (e.g., 
Canadian mines) 

 6.2.1 Ice roads on rivers, lakes, tundra (D. White, A. Instanes)   
 6.2.2 Navigation on lakes and along river corridors (TBD) 
      6.2.3 Pipelines over rivers (channel processes) (V.M. Katolikov, Hinzman) 

 
 6.3 Water for humans (D. White) (2 pages) 

 6.3.1 Water resources (I. Shiklomanov) 
 6.3.2 Water infrastructure, community water supply systems 

• Importance: Access to good quality, safe sources of drinking water; 
wastewater systems, sewage disposal 

 6.3.3 Human health and water supply (C. Furgal, R. Berner, D. Gesink-Law)  
• Importance: Water-borne disease 

 
7 Trajectory of the Arctic Hydrological Cycle: 10, 30, 50yr out (8 pages) (J. 

Cassano, V. Kattsov & TBD; ensure these contributors interact with full SWIPA 
modeling team)  

• Importance: We need to understand where the system is headed to follow 
and understand those changes; is the hydrologic cycle intensifying? 

 7.1 Approaches--strengths/weaknesses (TBD) (2 pages) 
 7.1.1  Existing approaches to GCM-hydrology impact studies (e.g. single runs, 

single basins) 
 7.1.2 They way we will do it---actual model runs (using GCM forcings) & expert 

judgment 
 
 7.2 Predictions and sensitivity (TBD) (2 pages)  

 7.2.1 Scenarios and Models (scenarios of climate change) 
• List of key classes of model (water balance, land surface hydro-energy 

models) 
 

 7.3 Changes to key water cycle-related variables (TBD) (4 pages) 
• Means and variability of T, P, E, P-E, snow extent/SWE/melt, runoff, 

river flow 
• Ecosystem measures (biogeochemistry, biology)  
• Human dynamics (population, towns, economic indicators, health 

variables) 
    

8   Impacts on the Arctic (A. Klepikov & TBD: joint engagement of scientists and policy 
   community) 

• Importance: Broad range of implications on Arctic geophysical, 
biological, and human systems 

 8.1 Arctic geophysical system dynamics (J. Francis) (2 pages) 
 8.1.1 New behavior of the hydrologic cycle (L. Hinzman) 
 8.1.2 Links to the climate dynamics of the Arctic (M. Serreze,W. Wu, J. Cassano) 
 8.1.3 Amplify or dampen climate variability and change? (M. Rawlins) 

 8.1.4 Links to climate change and ocean circulation (K. Aagard, M. Holland, A. 
Proshutinsky, I. Semelitov) 

 
 8.2 Arctic biology (T. Chapin, J.E. Strack) (2 pages) 
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 8.2.1 Implications of changing distributions/functions of vegetation 
• On land suface-atmosphere links and climate dynamics (G.Liston,    

D.Lettenmaier) 
• On C cycling (W. Oeschel) 
• Aquatic biogeochemical fluxes (K.E. Frey) 
• On global biodiversity 

 8.2.2 Wildlife 
 

 8.3 Arctic human systems (TBD) (2 pages) 
 8.3 1 Navigation and transportation 
    8.3.2 Energy and other non-renewable production systems (oil, gas, hydro) 
 8.3.3 Renewable resource extraction (indigenous & industrial) 
      8.3.4 Coping with extremes (flood/drought) 
 8.3.5 Water supply and management (drinking water & sanitation challenges) 
 8.3.6 Human health (waterborne disease & disease vectors, pollution) 
 8.3.7 Water-related permafrost changes 
 8.3.8 Human occupancy on riverbanks, coastal zones subject to erosion 

 
9   Ongoing research and gaps in knowledge (TBD) (3 pages) 

• Importance: A key product of this review is to provide a motivation for 
future research  

 9.1 Observational/monitoring network decline but also opportunities w.r.t remote 
sensing, SAON 

 
 9.2 New developments in modeling and data assimilation 
 
 9.3 Needs in geophysical research 
 
 9.4 Needs in biological and biogeochemical research 
 
 9.5 Needs in human dimensions research (social science, demographics, economics) 
 
 9.6 Needs for synthesis, integrative, and system-level science 
 
 9.7 Making a closer science-policy link 
 

3D.3 Linkages to Other Projects 
In order to achieve maximum gain for this portion of the assessment it is necessary to create 
strong linkages and connections to existing activities, projects, and programs. These include 
IPY projects: 

• ArcticHydra (IPY cluster 104; liaisons Charles Vorosmarty and Árni Snorrason, 
IPY 104 co-leads ) 
http://classic.ipy.org/development/eoi/proposal-details.php?id=104 

• Pan-Arctic Lake Ice Cover (IPY cluster 423; liaisons Terry Prowse, IPY 423 co-
lead) 

• NORLAKES (IPY cluster 169) 

and other relevant national and international monitoring and research initiatives 
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• International Conference on Arctic Research Planning (ICARP) 
http://www.icarp.dk/WGreports/Start.html 

• Climate and Cryosphere (CliC) 
http://clic.npolar.no/ 

• The Siberian Rivers Project (Russian national project) 
• U.S. National Science Foundation Programs 

Freshwater Integration (FWI) - 22 funded projects 
http://arcticchamp.sr.unh.edu/projects.shtml 

• Synthesis of Arctic System Science (SASS) - 17 funded projects 
http://www.arcus.org/ARCSS/synthesis_projects.html 

While there should be linkages made to all of the above programs, two are of particular 
relevance as sources of information for the execution of the Terrestrial Hydrology module: 

First is ArcticHydra (the IPY description for this project can be found at: 
http://classic.ipy.org/development/eoi/proposal-details.php?id=104), with its chief scientific 
goals, to:  

• Characterize variability in the Arctic Hydrological Cycle (AHC) and to examine 
linkages between atmospheric forcing and continental discharge to the ocean 

• Assess the historical response of the Arctic Ocean to variations in freshwater input 
from rivers and net precipitation over the ocean 

• Attribute to specific elements of the AHC or to external forcing the sources of 
observed spatial-temporal variability in the land-ocean-ice-atmosphere system 

• Detect emerging changes in the contemporary state of the AHC in near real time and 
to place such changes into broader historical context.  

Given the scope of these goals and the relatively short time-frame of the IPY, Arctic-
HYDRA also forms part of the parallel longer-term (10–15 year) objectives of the ICARPII 
(International Conference on Arctic Research Planning) Working Group 7 (WG7) project 
“Terrestrial Cryospheric and Hydrologic Processes and Systems”. 

Second is the FreshWater Integration Study (FWI), funded through the U.S. National Science 
Foundation, convened 22 projects with the aim of documenting, interpreting the sources of, 
and assessing the impacts of hydrologic change across the pan-Arctic domain. Now in its 5th 
and final year, its main body of knowledge today is represented by more than 100 peer-
reviewed papers, arguably the single largest new source of information about the hydrologic 
cycle of the Arctic. FWI results were ill-timed to be incorporated into the original ACIA 
documentation. With suitable financial support for workshops and facilitation, the outputs of 
the FWI could easily be adopted into the current SWIPA. 

3D.4  Draft time schedule 

 
2007 September AMAP CEG Meeting decides to include Rivers and Lakes module 
 October Submission of Table of Contents (outline) and supporting documents 

2008 January Identify chapter and sub-chapter authors 
 February Develop second draft of outline with authors 
 May Workshop for authors and other key personnel   
  Plan details of module 
  Establish working outline 
 December Submission of first draft of sub-chapters   
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2009 February Chapter authors submit chapter to Module Leader  
 January Chapters are sent out for peer review (Round 1) 
  Synthesis with other modules begins 
 April Chapters back to authors for revisions 
 October Peer review (Round 2) 

2010 January Chapters back to authors for completion 
 March Finalize illustrations 
 May Finalize text, references 
 September Proofing, Indexing, Executive summary, Key findings. 

2011 January Final publication 

 

3D.5 List of Experts 
 
The co-coordinators of this module are Igor Shiklomanov (Russia), Terry Prowse (Canada), 
and Charles Vorosmarty (USA).  

The project will have a core group comprising the co-leads and lead authors. Participating 
individuals will be nominated through a process currently taking place.  
 
Co-lead and 
contributing authors Role  Country Affiliation 

Igor Shiklomanov Co-lead Russia  
Terry Prowse Co-lead Canada terry.prowse@ec.gc.ca 

Charles Vorosmarty Co-lead / liaison to 
ArcticHydra USA Charles.Vorosmarty@unh.edu 

Árni Snorrason Core group / liaison 
to ArcticHydra Iceland asn@os.is 

 
 

4 Modeling Activities in Support of the Cryosphere Project 
Modeling activities are central to a number of components and modules in the proposed 
Cryosphere Project – in particular in connection with the plans to present scenario projections 
for 10-, 30-, 50- and 100-year time horizons. Modeling support for the Cryosphere Project 
will be provided through activities ongoing under the AMAP workplan and coordinated by 
the AMAP Climate Expert Group - Model Comparison Group (James Overland (USA, 
coordinator); Vladimir Kattsov (Russia); Timo Vihma (Finland); and John Walsh (USA)). 
The following section describes the model evaluation plan of the AMAP climate modelling 
group. 

GOAL 
Determine a recommended subset of climate models which can provide projections to the 
AMAP Working Groups with reduced uncertainty compared to the entire range of available 
models. The methodology includes removal of models that are not consistent with 20th 
century data, based on several criteria such as comparison of different variables and Arctic-
wide rather than regional accuracy.. This selection of models can enable consistency actoss 
the SWIPA components in their use of projections for the 21st century.  The modeling group 
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will also work to ensure consistency across SWIPA components in the time horizons for 
which the projections are utilized, e.g., 10, 30, 50 and 100 years (or alternative time horizons 
based on discussions with lead authors). 

PLAN 
Conduct an Arctic-wide and some regional (starting with the Bering Sea, Greenland and 
Russia) data comparisons of means and variance for several variables during 1950-1999.  A 
unique feature of this activity will be the emphasis on variables of importance to the Arctic, 
including sea ice, snow cover and precipitation.  

Place the models in order of their errors and have a group discussion of these results. 

Consider outlier removal, compositing, and showing ranges of ensembles and model-to-
model differences. A key component of the information provided by the AMAP modeling 
group will be measures of uncertainty in the projections, e.g., across-model and across-
scenario (A2, A1B, B1) variances.  These variances and the associated uncertainties will 
show substantial seasonal variation. 

Pick overall best models, as well as some regional and variable specific choices such as sea 
ice, temperature, and precipitation. 

Fields to look at in addition to existing analyses in publications by Kattsov, Overland and 
Walsh: 

Arctic:  

Summer mean ice area 1980-1999  
Nov-March land temperatures- means and variance  
Nov-March SLP north of 70 deg. mean and variance  

Bering:  

Max ice area March/April- mean 1980-1999  
Two wind components Nov-March mean and variance in a North and in a south box  
Summer SST  July-Sept mean and variance in N and S boxes  
Mean Precip April May (good for fish) over western Alaska  

 
AMAP Modeling expert group (MEG)/Working Group strategy 

 
Subject/Working 
Group 

Plans for projections Expected 
contribution from 
MEG 

Notes 

1. Greenland Running Greenland 
ice sheet model driven 
with an AOGCM 
output (or few 
AOGCMs) selected by 
PIs themselves 

Evaluation of the 
AOGCM(s) and 
greenhouse forcing 
scenarios selected for 
driving the ice sheet 
model; placement into 
context of other 
forcing scenarios 

MEG needs to know 
which AOGCM(s) and 
variables are used. 

2. Other glaciers Using outputs from 
AOGCMs selected by 
MEG to downscale 
them for individual 

Selection of 
AOGCMs, providing 
data and instructions 
on formats, etc.; 

Surface and upper-
level temperature 
fields are requested. 
Russian group has 
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glaciers inclusion of 
information of 
uncertainties in 
forcing data 

provided coordinates 
for the region of 
interest:  
1. Byrranga -Putorana 
(Northwestern Siberia) 
77 N - 65 N 86 E 114 
E 
2. Polar Urals 69 N- 
64 N 58 E -68 E 
3. Suntar-Khayata 
Cherskiy ranges: 60N-
70 N, 138 E-160 E 
4. Kamchatka & 
Koryakskoe Upland: 
51N-65N, 155E-180 E 

3. Sea ice Preliminary use of 
model selection  and 
projections for 9 
regions made by 
Overland and Wang 
(GRL 2007) 
Update task  from 
future feedback by 
working group 

Selection based on 
1979-1999 sea ice 
area 
 
Thickness? 

Regional  sea ice area 
changes 

4. 
Snow/permafrost 

1) Provide projections 
of northward 
movement of annual 
0° C line and summer 
10° C line 
2)Using AOGCM 
outputs for driving 
permafrost models 
 

Selection of AOGCMs  
based on land surface 
temperatures  
Maps of northward 
movement 
 
Snow parameters to be 
worked out further; 
snow extent will be 
more straightforward 
than snowfall or snow 
depth 

 

5. Hydrology Using AOGCM 
outputs to drive RCMs 
to further drive hydro 
models 
To be  worked out 
further  

Selection of AOGCMs 
for direct use 
Evalaution of 
AOGCMs already 
used; measures of 
uncertainty in the 
forcing fields, 
including across-
model variance and 
across-scenario 
variance 

Precipitation, 
evapotranspiration, 
snow mass/depth, 
local runoff 
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Annex 1. Acronyms and Websites 
 
AARI  Arctic and Antarctic Research Institute, Russia (http://www.aari.nw.ru) 
AC  Arctic Council (http://www.arctic-council.org/) 
ACIA  Arctic Climate Impact Assessment (http://www.acia.uaf.edu/) 
AFP  Albedo feedback process 
AMAP  Arctic Monitoring and Assessment Programme (http://www.amap.no/) 
AMSA  Arctic Marine Shipping Assessment (http://arcticportal.org/pame/amsa) 
AO  Arctic Oscillation 
AR4  Fourth Assessment Report (of the IPCC) 
BAS  British Antarctic Survey (http://www.bas.ac.uk) 
BC  Black Carbon 
BS  Bjerknes Senteret Bergen (http://www.bjerknes.uib.no/) 
CliC  Climate and Cryosphere Project (of WCRP; http://clic.npolar.no) 
CRREL Cold Regions Research Engineering Lab., USA 

(http://www.crrel.usace.army.mil/) 
EM  Electromagnetics 
FYI  First Year (sea) Ice 
IPCC  Intergovernmental Panel for Climate Change (http://www.ipcc.ch/) 
IPY  International Polar Year (http://www.ipy.org) 
MIZ  Marginal Ice Zone 
MYI  Multiyear (sea) ice 
NAO  North Atlantic Oscillation 
NorACIA Norwegian follow-up of ACIA (http://www.noracia.npolar.no/) 
NPI  Norwegian Polar Institute (http://www.npolar.no) 
NSIDC National Snow and Ice Data Center, USA (http://nsidc.org/) 
PAME Programme for the Protection of the Arctic Marine Environment 

(http://arcticportal.org/en/pame/) 
SAMS  Scottish Association for Marine Sciences (http://www.sams.ac.uk/) 
SAON  Sustained Arctic Observing Network 
THC  Thermohaline circulation 
UAF  University of Alaska Fairbanks (http://www.uaf.edu/) 
ULS  Upward looking sonar 
WCRP  World Climate Research Programme (http://wcrp.wmo.int/) 
 

http://www.aari.nw.ru/
http://www.arctic-council.org/)
http://www.acia.uaf.edu/
http://www.amap.no/)
http://arcticportal.org/pame/amsa
http://www.bas.ac.uk/
http://www.bjerknes.uib.no/
http://clic.npolar.no/
http://www.crrel.usace.army.mil/
http://www.ipcc.ch/
http://www.ipy.org/
http://www.noracia.npolar.no/
http://www.npolar.no/
http://nsidc.org/
http://arcticportal.org/en/pame/
http://www.sams.ac.uk/
http://www.uaf.edu/
http://wcrp.wmo.int/
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