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1. INTRODUCTION





Conventional ground-based observations of the dates of lake and river freeze-up/break-up are well correlated with air temperature during the transition seasons. As a change indicator, freeze/break-up dates change by approximately 4-7 days for every degree (Celsius) change in air temperature.  Lake ice coverage can be effectively monitored with “all-weather” radar and passive microwave satellites.  Some success has also been obtained in the determination of break-up dates using NOAA AVHRR and GOES imagery, but cloud cover is a limitation. Given the wide distribution of lakes across Canada, this provides a mechanism for climate monitoring over large data sparse regions of the country.  In addition, the ability to monitor changes in lake and river ice cover is important because of the ecological effects on freshwater systems and economic implications for ice road transportation. Because inflow (and human) effects are generally more significant in rivers than lakes, data on river ice are less useful as climate indicators than are data on lake ice (Walsh, 1995)





2. GCOS REQUIREMENTS





The GTOS plan identified freeze-up and break-up dates to an accuracy of  +/- 1-2 days, plus the date of complete lake freeze-up/break-up as the key lake ice parameters to monitor (see ANNEX 2).





GCOS Required Actions: 


A central archive or several regional archives (e.g., North America, Northern Europe, the Russian Federation, South America, Himalayas) are needed;


A comparison of conventional methods with satellite-derived time series is needed;


A compilation of existing records is needed so that a long-term set of "GCOS" lakes can be selected.





3.  CANADIAN FRESHWATER ICE - IN SITU MONITORING ACTIVITIES





A database of Canadian lake ice conditions is maintained by the Atmospheric Environment Service of Environment Canada.  The database for lake, river and coastal sea ice sites 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. The four standard observed ice condition dates are first permanent ice (FPI), complete freeze over (CFO), first deterioration of ice (FDI), and water clear of ice (WCI) (Skinner, 1992).  CFO and WCI are the two main series used as these have been found to contain the least noise. There are 250 lakes in the database, with observations extending as far back as the 1940s.  In 1992 W. Skinner (AES Climate Research Branch) determined there were 29 lakes with sufficiently long and complete records for climate monitoring purposes.  Recent budget cutbacks has reduced the number of active sites considerably - a recent check (Feb. 17, 1999) revealed that only about 12 sites had submitted freeze-up reports for the 1998/1999 season.  All the data up to 1994 was organized into an MS Access database by W. Skinner.  Reports since 1994 have been kept on file for future entry into a digital archive.  





The Canadian Ice Service, Environment Canada, maintains a second database of lake, river and sea ice characteristics as part of the National Ice Archive.  The key variables in this database are ice thickness and on-ice snow depth, but dates of freeze-up and break-up are also recorded.  The earliest observations, dating back as far as 1947, come from Arctic sites.  Some sites are managed by the AES, but the majority are managed by other organizations such as the St. Lawrence Seaway Authority. In its entirety, there are 195 sites in the database, but only about 25 of them are lake sites, and fewer than ten of those are presently active (J. Anderson, 1998, SOE).  A digital database of these data is routinely maintained and updated by CIS.  A recent attempt to use these data in the validation of a 1-D sea ice model (Flato and Brown, 1996) was complicated by high noise levels (manually observations of freeze-up/break-up are inherently qualitative) and frequent missing data (probably years with no break-up but not indicated in the database).





The only regular river ice monitoring that is conducted in Canada is part of the Water Survey of Canada (WSC) hydrometric program where limited ice information is collected. There is a strong scientific rationale for expanding this program given the potential effects of climate on such items as the frequency and severity of extreme events (ice-jam floods) plus associated impacts on infrastructure and riparian ecosystems, and the export of flow to the Arctic Ocean (problems of flow calculation/measurement, particularly during the dynamic ice periods).  A number of reports and assessments have been prepared which contain proposed changes to the river-ice observing program e.g. Prowse (1985) and Beltaos et al. (1990). T. Prowse, NHRI, 9/02/99





While numerous studies have used the Canadian freeze-up/break-up data to demonstrate relationships to temperature and other climatic variables (e.g. Da Silva, 1985; Anderson, 1987; Skinner, 1992), in situ data alone are not considered suitable for a Canadian lake ice monitoring program. The in situ data are subjective and it is difficult to determine their accuracy and homogeneity.  Because of this, Skinner (1992, p. 44) concluded that surface-based observations of lake ice conditions can only be used as the initial ground truth "for the more spatially and temporally consistent satellite monitoring of lake freeze-up and break-up and lake surface temperatures".  However, in situ data are important for validation of lake ice models, and satellite algorithms, particularly those sites with long term data which overlap the satellite record and which are being used to validate satellite methods e.g. the Back Bay site on Great Slave Lake.





4.  POTENTIAL FOR REMOTELY SENSED DATA





Use of SSM/I for near real-time monitoring of lake freeze-up and break-up, Climate Processes and Earth Observation Division, AES





Research conducted by Climate Research Branch as part of the CRYSYS project has led to the development of the capability to monitor lake ice freeze-up and break-up over Great Slave Lake and Great Bear Lake in northern Canada using SSM/I passive microwave satellite data. SSM/I 85 GHz brightness temperatures (12.5 km spatial resolution), acquired in near real-time through CMC, are contoured over the lakes to provide spatial information on ice and open water coverage.  A time series (1987 to present) of freeze-up and break-up images has been compiled for the 2 lakes using a gridded historical SSM/I brightness temperature product (EASE-Grid) generated and distributed by the U.S. National Snow and Ice Data Center (Figure 1).  This time series is being used to investigate and document the spatial and temporal variability of ice cover growth and decay over these northern lakes.  The Great Slave Lake time series is also being compared to conventional shore-based ice freeze-up and break-up observations to examine differences and relationships between the remote sensing and conventional data sources for timing of complete freeze-over and ice-free conditions.  The satellite data have an advantage of providing information for the entire body of the lake, while shore-based observations are representative of near-shore conditions.  The lake ice data derived from SMM/I are being used to validate lake ice models and are being provided to GEWEX/MAGS investigators to assist in understanding and modelling regional energy and water exchanges e.g. sensible and latent heat fluxes over lakes.





The data series derived from passive microwave are particularly relevant for GCOS climate monitoring objectives as continuity of the SSM/I data stream is built into future operational satellites, and in light of the loss of in situ data from station closures, automation and curtailment of ancillary climate observations. The resolution of SSM/I 85 GHz brightness temperature data limits this approach to large lakes.  However, this is still useful for climate monitoring purposes. AMSR (Advanced Microwave Scanning Radiometer), scheduled for launch on EOS PM-1 and ADEOS-II, will provide higher spatial resolution and extension of ice monitoring to smaller lakes.
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Figure 1:  Time series of ice freeze-up and break-up dates for Great Slave Lake as derived from SSM/I 85 GHz passive microwave satellite and compared with conventional shore-based observations.  The difference in timing between the two information sources reflects the fact that the SSM/I is viewing the entire lake, while the shore-based observations reflect ice conditions in a small inland bay. Source: A. Walker (AES).
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(2) Canadian Ice Service Lake Ice Monitoring Program





In 1995 the Canadian Ice Service (CIS ) began a program of monitoring ice extent on small lakes using NOAA AVHRR and RADARSAT imagery in support of Canadian Meteorological Centre (CMC) needs for lake ice coverage in numerical weather models. Once a week (generally on Friday), an ice analyst at CIS determines the amount of ice on each lake by visual inspection of AVHRR and RADARSAT imagery. The final product is sent to CMC as a text file showing the amount of ice in tenths on each lake. The program  started in November 1995 with 34 lakes and had increased to 118 lakes by the end of 1998. Routine monitoring of ice coverage on small lakes is only possible with high resolution RADARSAT data (100 m resolution).  This is costly for CIS and the current lake ice monitoring program is limited to roughly 200 frames a year. 





Data accuracy depends on the amount of cloud cover over a particular lake (NOAA AVHRR imagery is weather dependent) and the frequency of RADARSAT coverage.  Some areas can be cloud covered for weeks at a time and in these cases, an estimate of ice cover is given based on the ice cover on other lakes and the evolution of temperatures in the vicinity of obscured lakes.  RADARSAT data (mostly ScanSar Wide from RADARSAT-1 at 100m resolution ) are also not without limitations.  Lake ice is smoother than sea ice, and at times the lack of features on small lakes makes the ice difficult to see.  However, RADARSAT provides very good imagery for big lakes such as Great Bear Lake, Great Slave Lake and Lake Athabasca (which can also be mapped with passive microwave data).  Lack of ground truth data is sometimes a problem, and accurate mapping of  lake ice concentration is difficult when ice concentration varies on a less than weekly basis e.g. when ice is thin and sensitive to wind action. A lake is not analyzed as completely open or frozen until there is data supporting it.





(3) Other Remote Sensing Activities





A collaborative research project involving Laval University (Duguay - PI), AES (Flato, Walker), CCRS (Pultz) and McMaster U. (Rouse) is working to develop an operational method for mapping freeze-up and break-up dates over large areas of Canada using SAR (ASAR Global Monitoring Mode) and optical (AATSR) data from the ENVISAT satellite.  The project proposal was accepted for funding by ESA in early 1999.  The advantage of ENVISAT is the 1-km resolution coverage with repeat coverage every 2-3 days.  The project will also involve the development and validation of a lake ice model based on the 1-D thermodynamic model of Flato, and comparisons with lake ice coverage over Great Slave Lake derived with 85 GH-hz SSM/I data.





N. Bussières and D. Verseghy (Climate Research Branch) used NOAA AVHRR thermal IR data to estimate water surface temperature over 134 water bodies (area larger than 100 km2) in Alberta and Manitoba. Independent aircraft data were used to confirm the validity of the AVHRR-based temperature estimates.  By monitoring the seasonal temperature cycle, the break-up date was able to be identified.  The derived data was used to determine lake boundary conditions for the Canadian Land Surface Scheme (CLASS).





5. RECOMMENDATIONS





For Immediate Action:





Determine which sites with in situ data best support GCOS objectives for a long-term global lake ice monitoring network and commit to maintain a data collection program at these sites (data will be used in Canada for validating and developing satellite-based methods). 


Consolidate responsibility for data management in one place - the current split of data between Downsview and CIS is not optimal


Commit to provide Canadian Cryopsheric Information network and GCOS with historical data for these sites


Commit to provide GCOS with annual updates of freeze-up/break-up information at these sites





For Ongoing Attention:





Continue to support a remote sensing based lake ice monitoring program such as the program currently being run at CIS


Continue to support through the CRYSYS project the development of remotely sensed methods for monitoring lake ice


Encourage studies to inter-compare and inter-relate in situ, satellite-derived and model-generated information to ensure consistency and continuity of lake freeze-up/break-up information 





For Future Emphasis:





Take advantage of future satellite missions (EOS AM-1/PM-1, ENVISAT, etc.) to improve monitoring capabilities of freeze-up and break-up dates and lengthen satellite time series


Use in situ and remotely-sensed derived freeze-up/break-up dates from ‘target lakes’ across Canada for the validation and improvement of numerical ice models





6.  PRIORITY ACTION ITEMS





2-yr Action Items:





Determine which sites with in situ data best support GCOS objectives for a long-term global lake ice monitoring network and commit to maintain a data collection program at these sites (note: these data are also needed for validating and developing satellite-based methods). 


Consolidate responsibility for archiving Canadian FU/BU in situ data in one place; make data available to the international research community; and commit to provide annual updates ($40K)


Analyze the existing FU/BU data to provide an up-to-date picture of variability and change at the Canadian GCOS sites determined in (1) above, and develop a Lake Ice webpage for inclusion in the CRYSYS “State of the Canadian Cryosphere” website ($20K)


Rationalize target lakes suitable for climate monitoring using Radarsat data; augment the use of RADARSAT data in the CIS lake ice monitoring program to provide data and products for climate monitoring ($90K/yr)


Carry out a project to evaluate the contribution of microwave-based lake ice monitoring to global climate observing, and to determine a methodology for relating in situ, satellite-derived and model-generated information ($60K).





2-10 Year Action Items:





Continue producing, archiving and distributing NH lake FU/BU  information based on available  data from RADARSAT (and its follow-on) and in-situ data ($140K/yr).


Continue to produce, archive and distribute FU/BU information for larger NH lakes based on passive microwave data (20K/yr)


Take advantage of future satellite missions to improve monitoring capabilities, to provide continuing evaluation of data quality ($50K/yr)


Use data for evaluation and improvement of numerical forecast and climate models, climate change impact studies, and other applications ($30K/yr)
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