Cryosphere Section

1.0  Rationale

1.1  Why Now? 

Recent observations reveal significant climatic changes in the Polar Regions.  Over the past decade, the analysis of satellite data shows unexpected linkages between both polar ice sheets and climate that are directly relevant to sea level rise, on much shorter time-scales than predicted by models.  In the Antarctic Peninsula, ice shelves disintegrated over periods as short as several days [Doake and Vaughan, 1991; Rott et al., 1998].  The mechanism for this collapse is attributed to both increasing air and ocean temperatures that can increase the rate of surface and basal melt.  The relevance of ice shelf retreat lies in the consequent release of upstream, grounded ice and the impact of that ice on sea level rise [Rignot 2004 ; Scambos and others, 2004].  In the Arctic, changes include decadal reduction of sea ice thickness and extent, lengthening of the seasonal melt period with associated increase in open water, and increased melt and loss of ice around the margins of Greenland ice sheets.  Some of the ice changes appear to be highly correlated with the North Atlantic Oscillation (NAO) and related Arctic Oscillation (AO); the associated sea level pressure anomalies are linked to changes in the strength of the polar vortex.  These patterns strongly affect the hydrography of the upper ocean and large scale ice circulation.
There is a wealth of satellite and in situ observational capabilities that provide critical information on cryospheric processes, e.g. visible, infra-red and microwave imagery, satellite radar and laser altimetry.  SAR complements these instruments through observations of backscatter, which is related to important geophysical parameters including sea ice age, surface melt and snow accumulation, and through the capability of InSAR/SAR to measure both ice sheet and sea ice motion.  InSAR also possesses the extraordinary ability to measure the ensemble effect of short term, microscopic variations in the upper layers of the snow and these can be used to infer a variety of geophysical parameters from surface snow accumulation to the position of ice shelf grounding lines.  SAR has unique capabilities that make it especially well-suited to high latitude studies, including the ability to observe at fine resolution even during the long winter periods and in all weather conditions plus rapid-repeat and broad coverage due to the convergence of orbits from a polar-orbiting system.   When SAR observations are coupled with other fundamental observations from the present constellation of Earth observing satellites, we can achieve an understanding of ice sheets, glaciers and sea ice, at a level that is needed to predict their behavior in a changing environment.

There will be an exceptional opportunity for interdisciplinary polar science in 2007/8 when the international science community will sponsor the International Polar Year (IPY).  The IPY is a multi-national program of coordinated research to explore the polar regions, further our understanding of polar interactions including their role in global climate, expand our ability to detect changes, and extend this knowledge to the public and decision makers (Bindschadler, 2004).  The environmental changes in polar regions are significant, accelerating, and globally connected.  IPY will build on the scientific heritage of the International Geophysical Year (1957) by incorporating observations of the icy parts of our planet from space.  Hence, this is a unique opportunity to bridge in situ, airborne and satellite observations, and to combine this data set with the latest models of polar variabilities.  SAR will be critically important in IPY observations because of the ability to use SAR for making unique observations of ice sheet, glacier and sea ice motion.    

1.2 SAR and Climate Change

Decadal climate patterns in atmosphere-ocean circulation, such as El Nino/Southern Oscillation (ENSO) and Arctic Oscillation, alter atmospheric circulation, temperature, and precipitation.  Within the US, these climate patterns are directly tied to regional ocean warming, hazards including flooding, and ecosystem health in both the coastal zones and on land.  There are also recent observations of linkages of polar climate, to extrapolar climate patterns, for example ENSO, through alteration of mid-latitude storms and subsequent transport of heat and moisture, which may account for ice-related changes.  SAR provides fundamental measurements of ice, ocean, and land parameters which are being used to understand the impact of climate change, including ice mass and melt, flooding, and freshwater discharge,

1.3  For the general public
Ice plays an important role in daily human activities from weather forecasting, to ship navigation, to high latitude industries such as fishing and oil recovery from platforms located in ice covered waters.  SAR imagery is critical to operational sea ice analysis in the U.S. and is the data source of choice for National Ice Center (NIC) ice analysts.  In fact, when available, SAR is the primary data source used in their analyses.  According to the National Weather Service in Alaska, SAR data and products have allowed for more accurate ice analyses and forecasts and there use has been linked to fewer deaths and fewer vessels lost in the Alaskan region. This is partly because of the ability of SAR to image through cloud cover.  For example, in the case of the Arctic, 80% cloud-cover is not unusual making SAR vital in providing high-resolution observations for research and operational support.  NIC and NOAA are responsible for iceberg detection and tracking for which SAR is again an ideal sensor. 
In the longer term, the impact of sea level change on coastal populations is of great societal importance.  Our work will inform the public on how the waning ice cover measured with SAR contributes to global sea level rise.  A greater understanding of the Earth systems, including the ocean-ice-atmosphere system, is important to a society contemplating the responsibilities of stewardship of the planet as we move into the era of potentially profound effects from global change. 
2.0  Cryospheric Science
Cryospheric research encompasses all the frozen water and soil in the Earth system.  This includes the role of land ice (ice sheets, caps and glaciers) in current and future sea level rise and the role of sea ice and associated feedbacks on the global climate system.  It also includes studying the natural variability in the ice, ocean and atmosphere systems for future predictions.  Research also focuses on changes in permafrost and the seasonal snow cover.  The latter is a contributor to important high-latitude feed back processes and the former is an important potential contributor to atmospheric carbon through the release of methane to the atmosphere.  SAR is well suited for use by this community because of its all weather and day/night capability and fine resolution and the ability to observe the motion of a dynamically changing ice cover over short time scales.  Observations of the cryosphere and the changing polar climate are critical for the operational community, whose primary task is to reduce shipping hazards related to sea ice and iceberg tracking.  Other climate-related changes in the cryosphere involve the impacts of a reduced ice cover on biological habitat and sea level rise on coastal native communities.  

3.0 Compelling Science
3.1  Cryospheric Science Objectives
· Understand glaciers and ice sheets sufficiently to predict their role in sea level rise.

· Understand sea ice sufficiently to predict its response to and influence on global climate change and biological processes

· Measure how much water is stored as seasonal snow and its variability

· Measure how much carbon is exchanged between the permafrost and the atmosphere

· Understand how changes in the cryosphere affect human activity
· Determine the long-term impacts of a changing cryosphere on other components of the earth system
3.2 Ice Sheets and Glaciers
Glaciers and ice sheets are currently experiencing a global retreat, contributing to sea-level change.  (Report of Working Group I of the IPCC, 2001).  The precise reasons for the retreat are still unclear but must be the associated with precipitation/melt change and/or by dynamic instability caused by a change in ice flow, which may or may not be climate related. InSAR data are important in distinguishing the thinning caused by ice flow from that caused by accumulation and melt because it provides the crucial measurement of surface velocity [Goldstein, et al., 1993], needed to relate estimates of ice mass change to ice dynamics.  
InSAR data also provide direct estimates of ice sheet discharge and its variability. Until InSAR, ice sheets were assumed to evolve slowly with dynamic response times of centuries to millennia [Paterson, 1994]. InSAR studies have radically altered this perception. Although only a subset of the Earth’s ice streams and glaciers have been sampled interferometrically, examples of short-term (days to decades) change are abundant. In Greenland, observations of velocity change include a mini-surge [Joughin et al., 1996], a post-surge stagnation front [Mohr et al., 1998], and a near doubling of velocity of  Greenland’s largest outlet glacier, Jakobshavn Isbræ [Joughin et al., In Press]. Decadal-scale acceleration [Rignot et al., 2002] and deceleration [Joughin et al., 2002] have been observed in West Antarctica.  InSAR also has been used to detect the migration of glacier grounding lines [Rignot, 1998], which is a sensitive indicator of thickness change. InSAR observations have also shown that loss of ice shelves often leads to dramatic acceleration of the grounded ice, which directly affects sea level [Rott et al., 2002; Rignot et al., 2004]. These snapshots of temporal variation have been too infrequent to ascertain whether they constitute normal ice-sheet variability or indicate long-term change. Thus, a new InSAR mission must frequently (as often as every 8 days) monitor outlet glaciers in order to characterize and understand their short-term temporal variability. Comparison with archived ERS/RADARSAT data will facilitate detection of decadal-scale change.
The controls on fast ice flow are still the subject of active investigation and debate [Alley and Bindschadler, Eds., 2000]. Understanding of ice flow dynamics has been limited by a lack of data.  The comprehensive velocity data provided by a new InSAR mission will validate existing models and motivate the development of new ones. In conjunction with ice sheet models, these InSAR data will provide a powerful means to investigate controls on glacier flow. For example, inversion of an ice stream model constrained by InSAR data was used to determine the location of a weak till bed in northeast Greenland [Joughin et al., 2001]. Incorporation of this type of knowledge into full ice sheet models will greatly improve predictions of ice-sheet evolution.
InSAR is an important tool to address the following science objectives pertinent to ice sheets and glaciers:
1.
Determine ice velocity and discharge by ice streams and glaciers worldwide and quantify their contributions to sea-level rise. 

2.
Characterize the temporal variability in ice flow well enough to separate short-term fluctuations from long-term change. 
3.
Provide critical data to determine the fundamental forcings and feedbacks on ice stream and glacier flow to improve the predictive capabilities of ice-sheet models. 
3.3 Sea Ice

Sea ice is a thin, snow-covered layer that is present at the boundary of the cold polar atmosphere and the comparatively warm ocean.  As such, it influences, reacts to and integrates fluctuations within the climate system including surface heat and mass fluxes from its insulative properties and high albedo, and salt and freshwater fluxes during ice formation and melt.  In addition to the considerable seasonal and interannual variation in thickness and extent, sea ice is one of the fastest moving solid geophysical materials on the earth’s surface, which results in a highly dynamic and complex material responsive to a changing environment. 

Measurements of the Arctic sea ice cover from buoys, submarines, and satellites indicate that the thickness and the temporal and spatial distribution of the ice have changed over the last 30 years. The seasonal extent of the ice cover has decreased by approximately 3% per decade over the period of passive microwave satellite measurements, 1978 to 2003 (Comiso 2003).  The thickness of ice floes measured by submarine-based sonar (as indicated by under-ice draft) decreased from 3.1 m to 1.8 m between the periods of 1958-1979 and 1990-1994 (Rothrock et al. 1999).   Ice thickness in the Beaufort Sea decreased by about 1.0 m over the shorter period of 1980 to 1994, with a distinct change after the 1987/88 winter. (Tucker et al. 2001).   The drift pattern measured by Arctic buoys appeared to shift in 1987/88 from a larger to a smaller anticyclonic Beaufort Gyre and with the transpolar drift stream shifted towards the western Arctic (Kwok 2000; Tucker et al. 2001). 

These changes in the Arctic ice appear to be driven by changes in both thermodynamic and dynamic forcing. The changes in ice drift follow a similar shift in the sea level pressure (SLP) pattern in 1987/88 that now shows lower SLP over the Arctic basin, a weaker Beaufort anticyclone, and lower pressure extending from the subarctic Atlantic Ocean into the Eurasian Basin (Walsh et al. 1996 ).  This decrease in SLP is also represented by an increase in 1987/88 in the index of the Arctic Oscillation (AO), the dominant mode in the Northern Hemisphere SLP (Thompson and Wallace, 2000). The positive mode of the AO is also associated with higher surface air temperatures over the Arctic, as shown mostly by land-based stations. Increasing air temperatures imply an increase in the net surface energy over sea ice, which would reduce growth rates in winter and accelerate melting in summer.  Measurement of the ice mass balance in the Beaufort Gyre during the yearlong SHEBA field experiment in 1997/98 showed an average decrease in ice mass of 45 cm that resulted from 75 cm of growth and 120 cm of melt (Perovich et al. 1999). 

Sea ice thickness and kinematics are the most important sea ice measurements to measure, to understand, to monitor and detect change in polar climate, especially in the Arctic (ESE, 2000; SEARCH, 2002). Of key value for observing sea ice thickness as a climate indicator would be increased knowledge of the synoptic-scale perennial ice thickness distribution, needed to understand mass volume as well as which portion of the thickness regime might be changing.  Sea ice thickness is not currently directly measured from space but indirect measurements including freeboard, ice type, and both detailed and large-scale ice motion fields provide information related to thickness and the estimation of sea ice mass balance.  

The primary sea ice observable made by SAR is ice motion, whereby the detailed imagery enables tracking of ice features from day to day.  On smaller scales of kilometers, motion fields show the detailed motion of individual floes, how ice moves as aggregates, the opening of leads, and the ridging process.  Ice motion controls the abundance of thin ice and therefore the intensive heat flux from the ocean to the atmosphere, ice production, and salinity flux.  On larger scales of several hundred kilometers, the general circulation of the ice cover provides the advective component of the ice mass balance as well as a velocity boundary condition on the ocean surface.  Accurate measurements of ice motion and other key geophysical variables are being generated from the continuous, systematic, and rapid-repeat mapping of the Arctic Ocean using RADARSAT-1 that has been underway since 1996, termed the “Arctic Snapshot”.  Key results include basin-wide estimates of ice age and ice production, detailed deformation fields [see Figure] that have been compared to buoy and model estimates of deformation and ice production, and use of the SAR derived motion both as a forcing field in ice models and for assimilation to improve ice trajectory predictions.  

At the human scale, sea ice is a great impediment when navigating in polar waters or maintaining offshore structures.  Sea ice is an important habitat for the smallest organisms that are at the base of the food chain in the southern ocean.  In the arctic, nutrient cycling along the ice margin nurtures the one of the greatest seasonal explosions of life on the planet.  Spaceborne SAR has been shown to provide the most detailed observations of ice type and conditions, the presence of open water within sea ice, as well as the observation of ocean circulation features particularly within the coastal environment that are critical to the above issues.

Extending the systematic sea ice coverage of the Arctic and Antarctic sea ice covers, from now and well into the future with RADARSAT-1, Envisat and the INSAR mission, is crucial for maintaining an uninterrupted SAR sea ice data record suitable for assessment of climate change and global warming, the impacts on ocean circulation and radiative balance in the atmosphere, and the subsequent impact on the human dimensions as well from a rapidly changing environment.

3.4 Seasonal Snow Cover
Seasonal snow covers a large portion of the Earth’s surface particularly in the northern hemisphere.  This bright snow cover reflects most of the incoming energy from the sun compared to the darker underlying surfaces.  Therefore, the extent and timing of the snow has a great effect on the global surface energy balance.  Mapping snow covered area, especially during the spring melt, is also needed for hydrologic applications of stream flow modeling, flood prediction, and reservoir potential.  SAR is the only instrument capable of mapping wet snow cover at the spatial resolution required in mountainous terrain, where the hydrology is dominated by a melting snow pack (e.g. the Sierra Nevada and the Rocky Mountains).  In addition, promising results from current studies (Rott, et al.  2004) indicate that InSAR is capable of measuring the snow water equivalent (SWE) of the snowpack in complex terrain.

4.0  Data Starved
During the past decade, the cyrospheric community has benefited greatly from community involvement in ERS1/2 and an effective SAR infrastructure through the development of the Alaska Satellite Facility and the McMurdo Ground Station.  In parallel with those activities, NASA and the Canadian Space Agency negotiated a memorandum of understanding during the early 1980’s that provided access to RADARSAT-1 data for the sea ice research and operational communities and provided access to the RADARSAT system for two, high-resolution mappings of Antarctica.   
The availability of SAR data enabled development of  InSAR techniques for glaciers and ice sheets, to establish baseline ice flow velocities for a number of areas, and to advance our understanding of many basic physical processes that control fast ice flow, systematic rapid repeat mapping of sea ice over the Arctic.  Current and planned SAR instruments are limited spatially and temporally by sensor limitations (such as the repeat cycle limitations and the ability to map Antarctic sea ice cover).  But most importantly, the cryosphere community now lacks a viable, comprehensive acquisition strategy for the next 5 to 10 years.  Access to data from existing systems, such as Envisat, is limited by data restrictions placed by the spacecraft operators.  There are at present no plans for access to large volumes of data from RADARSAT-2 or to continue access to RADARSAT-1 data if available after 2005.  Options for access to ALOS data are being negotiated but there are no firm funding commitments.  In short the U.S. research and operational communities face a near-term data catastrophe unless new partnerships and arrangements can be developed.   

5.0  Access to Data from Existing Archives and Future Acquisitions

Archives exist from multiple radar platform and additional archives are expected from planned missions.  For each existing satellite system, there have been specific calls for scientific involvement through AO processes.  To facilitate further access to these archives, different disciplines self-organized and developed a variety of strategies.  The US crustal deformation community formed a consortium (WInSAR) that provides data over North American study areas.  Currently WInSAR holds limited data from ERS 1 and 2, Envisat, and will soon contain RADARSAT-1 data.  ALOS data is also expected to be added.  This consortium functions by buying data using funds from NASA, NSF and USGS.  WInSAR has developed a prototype web-based data ordering and distribution system that is open and freely available to the academic community.  As another example, the cryospheric community has a heritage in data dating back to the Seasat era.  Through successful collaborations with international partners on programs such as the Program International for Polar Oceans Research (PIPOR), the RADARSAT Antarctic Mapping Project, the VECTRA Project and the Arctic Snapshot the community has an established baseline data set for detecting changes in the polar environment.  This important heritage should be considered in the further development of the SAR and InSAR programs as we attempt to extend our studies into the future.  At this time, there are no firm commitments for such partnerships in the foreseeable future.  

There is a useful distinction to be made between easily accessing archived data and tasking for new data.  In terms of archived data, there is now much greater capability and user base for dealing with large volumes of SAR and InSAR data.  To satisfy emerging demands, we encourage a more systematic and open access to archived raw data for research purposes.  In terms of future tasking, there is a need to intimately involve the science community with the spacecraft operators in a wholistic approach to acquiring new observations whenever and wherever they may be required by the community.  Such an approach involves recognizing that each platform forms part of a constellation that in total provides a powerful scientific capability and a stepping stone to future mission designs.  We encourage sponsors and stakeholders reinvigorate the dialogue for fully pursuing and creating new collaborative opportunities for access to current and planned systems.

6.0  Cryospheric Community Need for new mission

Current and planned systems provide inadequate systematic coverage of the Arctic and the Southern Oceans.  This limitation reduces sea ice mapping, monitoring and climate time series.  Moreover, planned and existing systems are not optimized for InSAR observations of important areas of Greenland and Antarctica problematic and restricting viable mountain glacier coverage to very limited areas.  

6.1  Cyrospheric Science Advances enabled by new mission

ECHO Baseline (8-day repeat, polar-orbiting, tightly-controlled orbit, L-band, left-right looking) 

•All ice sheet and glacier objectives related to surface motion.

–Would provide coverage in areas where current/planned systems are problematic (some of which are the largest contributors to sea level change). 

–Frequent coverage for characterizing outlet glacier variability.

–
ECHO+ (Fully calibrated, ScanSAR, power/storage for full Arctic and Southern Ocean Coverage)

•Meets sea ice motion research objectives.

7.0   Cryospheric RECOMMENDED PLAN

Short Term:  Establish comprehensive agreements for access to partner SAR systems

Long Term:  

–Dedicated “ECHO+” series of missions backed by cooperative agreements.

–Comprehensive arrangements with international partners to fulfill cryospheric objectives

•No opportunities exist yet. 
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