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Monitoring Sea Ice

�

1. DEFINITIONS 



Ice which is at the interface between the atmosphere and ocean is sometimes referred to as the ‘marine’ cryosphere and includes sea ice, snow on sea ice, icebergs and ice islands.  Sea ice is characterized by area (ice extent and actual ice coverage), thickness, concentration, type (new ice, first-year ice, multi-year ice, etc.), snow depth, surface temperature, surface albedo, and horizontal ice velocity. These properties vary greatly in time and space and are related to atmosphere-ocean interactions. Not enough information can be obtained from in situ observations to quantitatively discuss sea ice variability, because only limited in situ meteorological and oceanographic observations are available for the polar sea ice regions. On the other hand, information on the spatial and temporal variations of some sea ice properties can now be obtained from satellite observations.  For example, algorithms exist for the interpretation of data from multi-band passive microwave sensors such as special sensor microwave/imager (SSM/I) enable measurement of important sea ice parameters in the polar regions such as total ice concentration, ice-edge location, multi-year ice concentrations and ice temperature, with an accuracy of six to 10%. Thus, we are able to monitor temporal and spatial variations of such quantities as "sea ice extent", defined as the boundary between sea ice and ice-free ocean, "actual sea ice area", "open water area", and "multi-year ice extent" using satellites.  



The depth of snow on the sea ice cover is also an important climate variable. The presence of snow accelerates the positive feedback effect of sea ice. During winter, snow causes increased albedo, providing effective thermal insulation of the underlying ice. Then, in spring and summer, snow melt forms ponds leading to decreased albedo.  Another role of snow is supplying fresh water to the upper ocean.  



Sea ice thickness is an important sea ice variable for the discrimination between different sea ice dynamical processes and the estimation of sea ice volume.  Very limited thickness data are available for the Arctic, even fewer for the Antarctic. We have no way at present to directly measure ice thickness using satellite data.  The thickness data set has to be improved considerably to allow for proper model verification.  



Sea ice motion causes the formation of leads and ridges and is therefore important in determining heat and moisture exchange with the atmosphere, sea ice formation, growth and thickness distribution. Observational data are required to validate coupled climate models. Coupled atmosphere-ocean models predict sea ice concentration and drift based on thermodynamic and dynamic forcing.  Model outputs of ice motion need validation by observed ice drift vectors. 



The surface albedo of ice covered seas is crucial to climate feedbacks that play a major role in amplifying surface warming. For snow-free ice the albedo is a function of ice thickness, while for snow covered ice the albedo depends upon the snow properties.  



Icebergs have little direct effect on climate although they are a serious hazard for marine shipping and offshore oil and gas production facilities.  Changes in iceberg numbers may be an indicator of climate change.  The detachment of very large Ice islands from the Antarctic ice shelves may also be an indicator of changing climate. 



Details on the accuracy, spatial and temporal coverage of the cryospheric variables proposed for GCOS are provided in ANNEX 6 as specified in the GCOS 32 document.



�2.  GCOS OBSERVING REQUIREMENTS FOR SEA ICE



The specifications for observing sea ice for GCOS are outlined in the latest report on the development of the ocean observing system by the Ocean Observation Panel for Climate (OOPC).  OOPC is responsible for the design and implementation of an ocean climate observing system, and is a common subsidiary body of both GOOS and GCOS (see ANNEX 7 for an overview of the GCOS program organization).



A sufficient body of data has been accumulated in the Arctic for a first assessment of the broad-scale spatial and seasonal climatology of sea ice including ice thickness that can be used for model validation.  This includes an ability to estimate: 



 open water fraction 

 thin ice (< 0.3 m) fraction 

 typical un-ridged ice fraction and mean thickness 

 at a 500 x 500 km grid resolution for each month of the year. 



The latest report on the development of the ocean observing system of the OOPC recommends the following enhancements:



Elements of existing observing systems:

 

1.  Monitoring of the extent and concentration of sea ice using both passive and active microwave sensors globally and synthetic aperture radar in specific regions.  



Elements to be added now to complete the initial observing system:



2.  Maintenance and optimization of the Arctic and Antarctic drifting buoy networks.



3.  Enhancement of existing research networks using in situ measurements to estimate ice thickness regionally, including possible declassification of submarine data and future submarine sections under sea ice.



 4.  Determination of ice velocity fields from SAR/AVHRR and buoys on a routine basis as required to improve dynamic ice models and to provide forcing of the ice-covered ocean in ocean models.  



Enhancement requiring additional research and development:



5.  Improvement of the utilization of satellite data in automated analyses and the incorporation of fractional ice cover and ice dynamics into global circulation models.



6.  The improvement of algorithms for estimating global sea ice concentrations from passive microwave sensors by using data assimilation techniques and comparison to sensors with higher spatial resolution.



7.  Research to enable estimation of the spatial fields of surface albedo from satellite sensors on a regular basis.



8.  Research and development of operational methods for sea ice thickness determination; in particular, by enhancing the Antarctic ice thickness monitoring project.



Current capabilities however, are not sufficient for change detection and estimates of regional trends and for regional climate process studies.  As a result, Canada should consider further enhancements (see Appendix 1 for more detail on proposed enhancements).



3.  CANADIAN RESPONSIBILITIES



Environment Canada, is responsible for monitoring Canada’s environment, and particularly the atmosphere, to provide the information and advice needed to enable Canadians to make conscious decisions about their activities and their environment. A significant component of this mandate is the provision of information on climate variability and long-term climate change. With the passage of the Oceans Act in December 1996, most federal responsibilities for oceans within the Exclusive Economic Zone have been consolidated within Fisheries and Oceans Canada. In particular, the Minister is responsible for the conduct of marine science in support of the sustainable development and integrated management of the marine environment and its exploitable resources. The The marine cryosphere (situated at the interface between the ocean and the atmosphere) and its role in climate comprises an element of shared responsibility between these two Departments. one element of this responsibility. Also, Canada’s ice monitoring service, the Canadian Ice Service (CIS), is located within Environment Canada but operates as a partnership between the two Departments, reflecting this shared responsibility at the ocean-atmosphere interface. for the specific support of navigation (the Canadian Ice Service: CIS). The existence of this service reflects  the importance of sSea ice information is vital to marine safety in Canadian waters, and the importance of ice information to Canadian economic activity, and for the monitoring of climate change.The Canadian Ice Service is an agency of Environment Canada. Because of concerns about the impacts of climate change on the sea ice environment and the influence that sea ice exerts on the nature of climate change, it is incumbent on Canada to contribute to the cryosphere-sea ice component of the international GCOS. 



Canadian Ice Service (CIS)



Canadian Ice Service (CIS) of Environment Canada has the main sea ice monitoring and archiving responsibility and the responsibility for standards and consistency with international WMO codes and definitions.  It is also the custodian of the National Ice Archives.  CIS main clients are the Canadian Coast Guard, commercial marine shipping, fishing, offshore exploration, insurance, tourism, environmental regulatory agencies, and OGD’s. 



Department of Fisheries and Oceans (DFO)



Fisheries and Oceans maintains an active sea ice climate research program on both the east coast through the Bedford Institute of Oceanography (BIO) and in the Beaufort Sea through the Institute of Ocean Sciences (IOS). These studies and other agency/university programs are summarized in Table 2.  However, although some of this research has generated time series of modest duration, the Department has no ongoing monitoring programs for sea ice.



4.   ASSESSMENT OF CANADIAN CONTRIBUTIONS AND RECOMMENDED ACTION ITEMS



4.1 Sea Ice Extent, Concentration, and Type



GCOS requirements



1.  Monitoring of the extent and concentration of sea ice using both passive and active microwave sensors globally and synthetic aperture radar in specific regions.  



2.   Improvement of the utilization of satellite data in automated analyses and the incorporation of fractional ice cover and ice dynamics into global circulation models.



3.  The improvement of algorithms for estimating global sea ice concentrations from passive microwave sensors by using data assimilation techniques and comparison to sensors with higher spatial resolution.



Canadian Activities



CIS produces weekly sea ice composite chart which cover four Canadian regions: Great Lakes, Gulf and East Coast, western Canadian Arctic, and eastern Canadian Arctic and Hudson Bay.  Data has been archived in paper form back to the late 1950’s and are in gridded electronic form for various periods and regions (see Table 1).  Ice Branch composite sea ice charts are also used by the US NIC to produce their hemispheric weekly sea ice chart.  These global data sets are available at World Data Center-A for Glaciology in Boulder, CO. (http://www-nsidc.colorado.edu/)and WDC-B for sea ice in St. Petersberg, Russia (http://www.aari.nw.ru/index_en.html).  Because of the long historic record, these data are important for regional sea ice trends and climate change detection.  Note that the present activities of the CIS are driven largely by the needs of navigation. Therefore, in the historical record, limitations arise because the charts are prepared only during shipping season (i.e. winter season in Great Lakes, and East Coast and summer season in Arctic Islands and Beaufort Sea).  Also there is a progressive technology bias as more and more satellite data is used to construct the charts.  They are however the best regional sea ice climate monitoring data set available.



CIS makes extensive use of satellite data especially RADARSAT, US NOAA/AVHRR, ERS, and Optical Line Scanner (OLS) for monitor sea ice.  Thus a mix of active and passive microwave sensors, and optical sensors are employed. Additionally, aircraft reconnaissance is also a vital component in Canada. CIS presently employs a Dash-7 with an onboard Side Looking Radar (SLAR) and has employed other aircraft in the past outfitted with Synthetic Aperture Radar (SAR) and SLAR systems.  Image-based sea ice products are more and more common with the availability of these satellite sensors.  For example, CIS supplies RADARSAT imagettes for smaller areas on a regular basis to clients.  Additionally, the Alaska SAR Facility is acquiring a regular weekly “snapshot” of the Arctic Basin using RADARSAT.  As well, the first ever complete mapping of the Antarctic continent was acquired in 1997 using RADARSAT and this will be repeated next year.  RADARSAT can provide complete and comprehensive coverage of the sea ice in Canadian waters and of the Arctic Basin each month.  RADARSAT atlases for winters of 1996,97,98 and RADARSAT collage of winter ice conditions each year (96,97,98) have been produced.  However, for continuous long term monitoring RADARSAT data has a short historic record and is fragmented in space and time since the sensor is not turned on all the time.  It therefore does not meet two important requirements for GCOS monitoring and detection: long historic record and continuity/homogeneity.  It value lies more in regional climate process studies.  At present, ice forecasters must interpret all satellite imagery in conjunction with other data into an estimate ice extent, concentration and type for the weekly composite charts. The activities of the CIS complement those of other national ice services in a hemispheric context, while overlapping in marginal areas. No other national services provides comprehensive and detailed ice mapping of the Canadian marine cryosphere.



The Climate Research Branch (EC) through the CRYSYS project carries out large scale longer time period (month to seasonal ) monitoring of sea ice extent, area, and sea ice type.  These products are available at the CRYSYS WEB site (http://www1.tor.ec.gc.ca/crysys/index.html).  As an example of this activity the impacts of the 1998 warm summer on the sea ice cover over the western Arctic and the Canadian Arctic Islands have been documented and results published with other international investigators (Maslanik et al., 1999). CRYSYS is a research activity.



Satellite images of sea ice are acquired and archived by various agencies in Canada. The Canadian Meteorological Centre in Dorval archives brightness temperature from SSMI sensors and derived ice concentration information from the AES/York algorithm.  NOAA AVHRR satellite data are archived by the Meteorological Research Branch of AES.  Aircraft SLAR and SAR imagery are archived at CIS. 



A database of in situ observations of Canadian coastal sea ice conditions is maintained by the Atmospheric Environment Service of Environment Canada. There are about 17 coastal sites in the database which also contains information on lake and river ice.  The database contains information on the timing of freeze-up and break-up, maximum seasonal ice thickness, and the state of the ice surface with respect to the traffic it can support. Observations extend as far back as the 1940s.  Recent budget cutbacks has reduced the number of active sites considerably.  All the data up to 1994 were converted to an MS Access database by W. Skinner (AES/CRB). Reports since 1994 have been kept on file for future keypunching and have not been published.



The reconstruction of the historical record of sea ice cover off Newfoundland is carried out by B. Hill of the National Research Council, St. John’s, Nfld.  The data was initially analysed by Hill and Jones (1990) and now has been extended back in time and for individual months during the winter season.  This is a valuable sea ice record in a climate sensitive region of the Canadian offshore and the work has been carried out on a part time basis by B. Hill since this activity falls outside the main activities of NRC, St. John’s. 



The Bedford Institute of Oceanography (DFO) carries out a program measuring sea ice properties off the Labrador Coast as part of regional climate process studies. The Institute of Ocean Sciences (DFO) has maintained a program in the Beaufort Sea since 1990, which produces continuous time series of ice draft (thickness) in this area. These activities provide information on sea ice thickness distributions, sea ice dynamics and for satellite validation and satellite algorithm development of sea ice properties. � However, since they are research motivated and without stable funding, they cannot be regarded as components of an existing monitoring network.



RECOMMENDATIONS (Sea Ice Extent, Concentration, and Type):



For Immediate Action:



Complete the digitization of regional weekly composite ice charts as part of CIS climate monitoring responsibility.

Re-shape the monitoring philosophy of the CIS to include climate monitoring as a co-client of navigation in ice observation and analysis, expanding temporal/regional coverage and augmenting the parameter set to include climate relevant ice and ocean surface parameters (see "Ocean Surface Properties" element)

Establish stable funding for the CIS coastal in situ sea ice monitoring program at selected reference stations in Canada



For Future Attention:



continue to develop automated procedures to estimate ice geophysical parameters from RADARSAT 



4.2 Sea Ice Thickness 



GCOS Requirements



Enhancement of existing research networks to estimate ice thickness regionally, including possible declassification of submarine data and future submarine sections under sea ice.



Canadian Activities



The Canadian Ice Service, Environment Canada, maintains a database of weekly lake, river sea ice thickness and snow depth as part of the National Ice Archive.  The earliest observations date back to 1947.  A summary of stations where data has been collected is shown in Figure 1.  The current observing network is shown in Figure 2.  A digital database is maintained and updated by CIS and is freely available at http://www.cis.ec.gc.ca/cia/index.html.  These data are considered extremely valuable: First, they are one of the few known datasets with consistently observed weekly ice thickness and corresponding snow depth observations which extend over a large spatial domain for several decades or more (up to 50 years at some Arctic sites). Second, two-thirds of the observing sites are both Reference Climate and Global Climate Observing System stations.  A number of recent studies have used the observed weekly fast ice thickness and snow depth data to assess the ability of one-dimensional thermodynamic ice/snow models to simulate landfast ice variability in the Canadian high Arctic over a range of time scales from diurnal (Hanesiak et al.,1998) to interannual (Flato and Brown,1996).  Brown and Cote (1992) used the data to determine that interannual variations in snow accumulation were the dominant mechanism driving interannual variability in maximum fast ice thickness.  The implementation of new safety requirements has quadrupled the cost of manual (auger) ice thickness observations.  A proposal to maintain the current network for an additional year to allow time to determine the level of interest in the data was accepted by AES MST in the Fall of 1998, but several AES regions have subsequently closed down their thickness observing programs because of cost limitations.  The future of this data collection program is now uncertain and there is an urgent need to rectify the situation. 21 sites have complete data for the 1961-1990 climate normal period (CIS Report ICE 2-91) and these are the most likely candidates for forming a GCOS ice thickness monitoring network.



The Department of Fisheries and Oceans (IOS) carries out a program of sea ice thickness measurements over the Beaufort Sea shelf using an ocean bottom moored ice-profiling sonar (IPS) to measure ice draft.  This is part of the Arctic Ice-thickness Project of the WCRP.  Ice-draft observations have been acquired here since 1990 and provide valuable information on sea ice thickness distribution, frequency of leads and ridges and sea ice dynamics.  These activities provide valuable comparison data with other similar international measurements carried out by the US ( R. Moritz), Germany (V. Strass) and Norwegian Polar Institute (T. Vinje) as part of international programs of the WCRP. Other sea ice thickness measurements on the seasonal pack ice over Labrador using bore hole measurements and aircraft remote sensing techniques are carried out by BIO.  These activities have yielded valuable time series for sea ice monitoring but are not funded on a continuing basis.

��

Figure 1: Stations with data in the CIS weekly ice thickness database. Source - CIS ice thickness webpage (http://www.cis.ec.gc.ca/cia/index.html).
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Figure 2: Current ice thickness observing network. Source - T. Allsopp (Feb. 1999)





RECOMMENDATIONS (Sea Ice Thickness)



For Immediate Action:



commit to maintain the current budget for weekly ice thickness observations at a rationalized set of reference stations



provide stable funding for a moored ice-profiling sonar program for measuring ice thickness in the Beaufort Sea (see "Thickness of Seasonal and Perennial Ice", Appendix 1)



For Ongoing Attention:



establish a moored ice-profiling sonar program for measuring ice thickness in Hudson Bay and over the Labrador Shelf (see "Thickness of Seasonal and Perennial Ice", Appendix 1)



�For Future Emphasis:



Monitoring of the flux of sea ice (and freshwater) through the Canadian Arctic Archipelago (see "Oceanic Fluxes through the Canadian Arctic Archipelago", Appendix 1)



Development multiple sensor techniques to extract ice thickness from optical and microwave satellite systems. Coupled with sea ice extent, this would provide a first-order monitoring capability for ice volumes.



4.3 Icebergs



GCOS Requirements



None indicated - existing IIP data not suitable for long-term monitoring as data are affected by changes in technology.  



Canadian Activities



Iceberg surveillance along the East Coast is primarily accomplished by means of aircraft reconnaissance (CIS in cooperation with the International Ice Patrol).  CIS maintains an iceberg monitoring system called BAPS (Berg Analysis and Prediction System).  Daily charts of iceberg numbers, locations, and type are produced.  Ice bergs can be seen regularly in RADARSAT data and this imagery could be used to regularly incorporate these observations into the BAPS system.



This data is archived on Climate Information Data Archive System (CIDAS) in chart form and as raw berg reports.  Historically, iceberg data have been collected since 1912 and annual summaries (Ketchen, 1977) and seasonal frequency maps are available.  This database suffers from an extreme technology bias over the years as methods of iceberg detection improved.



Marko et al. (1994) provided evidence for a link between iceberg severity in the north Atlantic and sea ice conditions in Baffin Bay - heavy sea ice extent associated with reduced iceberg deterioration from reduced wave erosion, colder surface water temperatures.  



RECOMMENDATIONS



No recommendations.



�4.4 Sea Ice Motion



GCOS Requirements



Determination of ice motion fields, which are the surface velocity for ice-covered oceans on a routine basis.  

�

Canadian Activities



The International Arctic Buoy Program (IABP) maintains a record of sea ice motion at about 30 buoy locations over the Arctic Ocean.  Canada participates in the IABP and until recently chaired the executive committee.  These buoys are deployed in the Arctic Basin and rarely pass through the Arctic Islands into Baffin Bay.  There is occasional monitoring of sea ice motion over regions of Canada using marker buoys.  This is usually associated with research field campaigns ( for example the North Open Water and the Labrador Sea Ice experiment - see Table 2 below).  



Estimation of ice motion using satellite data is well suited to regular satellite observations.  Both SSM/I and RADARSAT estimations of sea ice motion over large ice covered areas has been demonstrated using CIS tracker software.  The application of SSM/I data to estimate large scale sea ice motion over the Arctic and Antarctic is particularly important because of the long record of passive microwave data (Agnew et al., 1997).  Using RADARSAT images pairs, detailed sea ice motion products can be produced on a regular basis over Canadian regions 



Ice motion is being measured using Doppler sonar at specific locations in the Beaufort Sea, in association with ice-draft measurements by ice-profiling sonar. Continuous time series have been acquired since 1990 at two sites over the continental shelf.



�RECOMMENDATIONS (Sea Ice Motion)



For Immediate Action:



none



For Ongoing Attention:



Establish a stable "climate funding" component for Canadian participation in the International Arctic Buoy Program



complete the processing of the historic record of passive microwave data for the Arctic Basin, Canadian Islands and East Coast to extract large scale sea ice motion fields.  



For Future Emphasis:



Produce an operational sea ice motion product derived from RADARSAT data for Canadian waters, with emphasis on ice drift through the Canadian Arctic Islands, Baffin Bay and the Labrador Sea. 



�5.  USE OF REMOTELY SENSED DATA



GCOS requirements



1.  Monitoring of the extent and concentration of sea ice using both passive and active microwave sensors globally and synthetic aperture radar in specific regions.  

 

2.   Determination of ice velocity fields from SAR/AVHRR and buoys on a routine basis as required to improve dynamic ice models and to provide forcing of the ice-covered ocean in ocean models.  



3.  Improvement of the utilization of satellite data in automated analyses and the incorporation of fractional ice cover and ice dynamics into global circulation models.



4.  The improvement of algorithms for estimating global sea ice concentrations from passive microwave sensors by using data assimilation techniques and comparison to sensors with higher spatial resolution.



5.  Research to enable estimation of the spatial fields of surface albedo from satellite sensors on a regular basis.



As indicated earlier, CIS makes use of a mix of active and passive microwave sensors, and optical sensors for sea ice monitoring. In addition, CIS employs a Dash-7 with an onboard side looking radar (SLAR) and has employed other aircraft in the past outfitted with Synthetic Aperture Radar (SAR) systems.  The most used sensor is RADARSAT which can provide complete and comprehensive coverage of sea ice over Canadian waters.  It is also used to provide a regular weekly “snapshot” of the Arctic Basin which is done by the Alaska SAR Facility.  As well, the first ever complete mapping of the Antarctic continent was acquired in 1997 using RADARSAT and this will be repeated next year.  



Research under the CRYSYS program has led to the development of a large sale sea ice motion data base over the Arctic Ocean using the 12 year record of SSM/I data (Agnew et al., 1997) as well as the study of extreme sea ice - atmosphere - ocean interaction events using a selection of satellite sensors of different resolutions and spectral range (Agnew et al., 1999).  



Environment Canada archives some of these satellite data set such as brightness temperature from SSMI sensors and ice concentration data using the AES/York algorithm at the Canadian Meteorological Centre in Dorval.  NOAA AVHRR satellite data is archived by the Meteorological Research Branch of AES.  As well, aircraft SLAR and SAR imagery is archived at CIS. 



Canada also leads and participates in field campaigns to calibration/validation of space based observations with in situ observations.  These are listed in Table 2. A detailed discussion of remote sensing requirements and capabilities for sea ice monitoring is provided in the EOS Science Implementation plan for the Cryosphere (Goodison et al., 1998). 



Future Systems: RADARSAT-2 is expected to be launched in 2001 and will have new beam modes of operation with higher resolution and both left and right looking swaths.  However, RADARSAT II will not have a global low resolution monitoring mode such as ENVISAT/ASAR.  In the planning for RADARSAT III a proposal for a low resolution global monitoring mode should be proposed as a contribution to climate change monitoring.  There is also considerable interest in using the synergy between different sensors in the optical and microwave to come up with better estimates of thin ice, young ice, first year and mutiyear ice. Upcoming satellite systems such as ENVISAT-1 (especially ASAR, AATSR and MERIS), and MODIS and ASTER on EOS AM 1 and AMSR and MODIS on EOS PM1 would provide an excellent opportunity to develop these techniques.  Coupled with sea ice extent, this would provide a first-order monitoring capability for ice volume.



RECOMMENDATIONS (remote sensing)



Development of a plan for regular and comprehensive monitoring of sea ice motion using RADARSAT for all Canadian waters to fulfill GCOS requirements.



Develop a plan to combine global low resolution monitoring mode ENVISAT/ASAR with RADARSAT I and II data to provide continuous coverage in space and time of sea ice over Canada.



RADARSAT III should have a low resolution environmental monitoring mode when not in service.  This should be proposed to RADARSAT III planning committee as a contribution to global environmental monitoring.



6.  USE OF MODELS 



GCOS requirements



Improvement of the utilization of satellite data in automated analyses and the incorporation of fractional ice cover and ice dynamics into global circulation models.



Sea ice dynamic/thermodynamic models have the potential to estimate quantities not directly observable, such as age and ridged ice volume fraction. When run in 'data assimilation' mode (much as atmospheric general circulation models are during the so-called 'analysis' phase of the forecast cycle), such models can produce estimates of various sea ice quantities in a manner consistent with both observed variables which are assimilated and model physics driven by observed forcing.  In this way models can be used to augment traditional observations. 



Models can also be combined with measured data to help understand sea ice climate processes.  A recent evaluation of a 1-D sea ice model (Flato and Brown, 1996) using hourly observations found that hourly radiation forcing improved that accuracy of the timing of freeze-up/break-up.   



Canadian Activities



The Climate Modeling and Analysis Division of Environment Canada has the responsibility for leading the development of Canada’s next generation Global Climate Model.  An important component of that model is the sea ice modeling effort lead by Dr. Greg Flato.  Dr. Greg Flato is also the Canadian investigator in the international sea ice model intercomparison study (SIMIP) of the WCRP.  



Sea ice modeling activities of other agencies/universities include the McGill University (Dr. L. Mysak) and University of Manitoba involved in incorporation of satellite remotely sensed data in sea ice models.  

  

Other modeling work involves combines models with measured data to help understand sea ice climate processes.  A recent evaluation of a 1-D sea ice model (Flato and Brown, 1996) using hourly observations found that hourly radiation forcing improved that accuracy of the timing of freeze-up/break-up.   

 

�RECOMMENDATIONS (Models)



none to date…



7.  DATA ARCHIVE/RETRIEVAL



GCOS requirements



Provide a regular transfer of data to the World Climate Data Centres especially WDC-A for glaciology. 



Canadian Activities



Canadian Ice Service is the custodian of the Canadian Ice Archive.  This archive is housed in 3 places: a) “on-line” through the Climate Ice Data Archive (CIDAS); b) “off-line” in the CIS Archive and c) “off-site”, at Federal records and National Archives.  There is also a regular transfer of data to the WDC-A at Boulder, Co.  CIDAS archives all non-image incoming data and all outgoing products produce by CIS.  It does not keep satellite images but all aircraft images are stored on exabyte tapes and kept in the Canadian Ice Archive.  A new webpage interfaces is being developed for some of CIDAS data which is available outside the firewall. 



Canadian sea ice atlases are also being updated for the East Coast and Gulf and will be available on the web when finished.  Environment Canada also maintains an archive of SSM/I brightness temperature data and ice concentration products which extends back to 1996.    



Data quality Issues and problems



There are data gaps in the sea ice monitoring program due to the seasonal nature of CIS operations.  The parameters listed in Table 1 on sea ice show temporal gaps in the data due to these operational aspects of EC’s program.  Also changes in observing and reporting procedures occur for example change to WMO codes in 1982.  Measurements of snow depth on sea ice is a very important climate parameter but information on this is lacking.  Over the years technological improvements from land and ship observations to aircraft SLAR to satellite have introduced a technological bias in reporting.  For example historical ice charts mainly ice edge/extent with satellites estimates of conditions within the ice pack are now routine.  



8. RECOMMENDED PRIORITY ACTION ITEMS



2-yr Action Items:



Sea Ice Concentration/Extent



Complete digitization of regional weekly composite ice charts as part of CIS climate monitoring responsibility ($100K/yr - currently supported through A-base and PERD funding)

Re-shape the monitoring philosophy of the CIS to include climate monitoring as a co-client of navigation, expanding temporal/regional coverage and augmenting the parameter set to include climate relevant ice and ocean surface parameters ($120K/yr for additional RADARSAT imagery). 

Recommend that RADARSAT III have a low resolution environmental monitoring mode when not in service as a contribution to GCOS global environmental monitoring (no cost)



Sea Ice Motion



Establish a stable "climate funding" component for Canadian participation in the International Arctic Buoy Program ($105K/yr)

Complete the processing of the historic record of passive microwave data for the Arctic Basin, Canadian Islands and East Coast to extract large scale sea ice motion fields ($75K/yr  - funded presently through A-base and PERD)

Produce an operational sea ice motion product derived from RADARSAT data for Canadian waters, with emphasis on ice drift through the Canadian Arctic Islands, Baffin Bay and the Labrador Sea ($25K).



Sea Ice Thickness



Determine the key reference stations in Canada for in situ ice thickness monitoring, and commit to long-term funding.

Evaluate potential additional IPS mooring locations in the Canadian Archipelago.

Provide stable funding for a moored ice-profiling sonar program for measuring ice thickness in the Beaufort Sea ($175K/yr)

Establish a moored ice-profiling sonar program for measuring ice thickness in Hudson Bay and over the Labrador Shelf (~$100K/yr per mooring)



2 to 10 year Action Items:



Sea Ice Concentration/Extent



Continue to monitor sea ice at CIS for climate monitoring needs (120K/yr for additional RADARSAT imagery). 

Continue to develop automated procedures at CIS to estimate ice geophysical parameters from RADARSAT ($100K/yr)

Ongoing digitization of CIS regional ice charts ($50K/yr)

Develop a plan to combine global low resolution monitoring mode ENVISAT/ASAR with RADARSAT I and II data to provide continuous coverage in space and time of sea ice over Canada ($25K)



Sea Ice Motion



Maintain a stable "climate funding" component for Canadian participation in the International Arctic Buoy Program ($105K/yr)

Continue satellite monitoring of ice motion, with a particular focus on the Canadian Archipelago and East Coast.



Sea Ice Thickness



Continue monitoring ice thickness at reference stations and at IPS moorings.

Investigate indirect methods of combining multiple remote-sensing products and physically-based models to infer ice thickness.
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List of Acronyms



ACSYS 		Arctic Climate System Study

AVHRR       	Advanced Very High Resolution Radiometer

CEOS         		Committee on Earth Observation Satellites

CLIVAR      		Climate Variability and Predictability (WCRP)

CIS             		Canadian Ice Service

DAAC        		Distributed Active Archive Centre

ENVISAT    		Environmental Satellite (ESA)

EOS            	Earth Observing System (NASA)

ESA		European Space Agnecy

GCOS         	Global Climate Observing System

GOOS         	Global Ocean Observing System

GOOS-IOS  	GOOS Initial Observing System

IABP            	International Arctic Buoy Program

IOS              	Initial Operational System

OOPC          	Ocean Observations Panel for Climate (GCOS)

OOSDP       	Ocean Observation System Development Panel

SSM/I           	Special Sensor Microwave/Imager

WCP            	World Climate Programme

WCRP      	  	World Climate Research Programme

WDC             	World Data Centre

WMO             	World Meteorological Organization

�Table 1.  Canadian Sea Ice Chart Archive

��Collection�Description�Years of data and frequency�Years Digitized�Archive Format��Weekly Regional (composite) ice charts�Prepared on a weekly basis for some regions 2 to 3 charts per week were prepared in older years

Canadian East Coast



Hudson Bay



Eastern Arctic and Western Arctic 

Great Lakes�





1968 to present 7d (Dec-July)

1971 to present 7d (June - Nov) 30d(Dec-May)

1968 to present 7d (June-Nov) 30d(Dec-May)

1969 to present 7d(Dec-May)�





1968 to 1998



1971 to 1998



1968 to 1998



1969 to 1994�









all in digitized Arcinfo format







��Historical Ice Charts�Special collection of charts prepared for historical dates (one week apart). Charts have been QC’d and used for the production of Ice Atlases

N. of 65 N



East Coast, Hudson Bay, Foxe Basin�









1959 to 1974 7d (May-Oct)

1959 to 1974 7d (Dec-May) �1959 to 1974�grid point database of about 2000 points prepared by manual extraction of concentration, and floe size from the charts.  This data base was later extended to1983 using regional charts ��Daily Analysis Charts�prepared during shipping season for various regions�1956 to present����Observation charts�Based on visual and instrument observations from CIS Ice Reconnaissance aircraft�1956 to present����

�

Table 2  - Fisheries and Oceans  and other Agency/University Activities that collect sea ice time series data for research:



Institute�Region�Activities/parameters�Data management�Accessibility��DFO/IOS

PI- S. Prinsenberg, A. Clarke�East Coast�sea ice conc., age, thickness, ice motion

Remote sensing ground truth for satellite sensors

ice dynamics thermodynamics�good - published data available and several sci. papers,gridded electronic data base exists�fair to good

as requested basis no online access��DFO/IOS 

PI  is Dr. H. Melling�Beaufort Sea�sea ice thickness distribution and history, Remote sensing, ice motion�good - published data available and several sci. papers�fair to good

as requested basis��U. of Manitoba and U. of Waterloo

D. Barber, E. LeDrew�Resolute/Can. Arch Islands 

SIMMS/ICES�Climate/cryosphere research: sea ice conc., age, thickness,

Remote sensing ground truth for satellite sensors, ice dynamics thermodynamics�good - published data available and several sci. papers�fair to good

as requested basis��National Research Council, St. John’s, Nfld.    B. Hill�East Coast�historical sea ice chart reconstruction�estimated sea ice extent for Jan, Feb, Mar back to 1810.�Available on a request basis��U. of Manitoba

D. Barber�Baffin Bay - North Open Water�Climate/cryosphere research:  sea ice motion��fair to good

as requested basis CD-ROM is available ��DFO/ Maurice Lamontagne Inst., Mont Joli PI - Jean-Claude Therriault�St. Lawrence Sea Ice/Climate  Studies�����DFO/ Maurice Lamontagne Inst., Mont Joli PI - Pierre Larouche�Hudson Bay east side near Kuujjuarapik�����EC/AES 

PI - Canadian component is G. Issac�First ISCIP Regional Experiment (FIRE) is part of SHEBA�radiation/cloud over sea ice and role of Arctic clouds and impact climate

- moisture source is linked to leads over sea ice as a moisture source�April to July 1988

�NASA archive being generated 

-still being assembled��APPENDIX 1:  Proposed Canadian Enhancements to GCOS for Monitoring Sea Ice

Ocean Surface Properties

Signal	Regional ice characteristics and sea-surface temperature observed via satellite, with an emphasis on climatic, as distinct from navigational, issues

Context	The characteristics of Arctic surface waters (salinity, temperature, stratification, surface fluxes of heat, freshwater and momentum) are strongly coupled to the presence and character (perennial/seasonal, mobile/fast, freezing/melting) of pack ice

Canadian need	Change in pack ice with changing climate will have direct impacts on the physical characteristics of surface waters within the Canadian EEZ, and on the extent and quality of habitat for ice-associated marine organisms

Present observing system	Operational ice reconnaissance using AVHRR, SSM/I and Radarsat in support of navigation. Also Radarsat Geophysical Processor System of the Alaska SAR Facility

Elements to be added	Analysis and interpretation of available imagery and operational products to monitor variables pertinent to DFO mandate within the EEZ, namely: boundaries of perennial pack ice, of ice-free area and of fast ice; dates of ice-surface melt, of ice-surface re-freezing and of first new ice; and temperature of the ice-free sea surface

Regions to be monitored	 Beaufort, Archipelago, Baffin, Hudson, Labrador

Continues time series?	Yes. The CIS has a collection of operational ice charts dating back to the 1960’s. Digital AVHRR imagery has been accumulating in DFO labs since the early 1980’s. Microwave imagery (SMMR & SSM/I) since 1979 is readily available 

Technology exists?	Yes. Collection of imagery is routine for operational ice analysis in the areas for monitoring. Ice edges and surface melting are clear in imagery. The Radarsat GPS generates a variety of useful products. 

	Image processing techniques are appropriate for semi-automated extraction of variables of interest

Cost versus benefit	Medium. Observations are acquired by other agencies, but labor costs for image analysis and interpretation are high. Benefit is high

Application of observations	Change in seasonally ice-free waters in the Canadian Arctic

	Application to the assessment of the impacts of climate change on Arctic coastal waters with respect to primary productivity, habitat, wave climate, storm surge, seafloor sediment stability and coastal erosion

	Implications for coastal erosion and seafloor stability follow from change in fetch and SST with climate change, via wave and surge modeling 

Relevance	The severity of ice conditions have impact on industrial development and shipping in the North. These aspects of the ice climate also influence marine life at all levels in the food chain (plankton ( Inuit).

	Communities on the Beaufort and western Hudson Bay coasts are susceptible to storm surge and coastal retreat, which may become more severe in a warming climate. Wave climate and sediment stability are of concern to offshore oil development. 

Thickness of Seasonal and Perennial Ice 

Signal	Continuous Eulerian observation of the draft of pack ice by moored sonar, and occasional draft transects acquired by sonar on nuclear submarines

Context	The average thickness of Arctic sea ice is an important variable of global climate,  both as indicator and mechanism. Half of the ice cover of the northern hemisphere is seasonal, and half perennial. The development and decay of seasonal ice have a strong effect on the coastal ocean, strongly linked to climate through albedo feedback. Progressive change in seasonal pack ice will be an early indicator of climate change in the Arctic. 

Canadian need	Change in the thickness of seasonal and perennial pack ice that borders the Canadian Arctic coast will undoubtedly effect the climate of northern Canada and the marine activities of Canadians and others in this area. Seasonal ice is the ecologically rich component of the Arctic pack, and essential to the livelihood of Arctic marine mammals

Present observing system	Observations of ice draft are acquired via ice-profiling sonar moored at the sea floor. Natural drift permits the measurement of draft across several thousand kilometers of pack ice annually. A time series that documents the seasonal freeze-melt cycle and changing attributes of perennial ice is acquired. Observations are made at present only in the Beaufort Sea

Elements to be added	Moored ice-profiling sonar to monitor seasonal ice in four sea-ice zones in the Canadian offshore. Because of extensive fast ice, the technique is not optimal for use in the Canadian Arctic Archipelago  

Regions to be monitored	Beaufort (continue time series), Baffin, Hudson, Labrador

Continues time series?	In the Beaufort Sea, yes. Ice-draft observations have been acquired here since 1990

Technology exists?	Yes. An ice-profiling sonar was developed in Canada in 1989, and has been used extensively in Canadian and Russian coastal seas. A reliable capability for the deployment and retrieval of oceanographic moorings in ice-covered waters has been developed by Canadian scientists and used successfully for 15 years.

Cost versus benefit	Moderate. Labor and logistic costs are high. Requires expert knowledge. Benefit is high

Application of observations	Change in the thickness of the seasonal and perennial ice of the Canadian Arctic 

	Application to the assessment of the sea-ice component of models used for climate prediction

	Application to the assessment of the impacts of climate change on pack ice in Canadian Arctic waters

Relevance	Seasonal pack ice is the climatically sensitive component of Arctic ice, responding on an annual time scale to changes in forcing. Perennial represents the integrated effect of dynamic and thermodynamic forcing over decades.

	The varying flux of sea ice down the Labrador coast has impact upon stratification in the Labrador Sea, and on the formation of deep water

Cross Reference	ACSYS, CLIVAR, CLIC: change in Arctic sea ice 

Oceanic Fluxes through the Canadian Arctic Archipelago 

Signal	Eulerian observations of the flux of heat and freshwater via ice drift and oceanic flow through the three principal pathways connecting the Arctic Ocean to Baffin Bay 

Context	The flux of Arctic surface water through the Canadian Arctic Archipelago is comparable to that flowing out of the Arctic in the East Greenland Current. The flux of ice is smaller, but not insignificant. The oceanic flux is withdrawn from the cold Arctic halocline, and deposited at the surface of the Labrador Sea

Canadian need	Change in the temperature and stratification of the halocline of the Canada Basin affect the character of sea ice in the Canadian Arctic. Changes in the stratification of the Labrador Sea influence the occurrence of deep convection

Present observing system	None. 

Elements to be added	Moored instrumentation to measure continuously the vertical profiles of current, temperature and salinity within the water column, and the drift and thickness of pack ice, across the full width of the selected cross-sections  

Regions to be monitored	Barrow Strait, Cardigan Strait/Hell Gate, Kennedy Channel

Continues time series?	No. Attempts to estimate these fluxes from observations were made in the early 1960’s, in the early 1980’s and at present

Technology exists?	Probably not. Approximately half of the freshwater flux is carried by ice, and half of the remainder is carried by low salinity flow within 30 m of the surface, where ice hazard to moored instrumentation is severe

Cost versus benefit	High. Instrumentation, labour and logistic costs are high. Requires expert knowledge and high technology. Benefit is high

Application of observations	Important monitor of exchanges between ocean basins, for detection Arctic change and understanding of its mechanics

	Application to the assessment of ocean  models used for climate prediction

Relevance	Flows between ocean basins impose a variable modulation of climate processes within the receiving basin

Cross Reference	ACSYS, CLIVAR, CLIC: change in Arctic sea ice





�

Figure 3.   Locations for monitoring oceanic fluxes through the Canadian Arctic Archipelago, ice thickness, ice current drift buoys, sea level and shelf hydrography
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