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1. EXECUTIVE SUMMARY

The Global Climate Observing System (GCOS) was initiated in response to the realization that the global climate observing infrastructure was inadequate to meet needs for climate change detection and model validation.  The situation worsened during the 1990s with ongoing reductions in observing networks.  Canadian northern networks were particularly hard hit during this period of fiscal restraint.  The ability to monitor change and variability in the cryosphere (snow, sea ice, freshwater ice, permafrost, glaciers and ice caps) is essential in Canada where the cryosphere is one of the most important features of the physical and biological environment, and where the response of the cryosphere to climate warming will have major socio-economic and ecological impacts.

This report represents an attempt to develop a comprehensive observing strategy for cryospheric monitoring that allows Canada to meet GCOS international obligations as well as domestic needs for information on the cryosphere.  This report is based on several workshops and extensive consultation with the Canadian cryosphere community.  The main objectives of this process were to: document current observing capabilities, identify the critical gaps, examine ways to fill these gaps (e.g. potential for remote sensing), identify problems related to data quality control and management, and finally to develop a plan (and budget) of what needs to be done.  The recommendations amount to a substantially increased investment in cryospheric monitoring in Canada in the order of $4M/yr.  Some of the key recommendations contained in this report have already been implemented under the Government of Canada Action Plan on Climate Change (hereafter reference as Action Plan 2000) to improve climate monitoring capability in the Canadian Arctic.

There are numerous recommendations and action items that came out of the various workshops. The following crosscutting themes encapsulate the main recommendations for all elements of the cryosphere:

1. Network Optimization – Many of the cryospheric observing systems in Canada developed in response to needs other than climate monitoring, and contain gaps in areas with important spatial gradients e.g. western cordillera, Canadian Arctic Archipelago. The identification of key gaps, their prioritization, and the development of approaches to fill these gaps are major on-going activities for all components of the cryosphere.  The building of data collection partnerships between data collection agencies will help fill some gaps.

2. Remote Sensing – The effective use of remotely sensed information is essential in Canada given the spatial coverage of existing in situ networks which tend to be biased toward southern populated areas.  In some areas (e.g. lake ice, glaciers), remotely sensed information will play a major role in future monitoring activities. In others, such as snow water equivalent (SWE), an ongoing R&D effort is required to develop reliable algorithms for use across a range of different land cover types, and future all-weather mapping of SWE over mountainous areas requires increased satellite resolution. Key issues related to the application of remote sensing to climate monitoring in Canada are the continued collection of high quality in situ data sets for algorithm development, and the development of techniques and approaches to merge in situ and satellite-derived information to provide homogeneous time-series to characterize cryospheric variability and change. 

3. Data and Information – quality control, archiving and access to timely data are key concerns in light of the distributed nature of Canadian cryospheric data collections.  There is an urgent need to develop accurate, digital metadata for many of the cryospheric databases, and to rescue hard copy archives.  Access to timely, relevant information on cryospheric change and variability in Canada is also important to demonstrate the relevance of the data collection efforts.  The virtual data node concept offered by the Canadian Cryospheric Network (CCIN) is seen as a useful approach to bring the various  cryospheric databases online in a consistent query and analysis framework.

4. Institutional Mandates – Several of the groups involved in monitoring the cryosphere in Canada do so as a by-product of other programs, or support monitoring efforts through soft money.  The recognition of climate monitoring as a core-funded activity is essential to provide resources for ongoing monitoring. 

While Canada has important work to do to build its national cryospheric monitoring capabilities, there are a number of areas where Canada is currently making important contributions to GCOS.  These include: permafrost and active layer monitoring as part of the GCOS/GTOS Global Terrestrial Network for Permafrost (GTN-P) program, monitoring glacier mass balance as part of the planned GCOS/GTOS Global Terrestrial Network for Glaciers (GTN-G) program, release of Canadian snow depth and snow course information to the international research community (snow depth data used in ERA-40), release of Canadian weekly fast ice thickness data to the international community (used in International Sea Ice Model Intercomparison Project), satellite-based regional monitoring of SWE over the Canadian prairies (weekly maps from 1978), and monitoring of weekly sea ice extent and concentration in Canadian waters (a contribution to the NH sea ice products generated at the U.S. National Ice Center).  Funding obtained under Action Plan 2000 is contributing to the filling of data gaps and in solidifying national monitoring networks. With more targeted investment of funds in key areas outlined in this plan, and sustained support of monitoring activities by federal agencies, Canada will continue to make significant contributions to global cryospheric monitoring.
2. INTRODUCTION:

The global average surface temperature has increased by between 0.4oC and 0.8oC since 1860 and the decade of the 1990s was likely the warmest during that period, at least in the Northern Hemisphere. Climate models indicate that some or all of this observed global warming has been due to the anthropogenic increase in atmospheric concentrations of greenhouse gases since pre-industrial times.  The current global coverage of climate system observations is inadequate to validate many characteristics of model-simulated seasonal weather patterns, including the details of trends in regional patterns.  The IPCC 2001 concluded “unless networks are significantly improved, it may be difficult or impossible to detect climate change in many areas of the globe” (IPCC 2001, 78). This is a serious shortcoming given the potential magnitude of the disruption to global and regional economies and ecosystems, which could result from a continuing warming trend.

The needs for a comprehensive and integrated global network of climate observing sites to support climate model development and validation were first articulated at the Second World Climate Conference in 1990 and subsequently given additional emphasis in the UN Framework Convention on Climate Change and by the Kyoto Conference.  WMO, IOC, UNEP and ICSU initiated the Global Climate Observing System (GCOS) program to address these needs, placing initial priority on acquiring the observations needed for detection of climate change, for prediction of seasonal and inter-annual climate variability and for reduction of uncertainties in climate predictions.  GCOS encompasses all components of the climate system – atmosphere, oceans and terrestrial components including the cryosphere.  The term “cryosphere” encapsulates water in solid form including the ice sheets, ice shelves, ice caps and glaciers, sea ice, snow cover, lake and river ice and seasonally frozen ground and permafrost. 

As the GCOS Program was taking shape, other observing systems were also being set up, in particular, the Global Ocean Observing System(GOOS) and the Global Terrestrial Observing System(GTOS).  GCOS planners worked closely with these related programs in developing a draft global GCOS plan, which incorporated their components that deal with climate.  Five collaborative GCOS Panels
 were established to further elaborate component plans while ensuring close coordination with the GOOS, GTOS and WCRP initiatives.  

2.1 The Need for National Cryospheric Monitoring Plans

Responding to concerns regarding the current state of climate observing networks in many parts of the world, the third session of the Conference of the Parties (COP3) to the UNFCCC requested a report on their adequacy.  Subsequently, the GCOS Secretariat reported to COP4 that:

“Specific improvements are needed in atmospheric, oceanic and terrestrial systems. It is recommended that each Party should undertake programmes of systematic observations in accordance with national plans, which they should develop in concert with the overall strategy of climate observations”. 

COP4 accepted these recommendations and requested Parties (i.e. national governments) to submit information on national plans and programmes for systematic observations of the climate system, as an element of national communications required under the Framework Convention.  Subsequently, COP5 (1999) reinforced these decisions, adopting updated guidelines for reporting on national plans and programmes by November 2001.

2.2 The Canadian GCOS Planning Process

In May 1995, an ad hoc Task Group established under the umbrella of the Canadian Climate Program Board and the Canadian Global Change Program Board published a report entitled “The Case for Canadian Contributions to the Global Climate Observing System”.  In its report, the Task Group recommended that Canada should play an active role in measuring climate as part of GCOS, disseminate GCOS data and information products and carry its share of the international load in GCOS participation.  The report further advocated the development of an implementation plan for Canadian climate system observations to meet client needs, including contributing to GCOS.  

Following the publication of the above report, a Canadian GCOS Committee was established and sponsored the development of five draft component plans
, addressing the atmosphere, oceanic, hydrologic, cryospheric and terrestrial domains respectively.  These component plans were further developed at a workshop held in Victoria BC 24-26 February 1999, and a draft national plan was subsequently prepared outlining Canada’s proposed contribution to the Global Climate Observation System (GCOS)
.  A national permafrost and glaciers/ice caps monitoring workshop
 was then held in Ottawa (January 2000) and a similar workshop addressing snow and snowfall, sea ice and ice on lakes and rivers was held in Toronto (October 2000) to further define the structure and requirements of these networks.  The present cryospheric plan builds upon the earlier draft Canadian GCOS plan and incorporates the outputs from the preceding workshops.  It is intended to contribute to a comprehensive Canadian GCOS plan that will address our domestic and international monitoring requirements for all components of the climate system.
3. THE IMPORTANCE OF THE CRYOSPHERE AND RATIONALE FOR MONITORING

The cryosphere is an integral part of the global climate system with important linkages and feedbacks operating through its influence on energy, moisture and gas fluxes.  In addition, large areas of the cryosphere exist at temperatures close to melting and, as a result, are highly sensitive to changes in temperature.  This is a significant fact since much of the global cryosphere is located in high latitudes where enhanced warming is projected by climate models. Within Canada, the cryosphere is among the most important features of the physical and biological environment with most of the country experiencing several months of snow cover each winter, more than half being covered by the permafrost zone, and many of our navigable waters affected by ice. Furthermore, our terrestrial ice masses constitute the most extensive permanent ice cover in the Northern Hemisphere outside of Greenland, and in the western cordillera, glaciers are a significant component of the mountain hydrological system.

Monitoring of the cryosphere at a global level is required to address key science questions such as the contribution of glacier and ice sheet melt to sea level rise, improved understanding of variability and change in important components of the cryosphere such as major ice sheets and hemispheric snow and sea ice extent, and improved representation of cryospheric processes and cryosphere-climate interactions in climate and hydrological models (Goodison et al., 1998). There are also ongoing domestic requirements for monitoring the cryosphere in Canada for operational decision making, and for understanding its response to warming and the impacts on our ecosystems and economy. This imposes additional requirements on the Canadian climate observing system.

The international community looks to Canada to play a major role in cryospheric monitoring
 because of its geography and recognized expertise.  As a result, it is vital that we have a soundly based cryospheric monitoring program which responds to the needs of the global community while meeting our domestic requirements.

A meaningful cryospheric monitoring plan must reflect the need for systematic, long-term climate system observations of a sufficiently high standard to identify and characterize trends and changes in climate, as well as meeting other needs such as operational decision making and climate research.  The plan should clearly identify objectives and priority tasks, assign responsibilities and specify coordination arrangements between agencies, address requirements for network development, instrumentation, training and communications.  It should also address the establishment and operation of data management facilities to ensure effective quality control, archive and exchange of climate observations.  It must clearly document the resource requirements both to establish and to maintain the components of the plan along with linkages to relevant regional and international programmes.  Existing elements, gaps, deficiencies and barriers, in respect of observing networks, data management facilities, priorities for action and timing considerations must also be clearly identified.  An appropriate plan will direct and focus the establishment of the essential observational framework needed to ensure that both domestic requirements and country commitments to the UNFCCC
 can be fulfilled.   

GCOS objectives require the collection and analysis of observations over a range of spatial and temporal scales, accommodating a hierarchy of data networks ranging from area experiments, such as BOREAS and GEWEX, that contribute to model validation and prediction, to in-situ networks and remotely-sensed data that contribute to climate change detection and monitoring at regional to continental scales. The synergy of multiple data sets is an important consideration in the development of a cryospheric plan since in-situ and remotely sensed data sets have different spatial and temporal characteristics that may limit their ability to meet certain GCOS objectives.  It is possible, however, to combine and filter these different information types to yield new and important insights (e.g. the merging of in situ, remotely-sensed and model-derived information to develop longer-term data series for climate change detection). 

While there is no separate Panel for the cryosphere
 within the GCOS framework, it has been treated as an entity in the development of an initial global plan for terrestrial climate-related observations (GCOS-32; Cihlar et al., 1997). Similarly, an integrated approach to the cryosphere has been embraced by the Joint Science Committee (XIX) of the WCRP in the initiation of a broader program of Cryosphere and Climate (CLIC) (WMO/TD-No. 929, 1998).  Following this convention, an integrated view of the cryosphere has been adopted throughout the present planning document.  The monitoring plan outlined here reviews present Canadian cryospheric monitoring networks and programs, highlights gaps and issues that must be addressed if we are to respond to GCOS and domestic requirements and identifies broad directions which must be followed if we are to achieve that objective.  Finally, it proposes a series of short and medium term action plans (2-year and 10-year time scales) consistent with these directions which, taken together, will result in domestic cryospheric monitoring programs which will meet the global and domestic needs for data and information. 

4. THE CURRENT STATUS OF CANADIAN CRYOSPHERIC MONITORING NETWORKS AND PROGRAMS

The following sections discuss the rationale for monitoring a particular cryospheric element, present the Canadian and GCOS requirements for monitoring, review the current status of Canadian in situ networks (e.g. spatial extent, gaps, automation, partners), examine the potential for remote sensing to contribute to national monitoring, and identify issues related to data (QC, archiving, accessibility). Overarching themes and strategic directions (i.e. the setting of national priorities) are discussed in Section 5, while specific action plans are presented in Section 6.

4.1 Snow

Snow cover has a number of important physical properties that exert an influence on global and regional energy, water and carbon cycles. In addition, it supplies a significant fraction of the water available for agriculture and water supply in many semi-arid regions of the world.  Regular monitoring of snow cover (extent, depth and water equivalent) has, as a result, been identified as a high priority activity for global climate monitoring.  As previously noted, GCOS requirements for cryospheric monitoring are outlined in the GCOS/GTOS plan for terrestrial climate-related observations (Cihlar et al., 1997). In the GCOS/GTOS plan, snow cover extent (SCE), snow depth and snow water equivalent (SWE) are identified as “ Priority 1” GCOS variables for climate monitoring. While snowfall and solid precipitation were not explicitly included in the GCOS/GTOS plan as cryospheric elements, they are included in the present national plan as they are considered equally important variables for snow cover monitoring in Canada.  

In Canada, snow cover exhibits the largest spatial extent of any component of the cryosphere, and has the largest seasonal variation. Snow cover also exhibits considerable interannual and regional variability, and the post 1970s period has been characterized by significant reductions in winter snow depth and spring snow cover over much of the country, particularly western Canada (Brown and Braaten, 1998).  There is a well-established negative relationship between SCE and air temperature, and GCM doubled-CO2 simulations suggest extensive northward retreat of snow cover over Canada, with widespread domestic ecological and economic impacts. There is therefore, a significant domestic interest in monitoring snow cover conditions in Canada.

Goodison and Walker (1993) stressed the importance of monitoring a range of snow properties to document variability and change in regional snow cover conditions. Their suggestions included: SWE at peak accumulation, time of peak SWE accumulation, number of days with continuous snow cover, date of melt onset, and frequency of winter thaw events. Warming would also be accompanied by increased frequencies of mixed precipitation and rain-on-snow events that have implications for snowmelt, snow depth and snow density.  Effective monitoring of these properties requires the integration of both in situ and remotely sensed data. The following sections discuss GCOS needs and the status and ability of Canadian observing systems to meet these needs.

4.1.1 Snow Cover Extent (SCE)

Continental-scale snow cover extent exhibits a close negative relationship with temperature and is therefore an important indicator of large-scale warming.  SCE is identified as a “Priority 1” variable for climate monitoring in GCOS, and the GCOS requirements for daily monitoring of global snow cover extent at ~25 km resolution are currently being met over the Northern Hemisphere by the daily 1024 by 1024 operational IMS snow cover extent product from NOAA/NESDIS. This product, initiated in 1997
, is a man-machine blend of satellite (visible, infrared and passive microwave) information (Ramsay, 1998). A fully-automated, higher resolution product (~4 km grid) is currently in development.

Within Canada, snow cover information is required for snowmelt runoff forecasting, climate monitoring, and for validation of regional climate models and satellite algorithms. Climate monitoring and model validation needs over most regions of Canada are currently being met with the NOAA/NESDIS IMS product. However, for specialized applications such as snowmelt runoff forecasting for hydro-reservoir management, or in areas with frequent cloud cover and heavy forest, other techniques and approaches may be required to generate the required information such as RADARSat (Bernier et al., 1999).  The NOAA weekly snow cover product is available from the late 1960s for historical analysis of snow cover extent at a coarser 190.5 km resolution.  However, the homogeneity of this dataset was interrupted in May 1999 with the switch from manual to semi-automated production, and further interruption may occur when production becomes fully automated.  The NOAA weekly dataset has received limited verification over large data sparse regions of Canada, and it is well-known that the NOAA product is less accurate in areas with persistent cloud cover and/or heavy forest (Robinson et al., 1993).

Snow cover extent information can also be inferred from daily snow depth observations e.g. the Canadian Meteorological Centre (CMC) produce a daily snow depth analysis that compares favourably with, and in some case out-performs, satellite-derived snow cover extent.  More information on the CMC analysis is provided in the following section. Historical variability in regional and continental snow cover extent can also be derived from snow depth observations e.g. Brown (2000), although this is generally limited to areas south of about 55ºN where the station network is more dense.

4.1.2 Snow Depth

The depth of snow on the ground is important in relation to surface energy exchanges
, frost penetration, and plant and animal ecology.  Within Canada, daily snow depth data are used in many applications such as roof snow load calculations for the National Building Code, snow clearing contracts, winter survival of crops, biological studies, calculation of forest fire severity and validation of satellite algorithms and snow process models.  Canadian daily snow depth data have also been used to reconstruct snow-covered area to extend the satellite snow cover extent record back to the early 1900s (Brown, 2000).
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Snow depth is identified as a “Priority 1” variable in GCOS, and the GCOS requirements for snow depth are daily point measurements at existing climate and synoptic stations that comprise the GCOS surface network (GSN) (see Appendix 1 for GSN network over Canada). In Canada, regular daily ruler observations of the depth of snow on the ground have been made at most Canadian synoptic stations since the 1950s
. The daily observing program was extended to climatological stations in the early 1980s, approximately doubling the number of stations in the network to over 2000. The current network is biased to southern latitudes and to low elevations (Figure 1), and the Arctic network is biased to coastal sites.  Most stations are located in open locations or airports and may not be representative of the surrounding landcover and terrain[image: image4.jpg]Atmospheric Manitoring and Water Survey Directorate
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Three critical gaps were identified in the current network: northern Ontario and Québec, the Canadian Arctic, and the western Cordillera. The Cordillera gap is particularly significant since this region has experienced some of the largest reductions in snow cover in Canada over the past three decades, with major impacts on water supply, agriculture, fisheries, and tourism.

Daily and weekly Canadian measurements of snow depth extend back to the 1930s at some stations and these data (plus missing data from some Arctic sites) have been digitized under a data rescue effort supported by the CRYSYS project
. The daily snow depth observing network experienced a marked decline during the 1990s due to automation (without including snow [image: image5.wmf]0
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depth sensors), changes in observing practices, and the closure of some manned stations. These have resulted in a ~20-30% reduction in the total snow depth network (Figure 2), but a more than 50% reduction in the network of stations with long periods of records suitable for monitoring variability and change in snow cover. It is currently estimated that there are approximately120 stations with more-or-less complete data from 1955 for monitoring changes in snow cover conditions in Canada. A limited number of snow depth networks are maintained by provincial and federal agencies outside of MSC (B.C. Environment, Ontario Ministry of Natural Resources, Parks Canada, Geological Survey of Canada) but the total number of stations involved is small.
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Of the 72 stations in the Canadian GCOS Surface Network (GSN), less than half are reporting daily snow depth in synoptic messages. A key recommendation of the Toronto workshop was to ensure that all stations in the Canadian GSN and the Canadian Reference Climatological Station network (RCS) (see RCS network map in Appendix 2) report daily depth of snow on the ground. A further recommendation was to implement automatic snow depth sensors at all auto stations, including partner agencies, in key data gap/sparse areas. As follow-on from this recommendation, a total of 20 new snow depth sensors will be deployed on Arctic autostations with funding from  Action Plan 2000.  

The potential for application of remote sensing methods for routine snow depth monitoring is somewhat limited. Snow depth can be estimated from passive microwave (e.g. SSM/I) estimates of SWE, but this requires assumptions about snow density, and the method is subject to major limitations over forested and mountainous terrain, and melting snow. Airborne scanning laser altimetry has shown some promise for high-resolution snow depth mapping (Hopkinson et al., 2001) but has limited applicability for national-scale snow depth monitoring.

In 1998, the Canadian Meteorological Centre (CMC) introduced a new, physically based daily snow depth analysis scheme
 in response to demands for more realistic specification of surface cover properties such as albedo and snow cover fraction in weather forecast models. The CMC analysis differs substantially from the NOAA snow cover product as it is based solely on in-situ daily snow depth observations, with spatial and temporal continuity provided through the temperature and precipitation fields generated by the CMC global forecast model. The CMC product has been found to compare well with the NOAA/NESDIS daily snow cover map (and in some cases to out-perform it, particularly along the snow edge over eastern North America).  A known weakness is the underestimation of snow depths in the lee of the Rocky Mountains related to underprediction of precipitation by the CMC forecast model.  The CMC snow depth analysis scheme was used to develop a gridded snow depth dataset for North America over the 1979-1997 period for validation of General Circulation Models (Brown et al., 2001).

4.1.3 Snowfall and Solid Precipitation

There are compelling reasons for collecting accurate information on snowfall. Accurate precipitation data (adjusted for systematic errors) are essential to balance the energy and water cycle in the climate system, for climate monitoring and for understanding key components of the cryosphere such as snow covered area, snow water equivalent and glacier mass balance. Accurate information on precipitation intensity, timing, and solid/liquid fraction is also needed to correctly simulate snowpack development and snowmelt
.  Snowfall, however, is notoriously difficult to observe accurately. At manual
 Canadian climate stations, the depth of new snow is measured at each observation (generally twice per day) and the snowfall water equivalent is calculated by assuming a fresh snowfall density of 100 kg m-3.  At principal and synoptic stations, however, snowfall is measured every 6 hours and recorded separately from the precipitation measurement.  Introduction of the manual Canadian Nipher shielded snow gauge at synoptic stations in the early 1960s allowed for independent measurements of snowfall and solid precipitation. 

Snowfall and solid precipitation are “Priority 1” variables for monitoring in GCOS, and the elimination of systematic errors in precipitation measurement is a major action item of GCOS and associated initiatives of the World Climate Research Program. The largest measurement errors are associated with solid precipitation (especially under-measurement due to wind). The Meteorological Service of Canada (MSC) has made a major contribution to quantifying these errors and in developing procedures to address them through its research programs and through its leadership and coordination of the WMO Solid Precipitation Measurement Intercomparison Project. The results of these studies have been applied to correct 6-hour precipitation totals for sites in Canada with Nipher gauges and associated hourly wind speed observations and have also been incorporated into an adjustment procedure for daily snowfall data from volunteer stations
. Real time correction of autostation precipitation totals is also possible if wind speed sensors are installed to measure wind speed at gauge height. This has been flagged as an important action item for meeting GCOS and Canadian needs for cryospheric monitoring.

The degradation of observations associated with automation (change in method of measurement, accuracy, timing, decreasing network, loss of snowfall measurements) represents the most serious concern regarding current snowfall precipitation measurement in Canada
. There is, however, no easy solution to this problem.  Available automated sensors are currently being assessed against MSC standards for autogauges, but there is an urgent need to conduct more intercomparisons of manual and autogauge measurements under operational conditions.  There are also a number of issues related to the archiving of autostation precipitation data such as the need to separate out manual and autogauge observations that have been put into the MSC climate archive, and the need for accurate metadata for applying corrections for systematic errors (e.g. type of gauge, shielding, etc.).

4.1.4 Snow Water Equivalent (SWE)

The amount of water held in the snowpack (“snow water equivalent”) is of primary importance for many applications (e.g. flood forecasting, agriculture, reservoir management) and changes in temperature and precipitation associated with climate warming will cause changes in the amount and timing of snow accumulation and melt. SWE is a “Priority 1” variable for monitoring in GCOS, and GCOS requirements for SWE monitoring are for daily satellite-based monitoring at a 25 km resolution at an absolute accuracy of ±20 %, and twice-monthly in situ snow course observations over representative terrain and land cover in the vicinity of GSN stations. 

Within Canada, the MSC, provincial water resource agencies and hydroelectric companies conduct “snow course” observations in support of water resource operations and planning, e.g. flood and drought forecasting, soil moisture recharge, water supply, and reservoir management.  The data are also used by the climate research community in regional water budget studies (e.g. GEWEX/MAGS), for validation of satellite SWE algorithms and physical snow models and to generate climatological information on SWE and snow density for validation of climate model output.

Most of Canada’s snow surveys are carried out by provincial water authority and hydro-electric agencies.  In most cases, these observing programs are designed to measure the maximum snow accumulation and are focused on the second half of the hydrological year
.  MSC had a national bi-weekly snow survey program in place at 100 courses up until the early 1990s.  This declined to 22 sites by 2000 and does not meet the minimum GCOS requirements of a snow course located at GCOS Surface Network (GSN) stations. There is currently no accurate inventory and metadata for the snow survey sites operated by MSC and other agencies.

From 1955 to 1985, MSC published, in hard copy form, annual “Snow Cover Data” summaries of observations collected by agencies across Canada.  These summaries have been digitized under a CRYSYS data rescue project and merged with available digital snow course data to generate a national snow course data set covering the period from the early 1960s to the mid-1990s
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The number
 of snow course observations in the database declined substantially in 1985 with the curtailment of the MSC program to publish national data summaries and further decreases have occurred since 1985 with the cessation of snow course measurements by many agencies (Figure 3).  The spatial distribution of snow courses is similar to the snow depth network with most of the sites located in southern Canadian basins, though there is less low-elevation bias than the daily snow depth network. In spite of its spatial and temporal limitations, the Canadian snow course dataset still represents a valuable contribution to GCOS
.  While there are only a limited number of snow course sites with 30 years or more of continuous data for climate monitoring purposes, conventional snow course data collected at sites representative of regional land cover/terrain are essential for the development and on-going validation of remotely sensed products.  Snow courses are required in alpine zones and other areas where remote sensing has not yet proven to be effective.

The Toronto workshop recommended that MSC establish a national snow course monitoring network that addresses GCOS needs, in partnership with provincial agencies.  This process requires the development of a comprehensive inventory and metadata of Canadian snow course observations.  As a follow on to this recommendation, the federal government Action Plan 2000 initiative has provided funding for MSC to establish up to 10 snow courses in the Arctic, and to develop a national snow course database in support of GCOS climate monitoring in Canada.

4.1.4.1 Potential for Remote Sensing of Snow Water Equivalent

There is a well-developed basis for monitoring SWE from space-based platforms, and Canada is recognized as a leader in this area. Since the early 1980s, the Climate Research Branch of MSC has been developing methods to validate and apply passive microwave satellite data to determine snow extent, snow water equivalent and snowpack state (wet/dry) for near real-time and operational use in hydrological and climatological applications
.  A snow water equivalent algorithm has been empirically derived for the prairie region, using airborne microwave radiometer data, and tested and validated using Nimbus-7 Scanning Multispectral Microwave Radiometer (SMMR) and Defense Meteorological Satellite Program (DMSP) Special Sensor Microwave Imager (SSM/I) satellite data.  The prairie SWE algorithm has been applied to near-real time SSM/I data since 1989 to generate weekly maps of current SWE conditions for the provinces of Alberta, Saskatchewan and Manitoba in western Canada.
 These are used by water resource agencies and meteorological offices throughout the region to monitor snow cover conditions, plan for field surveys and make forecasts regarding spring water supply conditions, including potential flooding or drought.
  Work is currently in progress evaluating the homogeneity of SWE derived from SMMR and SSM/I to enable the generation of consistent SWE maps from 1978.

The prairie SWE product has undergone detailed long-term validation and the accuracy has been determined as +/- 10 mm compared to in situ measurements and airborne gamma derived SWE (over relatively uniform terrain)
. It has been applied to Nimbus-7 SMMR and DMSP SSM/I data to create a 20-year time series of maps depicting winter SWE conditions over the Canadian prairie region and it is planned to use this multiyear regional dataset for validation of GCM snow cover simulations. The prairie algorithm has been modified to include the fractional coverage of deciduous and coniferous forest, and initial validation results indicate the method yields SWE estimates within 20 mm of field observations over the boreal forest region of northern Alberta (Derksen et al., 2001). Complementary research by the Université du Québec (INRS-Eau) has resulted in the development and validation of a preliminary passive microwave SWE algorithm for the La Grande Basin region, an area characterized by deep snowpacks
. Operational SWE retrieval from passive microwave data for mountainous areas is not currently possible, mainly due to the coarse resolution of the satellite and the complexity of topography associated with a 25 km satellite pixel, but this limitation may be addressed with future satellite sensors
. Retrieval of SWE from Synthetic Aperture Radar (SAR) is complicated because snow is largely transparent to SAR frequencies unless it is wet.  However, useful information can be extracted during the spring melt period, which makes it useful for runoff monitoring (flood control and reservoir management)
. 

4.1.5 Data Archive/Retrieval

Daily snow depth is archived as DLY04 element 013 in the National Digital Climate Archive maintained by MSC. However, there are considerable delays in receiving the quality-controlled data from MSC regions.  This delay limits the utility of the data for timely climate monitoring. For example, in the summer of 2000, there were only enough data in the MSC National Archive to look at snow cover conditions over Canada for the winter of 1998/1999.  All Canadian daily snow depth data up to 1999 have been published on CD-ROM and are freely available to the international research community. These data were incorporated in the ECMWF ERA-40 reanalysis. 

There is currently no formal national archive for Canadian snow course observations, although an extensive compilation of snow course data covering the ~1965-1990 period was published on CD-ROM by MSC, and made freely available to the international research community.  Until recently, there were no resources allocated at MSC for the digitizing, QC and archiving of MSC snow courses.  New resources from the Action Plan 2000 initiative will be used to produce a detailed inventory of snow course data in Canada, and to establish the metadata to support a national online snow course archive.

Access to Canadian snow data sets will also be improved by making them available through the Canadian Cryospheric Network (CCIN) established at the University Waterloo (www.ccin.ca).  The visibility of Canadian snow data will also be promoted through the “State of the Canadian Cryosphere” website (www.socc.ca) which provides information on past, current and future snow cover conditions in Canada.

4.2 Sea Ice

Sea ice information is vital to marine safety in Canadian waters, to Canadian economic activity, and for the monitoring of climate change. Because of concerns about the impacts of climate change on the sea ice environment and the strong feedbacks between sea ice and the climate system, it is incumbent on Canada to contribute to the cryosphere-sea ice component of the international GCOS.  The responsibility for the marine cryosphere and its role in the climate system is shared between the federal departments of Fisheries and Oceans and Environment.  The Canadian Ice Service (CIS) is located organizationally within Environment Canada but operates as a partnership between the two Departments, reflecting this shared responsibility. Its main clients are the Canadian Coast Guard, commercial marine shipping, fishing, offshore exploration, insurance, tourism, environmental regulatory agencies, and OGD’s. 

The CIS has the main sea ice monitoring and archiving responsibility and the responsibility for standards and consistency with international WMO codes and definitions
.  The department of 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).  Although some of this research has generated time series of modest duration, the Department has, however, no ongoing monitoring programs for sea ice.

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. The GCOS specifications for observing sea ice are outlined in the latest report on the development of the ocean observing system by the Ocean Observation Panel for Climate (OOPC)
.  The following sections examine these requirements in the context of Canadian domestic sea ice observational programs. 

4.2.1 Sea Ice Extent, Concentration and Type

Sea ice extent and concentration play major roles in ocean-atmosphere fluxes of heat, moisture, and momentum, and exert strong feedbacks to the climate system through surface albedo and cloud cover.  Climate models predict major reductions in NH sea ice cover in response to CO2 doubling.  Recent observational evidence (Vinnikov et al, 1999; Johannessen et al., 1999) suggests that NH sea ice extent has decreased significantly over the second half of the 20th C (3% per decade since 1978) and the decrease is consistent with the transient simulations of coupled climate models. These changes have important consequences for the physical characteristics of surface waters, on the extent and quality of habitat for ice-associated marine organisms, and for marine transportation. Sea ice concentration and extent are considered “Priority 1” variables for climate change detection and validation of coupled climate models.  

Monitoring sea ice type (new ice, first-year ice, multi-year ice, etc.) was assigned a low priority for climate monitoring in the GCOS-32 document, but this is important in the Canadian context where ice type information is important for ship routing.  In addition, the ability to separately monitor FYI and MYI is considered important for climate monitoring since MYI may respond more quickly to climate warming than total ice cover.  Ice volume information can theoretically be inferred from ice type classifications but this is not straightforward since ice thickness can vary considerable within classes, and the reporting of ice type is sensitive to observing procedures and changes in observing technology.

The GCOS requirements for monitoring sea ice extent and concentration are daily coverage at 25 km resolution from both passive and active microwave sensors globally, and synthetic aperture radar in specific regions such as the Canadian Arctic where the application of passive microwave is limited by sensor resolution.  Canada requires much higher resolution monitoring of ice extent, concentration and type for support of shipping operations in Canadian waters. This information contributes to hemispheric monitoring as the CIS weekly composite ice charts are routinely sent to the U.S. National Ice Center for inclusion in the hemispheric weekly sea ice chart product. 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
.

CIS makes extensive use of satellite data (especially RADARSat, US NOAA/AVHRR, ERS, and Optical Line Scanner (OLS)) for monitoring sea ice
 in addition to aircraft reconnaissance
.  RADARSat provides complete and comprehensive coverage of sea ice in Canadian waters and the Arctic Basin, and RADARSat sea ice atlases and collages of winter ice conditions have been produced for each winter since 1996. RADARSat is not optimal for climate monitoring (data cover a short time period and are fragmented in space and time since the sensor is not turned on all the time). However, it does provide high resolution, high quality information to support process, and ice modelling studies. For example, RADARSat data provided a unique insight into the break-up process of the Sverdrup and Nansen ice plugs during the summer of 1998 (Jeffers et al., 2001).

The activities of the CIS overlap other national ice services in marginal areas, but no other national services provide comprehensive and detailed ice mapping of the Canadian marine cryosphere. CIS weekly sea ice composite charts 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 in GIS-compatible gridded electronic format from the late 1960s (early 1970s for Hudson Bay).  The gridded charts can be rapidly analyzed to generate summary information such as median ice concentrations, open water extent, and ice limits.

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 that can be used for model validation. Current capabilities however, are not sufficient for change detection and estimates of regional trends and for regional climate process studies.  This would require enhanced spatial and temporal monitoring. The Toronto workshop recognized the weekly ice chart as the primary Canadian contribution to GCOS sea ice monitoring, and recommended that the domain and frequency be enhanced to included year-round monitoring over the extended economic zone.  It was also recommended that an effort be made to provide detailed metadata and QA for each weekly map. 

Routine monitoring of large scale, monthly to seasonal sea ice extent, area and sea ice type (first year, multi-year) is carried out by the MSC Climate Research Branch from passive microwave.  These products are available on the “State of the Canadian Cryosphere” website (http://www.socc.ca/).  This activity contributed to an investigation of the impact of the extreme warm summer of 1998 the sea ice cover over the western Arctic and the Canadian Arctic Islands (Maslanik et al., 1999). Land contamination of passive microwave data near the coast limits the areas where these data can be used to monitor sea ice.

A number of individual research projects have resulted in the production of sea ice records, which have value in the climate context. For example the sea ice extent index of Hill and Jones (1990) provides a valuable long-term record of sea ice extent over the east coast of Newfoundland from 1860.  The Department of Fisheries and Oceans also measure sea ice properties off the Labrador Coast and in the Beaufort Sea as part of regional climate process studies. These data together with data collected during detailed process experiments (e.g. SIMMS/C-ICE, NOW) provide valuable information for model development and validation, as well as ground truth data for calibration/validation of space based observations (e.g. CIS led the calibration/validation of the SSM/I sea ice algorithm).

4.2.2 Sea Ice Thickness 
The thickness of sea ice is one of the key variables for monitoring the global climate system, since it is the volume of ice that measures the full response of the polar ice caps to a changing climate. This requires information be collected on both ice concentration and thickness.  Knowledge of variability and change in ice thickness is important in Canada since this has wide ranging impacts (e.g. marine transportation, over-ice transport, hunting, sea ice ecology). Reliable monitoring of sea ice thickness over large areas from space remains a challenge. This is recognized in the GCOS requirements, which call for an enhancement of existing in situ networks to estimate ice thickness regionally, as well as further declassification of submarine data and future submarine sections under sea ice.

Within Canada, the Canadian Ice Service maintains a database of weekly lake, river and sea ice thickness and snow depth as part of the National Ice Archive with observations dating back to 1947
.  A summary of stations where data has been collected is shown in Figure 4 and the 1997 observing network is shown in Figure 5.  These ice thickness 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, with 21 sites being identified as having complete data for the 1961-1990 climate normal period (CIS Report ICE 2-91). These are obvious candidates for a GCOS ice thickness monitoring network. The program was terminated in 2000 in the face of new safety requirements that quadrupled the cost of manual (ice auger) ice thickness observations. An Arctic ice thickness network of up to 10 sites is planned to be opened in 2001/2002 under the Action Plan 2000 initiative. The selection of sites was based on recommendations made at the Toronto workshop. The Toronto workshop also recommended that an effort be made to evaluate automated in situ ice thickness measurement technologies, to included snow depth sensors on automated systems, and that there be a transition from weekly manual observation to automated observations following a period of inter-comparison.

Some in situ sea ice thickness observations are also included in the Meteorological Service of Canada freeze-up/break-up database. There are about 17 coastal sites in this database, which 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, but ongoing budget cutbacks reduced the number of active sites to practically zero by 1999-2000.  All the available data have been converted to a digital database through a CRYSYS-supported data rescue project at U. Laval (Lenormand, 2002).

The Department of Fisheries and Oceans (IOS) carries out a program of sea ice thickness measurements over the Beaufort Sea shelf as part of the Arctic Ice-thickness Project of the WCRP, using ocean bottom moored ice-profiling sonar (IPS) to measure ice draft.  Ice-draft observations have been acquired from one mooring since 1990, providing valuable information on sea ice thickness distribution, frequency of leads and ridges and sea ice dynamics
. The Toronto workshop recommended that additional moorings be established in the Beaufort Sea (perennial ice), Baffin Bay, Hudson Bay, and Labrador Shelf.  It is planned to implement a Beaufort Sea (perennial ice) mooring under the Action Plan 2000 initiative.

Other sea ice thickness measurements are carried out by BIO on the seasonal pack ice over the Labrador Sea using bore hole measurements and aircraft remote sensing techniques (EM induction radar).  These research activities have yielded valuable time series but are not funded on a continuing basis. The Toronto workshop recommended that greater use be made of airborne EM induction radar to carry out regional surveys of ice thickness once annually (late winter) in the vicinity of IPS monitoring sites.
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4.2.3 Icebergs

The link between climate and the flux of icebergs transiting the East Coast of Canada is considerably blurred by the many processes involved in glacier calving, iceberg drift and deterioration.  For this reason, there are no specific GCOS requirements for monitoring icebergs. However, icebergs are an important concern for shipping and offshore oil exploration and production activities off the east coast of Canada, and iceberg calving is an important process for monitoring and understanding changes in the mass of Canadian Arctic ice caps such as Devon. 

The CIS maintains an iceberg monitoring system called BAPS (Berg Analysis and Prediction System) and daily charts of iceberg numbers, locations, and type are produced based on sightings from ship and aircraft, and subsequent drift simulations using wind and current information. Icebergs can be readily identified in RADARSat data, and manual and automated algorithms have been developed to extract this information into the BAPS system.  The 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.  Today, iceberg surveillance along the Canadian East Coast is primarily accomplished by means of aircraft reconnaissance, undertaken by the CIS in cooperation with the International Ice Patrol.  

4.2.4 Sea Ice Motion
Ice dynamics (motion) plays an important role in determining the extent, concentration and thickness of ice. Ice motion information is required for input to operational sea ice forecasting (CIS), for process studies such as NOW, and for validation of ocean circulation and coupled climate model simulations. Ice motion is considered a priority 2 item in GCOS-32, with a feasibility rank of 2.  Ice motion is also considered a lower priority item than concentration/extent and thickness in Canada. However, it the GCOS-assigned feasibility should be upgraded to a “1” based on current capability for deriving ice motion from passive microwave and SAR imagery with automated feature-tracking software. GCOS requirements call for the determination of surface velocity twice per day over ice-covered oceans from drifting buoy networks and from extraction of sea ice motion from satellite data sets.

Within Canadian waters, there are a number of activities that produce estimates of sea ice motion.  The International Arctic Buoy Program (IABP)
 maintains a record of sea ice motion at about 30 buoy locations in the Arctic Ocean. These buoys are deployed in the Arctic Basin and rarely pass through the Arctic Islands into Baffin Bay. Ice motion is also 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 at two sites over the continental shelf since 1990.  There is also occasional monitoring of sea ice motion over regions of Canada using marker buoys, usually associated with research field campaigns (e.g. LIMEX, NOW).

Ice motion can be readily extracted from regular satellite imagery, and the CIS “Tracker” software has been successfully applied to both SSM/I (Agnew et al., 1997) and RADARSat (Wilson et al., 2001).  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.  Detailed sea ice motion products are produced at CIS on a regular basis over Canadian regions using RADARSat image pairs.  

4.2.5 Use of Remotely Sensed Data

As indicated earlier, CIS makes extensive use of active and passive microwave sensors, and optical sensors for sea ice monitoring. RADARSat is the most frequently used sensor as it can provide complete and comprehensive coverage of sea ice over all Canadian waters. RADARSat-2 is expected to be launched in 2002 with new higher resolution beam modes, and both left- and right-looking swaths.  However, RADARSat-2 will not have a global low-resolution monitoring mode such as ENVISAT/ASAR. A proposal for a low-resolution global monitoring mode should be included in the planning for RADARSat-3 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.  When coupled with sea ice extent, this would provide a first-order monitoring capability for ice volume – a key climate parameter.

4.2.6 Use Of Models 

Sea ice dynamic/thermodynamic models have the potential to estimate quantities that are not directly observable, such as age and ridged ice volume fraction. When run in 'data assimilation' mode, such models can produce estimates of various ice quantities that can be used to augment traditional observations. CIS have implemented a “particle-in-cell” coupled ice-ocean model for use in forecast operations (Sayed et al., 2002), and are evaluating several approaches for assimilating ice observations into operational model runs such as “nudging” and dynamical adjustment. Fully coupled ice-ocean-atmosphere models can play an important role in climate monitoring as seen in the work of Holloway and Sou (2002) who showed that the recently reported rapid reduction in Arctic sea ice volume (Rothrock et al., 1999) was likely an artifact of the spatial and temporal characteristics of the available submarine-derived ice thickness data.

The Climate Modeling and Analysis (CCCma) Division of Environment Canada has the responsibility for leading the development of Canada’s next generation Global Climate Model.  This includes a dynamic-thermodynamic sea ice model based on Flato and Hibler (1992) and Flato and Brown (1996).  The CCCma model was used in the recent IPCC assessment of climate change (ref), and model output are available through the CCCma website for transient runs and doubled CO2 experiments (http://www.cccma.bc.ec.gc.ca/).

4.2.7 Data Archive/Retrieval

The Canadian Ice Service maintains an extensive archive of sea ice products and derived information in the Canadian Ice Service Archive (CISA).  Access to active collections such as daily and regional ice analysis charts is provided online through the CIS website (http://www.cis.ec.gc.ca).  The online collections also include an extensive database of derived standard ice climate products such as maps of 30-year median ice concentration and predominant ice type, and a sea ice climate atlas providing weekly maps of 30-year median ice concentration.  Charts and maps can be obtained free of charge as GIF images or in GIS-compatible E00 format.  Media and handling charges apply for data ordered on CD-ROM.  Aircraft SAR and SLAR images are stored on-site on exabyte tapes, and RADARSat imagery (mostly in SCANSAR-wide mode) are stored in a CD-ROM archive following 2x2 block averaging to reduce “speckling” and data volume. There are currently no tools to rapidly query and extract the archived RADARSat data - this requires manual loading and scanning of the imagery on-site.  These data are available to the research community for research projects in support of MSC’s mandate.  There is a regular transfer of ice data from CIS to the WDC-A at Boulder, Co.  An effort is currently underway to link the CIS online climate holdings to a virtual data portal for Canadian cryospheric information at the University of Waterloo (Canadian Cryospheric Information Network – http://www.ccin.ca)

It should be noted that there are inherent spatial and temporal limitations in the data archived in CISA due to constraints imposed by CIS operations, and observing procedures and sources are not consistent over time. For example, a change to WMO codes occurred in 1982, and technological improvements from land and ship observations to aircraft SLAR to satellite have introduced a technological bias in reporting.  Finally, snow depth on sea ice is a very important climate parameter but there are few observations of this variable in Canadian waters.

Outside of CIS, Environment Canada (CMC) maintains an archive of SSM/I brightness temperature data and ice concentration products (from the MSC/York algorithm) that extends back to 1996. 

4.3 Freshwater Ice

Seasonal ice cover grows and decays in response to heat transfers through the ice surface layer that are affected by numerous variables (e.g. net radiation, surface albedo, on-ice snow depth and density, air temperature, wind speed, water heat flux).  Empirical studies have shown that dates of lake and river freeze-up/break-up (FU/BU) are well correlated with air temperature during the transition seasons, with changes of approximately 4-7 days for every degree Celsius change in air temperature. The utility of this information for climate monitoring was demonstrated by Magnuson et al. (2000) who found significant trends towards earlier break-up and later formation of ice on rivers and lakes across the Northern Hemisphere from 1846 to 1995.

Lake ice coverage can be effectively monitored by a variety of remotely sensed methods which provides the potential for inferring climate information from large data sparse, but “lake-rich” areas of the NH such as northern Canada and Russia. The monitoring of ice FU/BU is also justifiable on its own merit as an ecological indicator, and for ice road transportation planning. 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). 

Monitoring lake FU/BU dates was considered a priority 2 item in GCOS-32, with a feasibility ranking of 2.  The Toronto Workshop recommended that the feasibly be upgraded to a “1” (high) as some of the more recent remote sensing systems offer very effective means for monitoring lake FU/BU. Lake FU/BU monitoring is also considered a lower priority item from a Canadian climate monitoring and needs perspective (Table 1). The GCOS-32 requirements called for the monitoring of dates of complete freeze-over (CFO) and water clear of ice (WCI) to an accuracy of  +/- 1-2 days for several hundred medium-sized lakes (~100 km2) and selected large lakes geographically distributed across middle and high latitudes.  

The Meteorological Service of Canada was responsible for maintaining a national network of freeze-up/break-up sites, and a national database of in situ ice observations for lake, river and coastal sea ice sites as part of WMO observing requirements for supplementary climate observations (O’Neill, 2001 - Appendix 10). The information collected included 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 database contains information from 567 lake, river and coastal sites, with data extending as far back as the early 1800s at a few locations (e.g. Toronto Harbour). The lake freeze-up/break-up network is shown in Figure 6. This network peaked in the mid-1970s with close to 140 sites, but declined rapidly to less than 20 sites by the end of the 1990s. Skinner (1993) determined that “sufficiently long” and complete records exist for at least 49 lakes for climate monitoring purposes. All the Canadian freeze-up/break-up data up to 1994 have been submitted to the Global Lake and River Ice Phenology Database at WDC for Glaciology, Boulder.
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The Canadian Ice Service maintains a second database of lake, river and sea ice characteristics
 as part of the CIS Archive. There are a total of 195 sites in the database but only about 25 of them are lake sites, and fewer than ten of these are presently active. The earliest observations, dating back as far as 1947, come from Arctic sites.  A digital archive of these data is routinely maintained and updated by CIS.

River ice information have also been collected by the Water Survey of Canada (WSC) hydrometric program
, as ancillary data from their river discharge measurement program.  When a river is ice covered, an indirect measurement of ice thickness can be inferred from recorded data on ice draft.  This information has to be carefully interpreted since processes such as snow loading also affect draft. The thickness data have been collected on an infrequent basis and NWRI have carried out a limited analysis of trends and the relationship to air temperature (Bonsal et al., 2001).  Ancillary information on ice freeze-up/break-up can also be inferred from an ice cover qualifier (code “B”) that is applied to indicate if a river is subject to ice effects. Again, care is needed in interpretation e.g. the “B” code may be applied to an open water site if up- or down-stream ice is known to be affecting discharge.  Zhang et al. (2001) analyzed a 249 station subset (Reference Hydrometric Basin Network) of these data to infer information on river freeze-up/break-up trends across Canada over the 1947-1996 period.  NWRI are currently using the recorded hydrometric data to more accurately identify historical information on river freeze-up/break-up.  

While numerous studies have used the Canadian freeze-up/break-up data to demonstrate relationships to temperature and other climatic variables, in situ data alone are not considered adequate for a Canadian lake ice monitoring program. The in situ data are subjective and it is difficult to determine accuracy and homogeneity
. Nevertheless, in situ data are important for validation of lake ice models and satellite algorithms, particularly for those sites where long term data overlap the satellite record and where data are being used to validate satellite methods e.g. Back Bay on Great Slave Lake. It was therefore recommended at the Victoria Workshop that an effort be made to identify a core network of Canadian lakes for continued in situ monitoring of FU/BU. The Toronto Workshop took this a step further in recommending that a limited number of sites be established with high quality in situ measurements of ice thickness and on-ice snow depth for validation of satellite data, and for development and validation of lake ice models for up- and down-scaling in situ and satellite ice cover information.  The addition of snow information was considered vital as this has a major influence on the heat flux from ice covered lakes, and on lake ecology (e.g. light and PAR transmission).  A national volunteer FU/BU network (“IceWatch”) is currently being coordinated by the EMAN group of Environment Canada (http://www.naturewatch.ca/english/icewatch/).

4.3.1  Potential of Remotely Sensed Data
Lake ice extent can be readily monitored from space using visible (AVHRR), active radar (RADARSat) and passive microwave (SSM/I) information. The Canadian Ice Service (CIS) began weekly monitoring of ice extent on large lakes in 1995 using NOAA AVHRR and RADARSat imagery in support of Canadian Meteorological Centre (CMC) needs for lake ice coverage in numerical weather models. The amount of ice (tenths) on each lake is determined by visual inspection of AVHRR and RADARSat imagery. The program started with 34 lakes and was increased to 118 lakes by the end of 1998.  Regular monitoring of ice coverage on small lakes is only possible with high resolution RADARSat data (100m resolution) and this is costly.  The current lake ice monitoring program is limited to roughly 200 frames a year.  It is possible to derive CFO and WFI with an accuracy of +-1 week using this dataset but this does not meet GCOS requirements. SSM/I provides an all-weather daily monitoring capability but the coarse sensor resolution (12.5km) limits this to large lakes. The higher resolution AMSR (Advanced Microwave Scanning Radiometer), scheduled for launch on EOS PM-1 and ADEOS-II, will provide higher spatial resolution for ice monitoring over smaller lakes. The Toronto Workshop recommended that CIS increase RADARSat lake ice coverage during the main FU/BU period to help meet GCOS requirements.

The accuracy of the information in the CIS lake ice extent database depends on the amount of cloud cover over a particular lake (NOAA AVHRR imagery is weather dependent) and the frequency of RADARSat coverage. RADARSat data (mostly ScanSar Wide from RADARSat-1 at 100m resolution) also have some limitations - lake ice is smoother than sea ice, and at times the lack of features on small lakes makes ice difficult to see. 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. 

The MSC Climate Research Branch has developed the capability to monitor lake ice freeze-up and break-up over Great Slave Lake and Great Bear Lake using SSM/I passive microwave satellite data
. 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.  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 time series is also being compared to conventional shore-based observations to examine relationships
 between the remote sensing and conventional data sources for timing of complete freeze-over and ice-free conditions. The lake ice data derived from SMM/I are also being used to validate lake ice models and to assist in understanding and modelling regional energy and water exchanges.

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. 

A collaborative research project involving Laval University, MSC, CCRS and McMaster U. 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 advantage of ENVISAT is the 1-km resolution coverage with repeat coverage every 2-3 days.  The project involves the development and validation of a lake ice model based on the 1-D thermodynamic model of Flato Flato (Duguay et al., 2002), and comparisons with lake ice coverage over Great Slave Lake derived with 85 GH-hz SSM/I data.  

4.3.2 Data Archive/Retrieval
With support from the CRYSYS project, Laval University has assembled all the available Canadian FU/BU data into a consolidated digital database in MS Access format (Lenormand, 2002). It is intended to transfer this database over to the Canadian Cryospheric Information Network at the University of Waterloo, who will make the data available online through a standard Z39.50 data query interface. The Global Lake and River Ice Phenology Database at WDC-G currently has all the Canadian FU/BU data up to 1994, but the current Canadian database includes additional information at some sites such as ice thickness and on-ice snow depth, and the state of the ice for transport.

The CIS weekly lake ice information is contributed to CMC and archived internally, but is not available publicly as it is still considered a research product.  A 4-level classification of the lake ice information is presented graphically on the “State of the Canadian Cryosphere” Website (www.socc.ca).

4.4  Permafrost

The permafrost zone covers more than half the Canadian landmass. A significant portion of the permafrost zone is underlain by permafrost at temperatures only a few degrees from the melting point. Predicted increases of several degrees in mean annual air temperature in northern latitudes
 will lead to thawing and destabilisation of perennially frozen ground with important implications for landscape processes, hydrology, surface characteristics and greenhouse gas sources and sinks, as well as for ecosystems, engineering and infrastructure. An effective domestic monitoring strategy must provide field observations for the detection of the terrestrial climate change signal and for the assessment of its lag and attenuation, as well as indications of the spatial and temporal variability of change across the Arctic.  This information is critical to improving predictive models and the reliability of impact assessments and also to improving understanding the sensitivity of permafrost conditions and processes to climate variability and change, a vital national concern with major socio-economic and environmental implications.  

The identification
 by the TOPC of permafrost thermal state and active layer as key cryosphere variables led GTOS to invite the International Permafrost Association (IPA) to assist in improving global capabilities for detecting, monitoring and predicting change in these variables.  In response, the IPA developed a strategy for a global monitoring network for active layer and borehole temperature monitoring - the Global Terrestrial Network for Permafrost (GTN-P).  A GTN-P strategy document was formally approved by the GCOS Steering Committee in Geneva, February 1999
.  The GTN-P network and service includes and will build on the IPA’s more than 80 site Circumpolar Active Layer Monitoring Network (CALM)
 and on existing national soil and ground temperature monitoring programs
.  As pointed out in the strategy document, however, many monitoring sites are funded under short-term research projects.  Consequently, more substantial, ongoing, funding will be needed to sustain the GTN-P over the longer term.

The IPA has organised the systematic compilation and distribution of standardised data
 as part of the Global Geocryological Database
 
.  Efforts are also being made to rescue and distribute data at risk of being lost, where institutes or programs have been depleted or closed (e.g. in the Russian Federation).  Within the same framework, the IPA has also compiled a circumpolar/northern hemisphere permafrost map at a scale of 1:10,000,000 which could be used for GCM-validation in polar regions.

Canada, through the Geological Survey of Canada (M. Burgess and S. Smith), is a major participant in the IPA’s ad-hoc committee on the development and implementation of the GTN-P.  The Geological Survey of Canada hosts the GTN-P web site at http://sts.gsc.nrcan.gc.ca/gtnp/index.html, coordinates the site metadata compilation, and will be compiling summary data submissions and is responsible for database management.  In addition, the GSC is a member of the GTN-P Borehole Quality Control group. Participation in the GCOS/GTOS network of sites enables an integrated suite of terrestrial variables to be observed, increases the significance of the measurements, facilitates direct use of the data by international organisations (e.g. the Intergovernmental Panel on Climate Change (IPCC) and the Arctic Monitoring and Assessment Programme (AMAP)) and improves prospects for funding.   A letter from the Secretary General of the WMO was sent in the fall of 2000 to all countries with permafrost or involved in permafrost research inviting their support and participation in the GTN-P.  The Canadian Government (NRCan, GSC) and four other countries have indicated their support.

The GCOS-32 document identifies that the minimum variables to monitor for permafrost are:

Active layer - specifically the thickness, and if possible the temperature (at 15 cm depth), of the seasonally freezing and thawing zone overlying permafrost; thickness to be determined at a minimum by soundings in late summer at the time of maximum thaw depth, through the installation of thaw tubes, probing, or through temperature profiling; and 

Permafrost thermal state - the temperature profile within perennially frozen ground at frequencies ranging from weekly to monthly in the uppermost 20 m below the permafrost table and increasing to annually or every 5-10 years for depths greater than 20 m.  

During the last 10-20 years, Canadian permafrost field studies have increasingly included the systematic measurement of active layer depths and permafrost temperatures in undisturbed terrain. However, there has been no formal, coordinated national network, and no central, active, and comprehensive record of operating permafrost monitoring sites. Since 1991, Canada has contributed 20 sites to the IPA’s Circumpolar Active Layer Monitoring network (CALM) 
. Regional monitoring programs, however, include many more measurement sites with the greatest concentration being in the Western Arctic, Mackenzie Delta and Valley, a region that has also experienced the largest air temperature increase in Canada during the past century.  The Geological Survey of Canada’s active layer monitoring network in the Mackenzie Valley and Delta includes over 60 sites established in the last decade.  Many of these are instrumented with air and ground surface temperature recorders while several also have ground temperature cables.  There are also many sites in Northern Quebec, established by Laval University, while others are scattered throughout the remainder of the Arctic and sub-Arctic regions of the country.  Soil and ground temperature monitoring activities have also been ongoing in the last two decades, again with an emphasis on the Western Arctic and Northern Quebec (see Burgess et al., 2001b for a summary of existing activities). Data are measured either by multi-sensor soil temperature probes to depths of 1.5 m, or multi-sensor ground temperature cables generally to depths of less than 30 m and recorded either manually or through multi-channel data loggers. 

Currently some 75, mostly active, Canadian sites have been identified as potential candidates for the permafrost thermal monitoring component of the GTN-P, although this number could be revised upwards. The locations of these existing Canadian permafrost thermal monitoring sites proposed for the GTN-P and the existing CALM sites contributing to the GTN-P are shown in Figure 6a.  The 20 CALM sites follow its data protocols and management and other Canadian borehole temperature monitoring sites proposed for the GTN-P would likely adhere to the protocols developed for the international program. 

While the current GCOS/GTOS strategy emphasizes the initial observations system requirements (active layer and permafrost thermal state), it is recognized and ultimately desired by the Canadian permafrost community that national and international monitoring efforts should include process monitoring and remote sensing.  Process monitoring would include for example ice wedge development, landslides and creep of permafrost slopes, permafrost hydrology and coastal erosion.  Current permafrost process monitoring sites are shown in Figure 6b.  Remote sensing is discussed in section 4.4.1

The IPA has organised the systematic compilation and distribution of standardised data
 as part of the Global Geocryological Database
 
.  Efforts are also being made to rescue and distribute data at risk of being lost, where institutes or programs have been depleted or closed (e.g. in the Russian Federation).  Within the same framework, the IPA has also compiled a circumpolar/northern hemisphere permafrost map at a scale of 1:10,000,000  (Brown et al., 1997) which could be used for GCM-validation in polar regions.


The GSC has compiled Canadian databases on permafrost temperature (Smith and Burgess, 2000) and thickness (Smith and Burgess, 2002) from data collected at several hundred sites (Figures 7 and 8), although the majority of these sites are not currently active. These databases have permitted the mapping of ground temperature, permafrost distribution and ground ice conditions in Canada (Smith et al., 2001), and represent important data sources for GCM model validations, permafrost sensitivity modeling (Smith and Burgess, 1998) and mapping and impact assessments. 

In summary, Canada is currently contributing to GCOS, through leadership in the development of the GCOS/GTOS GTN-P, including membership on the IPA’s ad-hoc GNT-P committee and its Borehole Quality Control Group; hosting, development and maintenance of the GTN-P web site; participation in GTN-P CALM network; and nominating candidate sites for participation in the GTN-P borehole thermal monitoring program. A status report on the GTN-P was prepared by the GSC and submitted to the IPA and GCOS/GTOS in March 2001 (Burgess et al., 2001a).

It is the hope of the Canadian permafrost monitoring community that, through these international efforts and with domestic Climate Change Action Fund (CCAF) support, a commitment can be secured to the development, operation and maintenance of a comprehensive national permafrost monitoring network which will respond adequately to domestic and international requirements and obligations. Funding for four years (starting in 2001/2002) has been obtained for NRCan/GSC to initiate and partially support the establishment of a national permafrost monitoring network under the Federal Government “Systematic Climate Observations” component of the Climate Change MC. This initial funding will emphasize network coordination, development of the database model, population of the database, and limited support for existing federal and other agency/partner contributing sites.

4.4.1.  Remote Sensing 

Satellite remote sensing may represent the only practical means to bridge the gap between in-situ point measurements and areal averages needed to represent near-surface regional changes.  A number of remote sensing applications to permafrost have been developed.  Passive microwave data can be used to detect freeze/thaw status of surface soil, providing information on the onset dates and the duration of surface thawing and freezing for both permafrost and non-permafrost regions.  High resolution visible remote sensing data such as Landsat, SPOT and IKONOS can be used to detect thaw-lake surface change including the formation of new thaw lakes or thermokarst development as ground ice melts. Equally, air photos at multiyear intervals can be used to measure changes in permafrost processes such as slope stability by monitoring the frequency and extent of landslides 

Figure 7: Location of ground temperature sites, and their near-surface mean annual temperature, GSC national permafrost temperature database. Source: Smith and Burgess (2000).


Figure 8: Permafrost thickness at sites in the GSC national permafrost thickness database. Source: Smith and Burgess, 2002.

triggered or re-activated by climate warming or due to increasing forest fire activity. These techniques focus on near surface permafrost or active layer conditions, and provide indications of changes in areal distribution.  However, they yield very limited information on vertical extent and conditions within the permafrost layer.

Significant Canadian research is currently underway to develop means for mapping seasonally and perennially frozen ground and associated features, thereby facilitating the assessment of future change in areal coverage. This includes CRYSYS research aimed at developing applications of optical and active microwave imagery to mapping the spatial distribution of permafrost and associated phenomena.  Supporting ground truth data collection programs are underway at a number of locations to provide baseline data for developing satellite-based mapping methods and for validating and improving spatially-distributed heat transfer models needed to investigate the effect of changes in air temperature and surface conditions on the thermal regime of the active layer and permafrost.  The utilization of optical (Landsat TM and SPOT MLA/PLA) and active microwave (AIRSAR) imagery to map permafrost associated features, such as thaw slumps, active layer detachment slides, ice-wedge polygons, and thaw lakes is being investigated. Multidimensional SAR configurations (i.e. multi-frequency, -temporal, -polarization, -incidence angle) are being used to improve the approaches developed thus far, so that permafrost maps can be produced of other sites in the discontinuous and continuous permafrost zones of Canada.  The potential of multi-temporal SAR data (ERS-1/2 and RADARSat) for monitoring the seasonal freeze/thaw cycle of subarctic tundra and forest is also being evaluated with the intent being to incorporate freeze/thaw maps into energy and water balance models.  In addition, RADARSat holds considerable potential for applications in coastal areas as it yields reliable and timely information about sea ice and open water conditions, hydrologic characteristics, and surface texture properties of terrestrial areas.  A multidisciplinary project has been developed by the Geological Survey of Canada and the Canada Centre for Remote Sensing to utilize newly developed remote sensing methods for coastal geology, permafrost and hydrology studies in an Arctic setting with the Mackenzie Delta/Beaufort Sea coast region chosen as the primary research area.
The above remote sensing techniques are still in the research stage and being applied at sub-regional/smaller regional scales.  Consequently, it is too early to apply these methods to routine national monitoring of permafrost.  While the current GCOS/GTOS strategy does not include any remote sensing component, it would be a desirable component.  The international GTN-P strategy recognizes and allows for (Tier 5) the potential contributions of remote sensing. It seems probable that a Canadian permafrost monitoring strategy will incorporate applications of remote sensing since it offers the potential for large scale monitoring over data-sparse regions. The in-situ monitoring network will be required to provide ground truthing and validation of remotely sensed data, and will continue to be the underpinning of the permafrost monitoring network.

4.4.2 Permafrost Data Archival/Retrieval 

Site metadata and summary data from Canadian monitoring sites included in the CALM network are archived and accessible through the IPA’s Global Geocryological Database and its first Circumpolar Active-Layer Permafrost System (CAPS) CD-ROM (IPA, 1998) available from the National Snow and Ice Data Centre.  They are also accessible on the CALM web site: http://www.geography.uc.edu/~kenhinke/CALM/. Site metadata compilation is well underway for the candidate GTN-P permafrost thermal monitoring sites, as well as its accessibility on the GTN-P web site.  An inventory of the candidate sites by country, indicating responsible researcher or organization, is posted on the GTN-P web site.  Summary data from the borehole sites ultimately selected to be part of the  GTN-P borehole thermal monitoring program are currently accessible only through individual researchers or organizations.  GTN‑P borehole data will be subsequently archived through the National Snow and Ice Data Centre, Boulder, Colorado, as part of the IPA’s Global Geocryological database (IPA, 1998) and the WDC‑A for Glaciology.  A national summary data submission and retrieval system within Canada will be established with the funding obtained through the Systematic Climate Observations component of new Climate Change MC.

4.5 Glaciers and Ice Caps

Canada has the second largest glacierized volume in the NH after Greenland with land ice concentrated in two main areas - the Cordillera and the Arctic Islands. The mountain glaciers and icefields in the Cordillera are an important freshwater resource (drinking water, irrigation and hydropower), and there are significant hydrological and ecosystem impacts involved in a reduction or loss of this supply. Mountain glaciers globally exhibited significant retreat during the 20th century, and may have contributed one third to one half of the observed 20th century rise in sea level (IPCC, 1996). Recent research results suggest that large glaciers of Alaska and adjacent Canada are contributing about half of the rate of global ice loss, exclusive of Greenland and Antarctic ice sheets (Mark Meier, pers. comm., 2002). General Circulation Climate Models predict that anthropogenically-induced climate warming will be most marked at northern high latitudes (Thompson and Pollard, 1995). Understanding the recent and future behaviour of ice masses in this region is therefore important for explaining and predicting past and future sea level changes. Melt water from Arctic ice masses also plays an important role in the variability of sea ice formation (strength, thickness and distribution) and the stratification of nutrients in the near-shore waters of the Arctic Archipelago. 

Standardized glacier data (mass balance and length changes) have been routinely collected from a large network of glaciers around the world and archived at the World Glacier-monitoring Service (WGMS). The TOPC concluded that a GCOS glacier-monitoring network should build on the existing WGMS effort and the GTOS Steering Committee subsequently decided to incorporate a Global Terrestrial Network for Glaciers (GTN-G), coordinated by the WGMS Director, as one of its specalized terrestrial networks.  At the same time, it was recognized that the existing WGMS sites represented only the initial core of a comprehensive monitoring system.  There is a need to include regions of the world that are poorly represented in the current database
, to expand the mass balance network in some countries, to develop satellite-monitoring techniques for glacier observations, and to integrate these with in-situ activities.  As initially envisioned, GTN-G is expected to provide annual reports on the global glacier mass balance, commencing with a report containing information on glacier changes for the year 1997.  At least for the immediate future, reporting will be carried out through WGMS.

The GTOS plan (GCOS-32) identified the following requirements as a minimum ice sheet and glacier-monitoring system for GCOS: 

· monitoring of firn temperature at borehole sites every 10 years and the organization, systematic collection and interpretation of borehole temperature from cold firn areas;

· monitoring of mass balance (annually); 

· monitoring of glacier area and length (annually to once every 10 years); and 

· glacier inventories (every 30-50 years).  

The following sections review these monitoring activities as they relate to Canadian glaciers.

4.5.1 Firn Temperature

Temperature profiles in areas of cold firn at high altitudes and high latitudes contain important information about decadal to secular warming trends.  The temperature of the firn areas is also important for sea level considerations in that the transition from cold to temperate firn determines whether melt water runoff in the warm season can take place (GCOS-32). There is currently no systematic collection of firn temperature data for climate monitoring purposes in Canada.  There are, however, several Arctic sites (e.g. ice caps on Ellesmere, Devon, Axel Heiberg and Baffin Islands) where 10-15 m firn temperatures have been taken in the past and these sites could be easily re-drilled and monitored at relatively low cost in association with ongoing mass balance measurement programs.  Future re-measurement would yield a broad measure of temperature changes over the interval between measurements. The Ottawa workshop recommended that firn temperature monitoring was a medium priority activity that would be encouraged where existing measurements had been made.

4.5.2 Mass Balance

Ice mass changes result from climate-driven shifts in the balance between snow accumulation and mass loss through melting and iceberg calving, and from changes in the flow dynamics of ice masses. The present ability to monitor changes in surface balance is limited by a paucity of observations, and this constitutes the largest uncertainty in determining the sources of the observed rise in sea level.  For this reason, mass balance is considered a high priority variable for climate monitoring.  Estimates of mass balance require in situ observations since this cannot yet be determined reliably from space-based observations. However, in some instances, remotely sensed data can be combined with in situ observations to provide additional information
.

Canada has gathered an extensive, if somewhat temporally fragmented in situ glacier database (see Table 1, Annex 3) which includes information for over 50 glaciers and ice caps for various periods from the 1940s
. The mass balance record in the high Arctic extends for 30-40 years and forms the world’s longest 

and most continuous polar glacier record. Mass balance and mass balance-elevation band reporting involved up to 22 glaciers nation-wide in the mid-1980s (Ommanney 1988).  However, the current “official” mass balance program has dwindled to six Arctic and three Cordilleran sites. Figures 9 and 10 show the location of past and current glacier monitoring sites.

Canadian glacier-monitoring work has traditionally separated along natural geographical lines - the Cordillera and the Arctic – with the Canadian University community traditionally playing an important role in investigating glaciers at a number of research sites in both regions.  Until recently, two federal agencies had mandates to monitor glaciers - Environment Canada’s National Hydrology Research Institute (NHRI) for the Cordillera and Natural Resource Canada’s Geological Survey of Canada (GSC) for the Arctic.  With the transfer of the Cordilleran glaciology program to GSC, Canada now has a single federal government group (the National Glaciology Program) responsible for glaciological research and monitoring.  This represents a major step forward in facilitating the development and implementation of a coordinated glacier-monitoring program responding to national and international needs. 

Glacier monitoring activities at the GSC’s National Glaciology Program currently include seasonal and annual mass balance measurements at three sites in the Cordillera and six sites in the Canadian Arctic Islands.  Several of these were part of the CGVMAN
 "benchmark" network established by NHRI in 1993.  As a result of the aforementioned amalgamation of NHRI and GSC expertise, resources and program activities, the National Glaciology Program’s CGVMAN now also includes the four GSC ice cap sites on Ellesmere (Agassiz), Devon, Meighen and Melville islands.
. The University of Alberta (Edmonton) carries out mass balance-related measurements on John Evans Glacier (Northern Ellesmere Island) to validate mass balance models run with data from an on-site automatic weather station, and has conducted shallow ice coring programs to provide 
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Figure 10: Location of current, discontinued and proposed new glacier/ice cap monitoring sites in the Canadian Cordillera. Source: M. Demuth (GSC).

insight into long term mean accumulation (since the 1963 bomb layer), and to a lesser extent its inter-annual variability. In addition to the preceding initiatives, a number of individual monitoring programs have or are being undertaken on an opportunistic basis
. 

The ideal monitoring network should provide a cross-section of mass balance gradient, equilibrium line altitude, mean annual air temperature and humidity as manifested by latitude and continentality.  The Ottawa workshop (Demuth and Koerner, 2000) concluded that the current Canadian glacier mass balance monitoring network contained major gaps in at least three key climate regions: the eastern continental divide, northern B.C. (interior and coastal), and Baffin Island. Two ad hoc committees were formed to recommend a reference mass balance network for a Canadian Glacier/Ice Cap Observing System that captured key climate transects such as the transition from maritime to continental climate across the Cordillera, the variable influence of the PDO through northern B.C., and the climatic cooling influencing the eastern Arctic.

In response to the recommendations of these committees and success in obtaining Action Plan 2000 funds for evolving an improved reference network for a Canadian Glacier/Ice Cap Observing System, the Ram River Glacier site was reopened in 2000 to fill an eastern-slopes continental gap (Figure 10).  In addition, the Andrei Glacier will be reopened in 2002 to fill the gap in the central region of the B.C. Coast Mountains (Figure 10). Sites will be opened on Baffin Island and the Yukon sites in 2003 and 2004 also with funding support from Action Plan 2000. 

The Ottawa workshop also recognized that efforts needed to be made to quantify errors in the existing mass balance network (e.g. problem of sinking stakes).  Repeat mapping surveys and location of bomb layers were two approaches that can be used to assess errors.

4.5.2.1 Mass Balance Modelling

The reconstruction of glacier mass balance from ice cores or modelling is essential for climate change detection and for understanding glacier-climate linkages.  Sharp (U. Alberta) is using a combination of modeling and shallow ice core analysis to reconstruct glacier mass balance in the high Arctic where complex interactions between local climatic conditions and surface characteristics make it difficult to transfer models developed for glaciers at lower latitudes.  The modified model makes it possible to predict the likely composition of ice cores from any proposed drill site and the likely pattern of annual layer thicknesses in a core. This is expected to help greatly in the interpretation of ECM and physical stratigraphy records.  A 40-year simulation of the mass balance distribution across John Evans Glacier has been performed and, in collaboration with Trent University, an additional 40-year simulation has been carried out for White Glacier (Axel Heiberg Island) to evaluate model performance.
 These ongoing modeling activities have considerable potential for expanding our understanding of glacier climate response and for filling in gaps in the existing Canadian mass balance record. The well-established GSC ice-coring program
 also has important input in this respect with cores drilled from various ice caps in the Canadian Arctic as well as Mount Logan in the Yukon. Increasing model resolution in GCMs has also created an interest in including glacier processes in climate models
.

4.5.3 Remote Sensing (area, length and other glacier properties)

Remotely sensed data are particularly well suited for monitoring land ice extent and properties (e.g. albedo, emissivity, surface temperature and wetness), and for tracking changes in glacier dimensions.  A number of important sensors/programs for remote sensing of Canadian glaciers are briefly discussed below:

Airborne LASER altimetry permits ice volume changes to be monitored.  NASA carried out airborne LASER altimetry/radio echo-sounding surveys of several Canadian Arctic ice caps in 1995 and in 2000
, and the ICESat
 1 and 2 satellite LASER altimeters will provide additional repeat coverage.  Regular LASER altimetry coverage, on a pentadal or decadal basis is considered a top priority in Canadian glacier monitoring, although it should be noted that LASER altimetry alone is an ambiguous guide to change. Supporting ground measurements from automatic weather stations and shallow ice cores, as well as an assessment of ice flow dynamics (from either ground based DGPS or SAR interferometry) are needed to interpret the altimeter signal.  Sensor resolution is also a factor for the application of laser altimetry to high relief terrain – the 70 m footprint of ICESat is more suited to monitoring large ice masses such as Antarctica and Greenland, and only limited data may be obtained from this sensor over Canadian land ice surfaces e.g. Columbia Icefield, large Arctic ice caps.  To this end the GSC’s National Glaciology Program (Demuth) and one of its CGVMAN partners (WLU-Hopkinson) have been assessing the utility of airborne LiDAR or ALTM (Airborne LASER Terrain Mapper) for providing high resolution DEMs and feature tracking capabilities.  Initial results for smaller-scale glacier settings and steep terrain are extremely encouraging.  Importantly, such data can provide representative DEMs required for geometric/radiometric correction and interpretation of satellite imagery (e.g. SAR).

Airborne radio echo sounding provides the capability for mapping and monitoring ice thickness, especially when used in conjunction with laser altimetry
. This is important for establishing baseline data for evaluating future change. Satellite-based SAR data (RADARSat, ERS-1/2) provides useful information for mapping the equilibrium line altitude (ELA) and accumulation area ratio (AAR) for estimating glacier mass balance in those instances where traditional ground measurements used in the direct glaciological method are absent
. SAR interferometry also provides information on glacier dynamics and surface displacement. While acquisition costs for SAR data are high, the Canadian Space Agency has provided funding support to the Canadian glaciological research community for application of RADARSat data to glacier/ice cap monitoring. The University of Alberta GLIMS regional centre for the Canadian Arctic Islands (see below) is making extensive use of RADARSat data for determining the dynamics of outlet glaciers.

LandSat imagery has been used to assess area changes in Canada and forms a large part of the United States Geological Survey’s “Satellite Image Atlas of Glaciers of the World” (USGS Professional Paper 1386; Chapter J – Glaciers of North America, in press).  LandSat, TM and DEMs are being used to map glacier attributes such as ELA and AAR.  The techniques developed from this work represent an important contribution since they can be used with ASTER data to generate important baseline information for Canadian glaciers under the GLIMS
 (Global Land Ice Monitoring from Space).  The aims of GLIMS are to establish a global inventory of land ice, including surface topography, to measure the changes in the extent of glaciers and, where possible, surface velocities. It will also establish a digital baseline inventory of ice extent during the period 2000-2005 for comparison with inventories created at earlier and later times based on imagery from the ASTER (Advanced Space-borne Thermal Emission and Reflection Radiometer) sensor.  A GLIMS regional centre, with responsibility for the Canadian Arctic Islands, was established at the University of Alberta (M. Sharp) in 2000 with funding support from the Canadian Space Agency and Environment Canada. The centre is conducting research to document and understand spatial patterns of area and volume change in Canadian Arctic ice caps since the late 1950's, and uses a combination of modeling, shallow ice core analysis, and remotely-sensed data to reconstruct glacier mass balance in the high Arctic. This work represents the first attempt to quantify recent glacier change in the Canadian Arctic at the scale of whole ice masses, and to generate the data sets required for interpreting observed patterns of change. The centre recently completed repeat mapping of the Devon ice cap for 1960 and 1999 to provide a 39-year record of changing ice extent over a whole ice cap. Similar work is being conducted for the Prince of Wales and Agassiz ice caps.  The long-term ground/mass balance data collected over these regions by the GSC provides important supporting data for this effort.

The National Glaciology Program of the GSC is moving forward to scale-up and regionalize the annual observations provided by their reference CGVMAN network in the Canadian Cordillera and Arctic Islands.  This will involve furthering partnerships with the Applications Division of CCRS, Geodetic Survey Division of Geomatics Canada, NRCan and the aforementioned University efforts regarding multi-decadal regional mass balance studies and the establishment of baseline data at GLIMS Regional Data Centres for the Arctic and the Cordillera and the future web-enabling of the Canadian Glacier Inventory and the associated Glacier Atlas of Canada (baseline inventory data efforts discussed below).  Essentially, the strategy would involve the annual estimation or inference of mass balance conditions regionally using remotely derived facies signatures and their glaciological zone manifestations.  On a pluri-annual basis, confirmation of the mass change of the reference CGVMAN sites and for a regional ‘adjunct network’ of sites will be conducted using LASER terrain mapping (e.g., ICESat, ALTM or other repeat mapping methods as they evolve).  The pluri-annual measurements will serve two additional purposes: 1) provide error detection for the manual measurements within the CGVMAN reference network; and 2) provide regular DEM updates for use in remote sensing and surface facies signature interpretation.  

4.5.4 Glacier Inventories

GCOS requirements include the undertaking of comprehensive glacier inventories every 30-50 years.  Tuzo Wilson started the first Canadian glacier inventory at the University of Toronto for the International Geophysical Year (IGY; July 1957 – December 1958). This formed the basis of the International Hydrological Decade (IHD) inventory begun by George Falconer (Geographical Branch) that subsequently ended up under the care of Simon Ommanney in the late 1960s.  The current Canadian Glacier Inventory is housed at NHRI in Saskatoon, and consists of hard copy aerial photos and quantitative information on about 40,000 of Canada’s approximately 100,000 glaciers (Ommanney, 1997). Digitizing these data and generating the associated metadata is considered a high priority by the Canadian glaciological research community.  Another source of glacier baseline data is the Glacier Atlas of Canada published in 1987 in association with the Canadian Glacier Inventory.  Providing improved access to and Web-enabling these assets is discussed further in the next section.  

Glacier research activities at UNBC (R. Wheate) have generated baseline

information on the areal extent of selected glaciers in the Canadian

Rockies, Selkirk range and coastal cordillera northern B.C. since 1995 using

Landsat imagery and BC provincial digital elevation models. The information

is used to estimate equilibrium line altitude and accumulation ablation

ratios, along with elevation range and surface cover types such as ablation,

accumulation, firn, and debris covered ice. Multiple date imagery, aerial

photography and digitized map extents are used to estimate rates of retreat,

in some cases back to 1950. The reduced cost of Thematic Mapper imagery and

the availability of ASTER data has allowed greater activity in glacier

mapping projects.  Current activity is focussed on the glaciers of the

northern Rocky Mountains, and the coastal cordillera. UNBC is a GSC-CGVMAN

partner (central BC Coast Mountains), and also works with the

University of Alaska at Fairbanks (NW BC), and USGS (BC northern glaciers).

In each case, UNBC will be assessing current extent and historic change,

surface form and the incorporation of LiDAR data derived from GSC's Action Plan 2000 implementation plan for the development of a reference glacier/ice cap observing system and other LiDAR initiatives.  Discussions are being held on establishing a GLIMS regional data center for the Cordillera at UNBC.

The GLIMS regional centre for the Canadian Arctic Islands will produce a georeferenced inventory of land ice cover in the Canadian Arctic islands - including glacier location, ID number, areal extent and margin positions, length, elevation range, hypsometry, and up to date digital elevation models where stereo ASTER imagery is available. For ice caps, basic glaciological maps will be constructed, showing the locations of ice divides and the drainage basin structure of each ice cap. Major outlet glaciers and ice streams will be identified, as will floating ice tongues and calving ice fronts. Imagery will be searched systematically for surface features indicative of flow instability (surging), such as looped medial moraines, potholes, and extensive areas of intense crevassing. This inventory will serve as a baseline for future studies, and will enable quantification of the spatial patterns of area and volume change in Canadian Arctic ice caps since the late 1950's, and their contribution to changes in global sea level.  It will also provide a basis for modelling the response of Canadian Arctic glaciers to past and projected climate change, and will enable the development of a strategy for databasing ice masses that can be transferred to the smaller and topographically more complex glaciers of the Canadian Cordillera. The importance of glaciers in water resource management in western Canada makes accurate evaluations of ice volumes and areas in this region a particularly important task.  Like the opportunistic evolution of some data sets describing mass balance and glacier margin changes, glacier inventory baseline data is often derived on an opportunistic basis during the course of conducting related process investigations.

4.5.5 Glacier Data Archival/Retrieval 

Demuth (GSC) is the Canadian National Correspondent to the WGMS and reports mass balance data and assessments, under commitments to the GTN-G, annually to the WGMS website (provisional data) and biennially to the WGMS Glacier Mass Balance Bulletin (checked data) for selected CGVMAN
 "benchmark" glaciers. All of the above data, annual mass balance data from the remainder of the CGVMAN sites and data from other ad hoc or research-related monitoring/observing efforts are reported to the WGMS every 5 years and published in the WGMS publication “Fluctuations of Glaciers”.  This later publication is considered to contain final data, though amendments can be made in subsequent volumes through the National Correspondent.  Moreover, the Fluctuation of Glaciers volumes also include details on the occurrence of special events such as glacier surging and an overview of glacier-related research and monitoring programs operating in the contributing country.  In addition, the GSC National Glaciology Program website (under development) will provide metadata, detailed “site folios” and mass balance observations for the CGVMAN reference glaciers.

It should be noted that the mass balance for some of the GSC’s CGVMAN Arctic ice caps are monitored using a single profile (Agassiz) or are based on a particular sector of the icecap (Devon) i.e. there is no attempt made to define the “specific” mass balance of the entire icecap.  Since the aforementioned annual and biennial reporting to the WGMS/GTN-G is intended to provide both a regional and worldwide assessment of glacier mass balance (contained within each publication alongside the site data and assessments) not all measurements can be included because of varying measurement goals/methods. It would be desirable in the future to attempt to operationally regionalize these measurements - possibly by remote sensing and/or the use of AWSs and modelling as previously described - to better meet GCOS requirements.  GSC mass balance and ice core data are also regularly submitted to NSIDC/WDC-A for Glaciology in Boulder.

The Canadian Glacier Inventory holdings at NHRI in Saskatoon consist of an extensive collection of Canadian glacier-related information, mainly in hard copy formats (photos, inventory sheets, surveys etc.).  These data still have to be searched and accessed on site. Improved access to Canadian glacier data was a major recommendations of a recent review of glacier related activities in Canada (Munro,1995; Demuth and Munro,1995) and the Ottawa workshop (Demuth and Koerner, 2000). As a starting point, the GSC’s National Glaciology Program (Demuth) is currently in the process of working with the National Atlas of Canada (GeoAccess Division of CCRS, Geomatics Canada, NRCan) to provide an online version of the aforementioned Glacier Atlas of Canada.  The web-enabled glacier atlas will contain links to CGVMAN glacier data stored online at GSC and data collected and held elsewhere.  Efforts to web-enable the Canadian Glacier Inventory using the resources of NRCan’s GeoCeonnections Public Access Continuity and Connectivity (PACC) program are also being discussed.  This will compliment plans to provide Canadian data from GLIMS regional centers through the CCIN and NSIDC. 

The Canadian Arctic Island GLIMS Centre at U. Alberta will provide a standard set of data products for inclusion in the GLIMS global database maintained by the NSIDC in Boulder, Colorado.  Data and imagery from the centre will also be made available to the Canadian research community through the Canadian Cryospheric Information Network (CCIN) at the University of Waterloo. 

4.5.6 A Canadian Glacier Monitoring Strategy for GCOS 

A number of key action items were identified during the GCOS workshops for developing a national glacier monitoring strategy that meets GCOS and national needs.  Some of these items have subsequently been dealt with, or are planned to be implemented with funding support from Action Plan 2000.  The key items (and their current status) is outlined below:

1.
Establish operational GLIMS regional centres for the Canadian Arctic Islands (initiated in 2000) and Cordillera (in progress). Supply standard GLIMS outputs to NSIDC, and make GLIMS standard outputs and associated data (e.g. imagery, DEMs) accessible to Canadian researchers.
2. Establish a representative national glacier surface mass balance monitoring network.  Fill gaps in: eastern slopes (Ram River reopened in 2000), northern B.C. (interior and coastal), and Baffin Island (remaining gaps to be filled with Action Plan 2000 funding over the period 2002-2004). Quantify errors in the existing mass balance network (e.g. problem of sinking stakes). Supply annual mass balance and assessments to GTN-G (WGMS) (currently being done annually for selected sites of the CGVMAN, and every 5 years for the entire CGVMAN reference network).

3. Implement AWS and stream-gauges at key sites in support of process and remote sensing studies.  Data will also be used to develop transfer functions to nearby met/climate stations, and for validation of glacier-climate-hydrology models.  Limited augmentation of AWS and stream gauging facilities at GSC CGVMAN sites will be facilitated by Action Plan 2000 funding: Peyto, Ram River, Place and Andrei glaciers in the Cordillera and Devon and Agassiz ice caps in the Arctic Islands.

4. Assess the quality of DEMs derived from various sources (e.g. LandSat, ASTER, satellite stereo SAR, airborne stereo photo, inSAR, LiDAR). This process will be facilitated by the installation real-time kinematic DGPS transmitters in Resolute and Eureka by the Geodetic Survey Division of Geomatics Canada, NRCan.  A further transmitter is planned to be installed at Clyde River, Baffin Island.

5. Support remotely-sensed and modelling studies required to scale-up in situ measurements to whole ice masses and to glacier-climate regions. This scaling is needed to answer important science questions (e.g. Canada’s contribution to global sea level rise), and for planning and adapting to changing water resources.  Access/funding for satellite data purchases is critical for this task especially RADARSat, ERS-1/2 and Landsat.

6. Carry out regular airborne LASER altimetry (every 5 years) to build on the 1995 and 2000 NASA overflights in the Arctic Islands and the GSC/CGVMAN LiDAR efforts in the Cordillera, and to provide field validation for satellite sensors such as GLAS.  The Action Plan 2000 implementation plan for developing a reference glacier/ice cap observing system designed by the GSC (Demuth and Koerner) involves acquiring LiDAR data over the CGVMAN reference sites on a rotating basis (i.e. one-two sites per year).

7. Rescue the Canadian Glacier Inventory at NHRI and make it accessible to the research community.

8. Establish on-line information about Canadian glaciers for public/media. (in progress - GSC and National Atlas of Canada)

5.  OVERARCHING THEMES

In 1995, Roger Barry of the U.S. National Snow and Ice Data Centre published a review of Canada's ability to contribute to GCOS objectives for cryospheric monitoring (Barry, 1995).  He concluded that the status was unsatisfactory in several areas, particularly in the collection, archiving and provision of access to important cryospheric data sets.  In some respects this assessment is still valid, particularly for many of the in-situ datasets (e.g. snowfall and solid precipitation, ice thickness, freeze-up/break-up, glacier mass balance) where data collection has continued to decline, rapid automation has caused quality problems and where no resources have been available to get important metadata online.  Some positive changes or improvements have, however, also become visible recently.  There are a few notable bright points such as the major role of Canada’s GSC in the new GTN-P network, expanded reporting to WGMS and data rescue of snow depth and snow course data through the CRYSYS project. The consolidation of Canadian glacier monitoring program at the GSC will also assist in playing a greater role in the planned GTN-G initiative. 

Severe attrition in cryospheric monitoring networks and in related expertise has resulted from over a decade of fiscal restraint.  During recent years, funding has simply been inadequate to maintain many of the historical observational programs, which would have formed an obvious nucleus on which to build a long-term systematic climate monitoring system.  The result has been termination of important historical records, sometimes too-rapid automation of observing processes and a corresponding decline in operational and analytical expertise.  In the face of this reality, it has become vital to optimize the efforts of all participants in cryospheric monitoring, striving for increasingly effective partnerships in establishing and maintaining what must necessarily be interdisciplinary observational programs needed to address the climate issue. 

This partnership approach must, of necessity, encompass all aspects of monitoring from logistics through observational activities to data management and information provision. Equally, it almost goes without saying that partnerships must be reinforced by the allocation of appropriate resources if they are, in the end, to result in significant progress.  Initiatives such as the establishment of a Canadian Cryospheric Information Network represent a recognition of this reality and have the potential to generate significant benefits.  To date, the CRYSYS project has proven to be an effective initiative for fostering collaboration and leveraging resources to focus on monitoring and understanding cryosphere and climate. 

To be effective, a cross disciplinary, multi-party approach to cryospheric monitoring must, moreover, be solidly based upon agreed, universally accepted monitoring protocols and data standards, reinforced by readily accessible metadata.  Universally applied, observational standards and procedures are essential to ensuring the comparability and continuity of observational records needed to detect and quantify climate variability and change.  In addition, such protocols and standards are essential in ensuring easy access to and comparability between distributed data archives and information provision systems at a time when no single agency or government has the capacity and resources to operate a single-source archival and access system.  

Finally, there is a need for agreed and universally accepted assignment of lead responsibilities for the coordination of cryospheric monitoring activities forming part of the national contribution to GCOS.  Clarity of roles and responsibilities for individual cryospheric monitoring programs is essential to establishing and maintaining, over the long term, cryospheric monitoring programs needed to address the climate issue and to meet our related international obligations.  Some progress has recently been made in this respect with the assignment of glacier monitoring responsibilities at the federal level to a single agency.  At the same time, where long-term climate monitoring is the driver, further progress is clearly needed including, specifically, the unequivocal confirmation of a climate-related monitoring mandate to the Canadian Ice Service and a similar national mandate for permafrost to the GSC.  

In summary, an effective Canadian cryospheric monitoring program must, of necessity, rest upon smooth and effective partnerships reinforced by clear definition of lead and supporting responsibilities.  It must also be solidly anchored by agreed observational and archival standards and protocols and supported by an adequate funding base. With targeted investment of funds in key areas outlined in this plan, and continued support to ongoing efforts by federal agencies and CRYSYS, Canada should be poised to make a significant contribution to GCOS.
5.1 Overall Canadian Requirements for Cryospheric Monitoring 

A comprehensive global plan (GCOS-32) for terrestrial climate-related observations (GTOS Plan) was prepared by Cihlar et al. (1997).  This document provided an initial assessment of global requirements and priorities, identifying the cryospheric variables
 shown in Table 1 as the minimum set required to meet GCOS objectives.  It should, however, be emphasized that global and domestic priority needs (summarized in Table 1) must not be considered to be mutually exclusive. Variables with medium global priorities such as sea ice concentration and extent nevertheless provide valuable regional-scale information for other Canadian needs and for model validation. 

From a global perspective, it is clear that there are six Canadian cryospheric observational programs that have a high priority for climate monitoring:

· Measurement of snowfall and solid precipitation at GSN stations and the contribution of corrected precipitation data to the Global Precipitation Climatology Centre (GPCC).

· Monitoring of snow cover (Depth and Water Equivalent (SWE)) at GSN stations and at representative Canadian synoptic and climate stations along with monitoring of regional SWE from passive microwave in key regions where snow cover is a critical component of water supply, such as the Canadian prairies.

· Monitoring permafrost active layer and thermal state as part of the GCOS/GTOS Global Terrestrial Network for Permafrost (GTN-P) program.

· Monitoring glacier mass balance as part of the planned GCOS/GTOS Global Terrestrial Network for Glaciers (GTN-G) program.

· Monitoring weekly sea ice extent and concentration in Canadian waters (a contribution to the NH sea ice products generated at the U.S. National Ice Center).

· Monitoring sea ice thickness at key locations in the Arctic as a contribution to international efforts to monitor ice volume variability and change in the Arctic.

Where domestic uses are concerned, cryospheric monitoring needs are largely related to demands for higher resolution and/or applied information in regional areas of specific relevance.  The domestic Canadian priorities summarized in Table 1 were developed during the workshop discussions referred to earlier in this document and include:

· Reliable solid precipitation monitoring for input to climate and hydrological models, model validation, economic and engineering applications and climate change detection and impact analysis
. 

· Maintenance of the in situ record of snow cover, which is important for documenting past variability in snow cover
, and for validation of satellite SWE and snow depth algorithms.

· Extension of the snow depth monitoring network into data sparse areas, particularly in forested and mountainous terrain and the Arctic.

· Improved snow water equivalent (SWE) data for operational water resource planning, hazard prediction, model validation and regional climate monitoring
.

· Maintain existing permafrost observation sites contributing to the GTN-P and coordinate through the establishment of a formal national network.  Expansion of this in-situ permafrost network
 to cover gaps in important climatic and terrain regions, to include observations of physical processes, landscape changes.  Enhance research to quantify carbon sources and sinks in permafrost environments. 

· Establish glacier and ice-sheet mass-balance measurement programs in critical gap areas for climate and ecological monitoring and impact assessment.

· Carry out routine (5-year interval) laser altimetry of key land ice masses.

It is evident that these domestic requirements and thrusts do not conflict with the global monitoring directions and requirements outlined earlier but, to a large extent, build upon or supplement the latter.  As reflected in Table 1, monitoring of snow properties, selected sea ice characteristics, permafrost and the mass balance of glaciers and ice caps are judged to be high global and domestic priorities and, in consequence, high priorities from an overall Canadian perspective.  Correspondingly, other variables such as freeze-up and break-up, sea ice motion and snow cover extent, are assigned somewhat lower (Medium)  overall priority.

Table 1.  Priority assessments of cryospheric variables to meet global and domestic needs for climate monitoring and to respond to overall Canadian requirements for cryospheric data.  The relative GCOS priorities (P1, P2, P3) and feasibilities (F1, F2, F3) were taken from the intial GCOS plan for terrestrial climate observations (GCOS-32) and updated based on current observing technology
.  The conventions used are: L or 3 = Low; M or 2 = Medium; H or 1 = High.

Cryospheric Variable
GCOS Priority and Feasibility     
CDN Climate Monitoring Priority
CDN

Cost
CDN Needs Priority

Firn temperature
P2    F1
M
L
M

Glaciers and ice cap mass balance
P1    F1
H
M
H

Lake and river freeze-up and break-up
P2    F1*
M
M
M

Permafrost – active layer, thermal state
P1    F1
H
H
H

Sea ice concentration/extent
P1    F1
M
M
H

Sea ice motion
P2    F1*
M
M
M

Sea ice thickness
P1    F2
H
H
H

Snow cover extent 
P1    F1
H
L
M

Snow depth
P1    F2
H
M
H

Snow water equivalent
P1    F2
H
M
H

Snowfall, Solid Precipitation
P1    F2
H
H
H

* Revised from the original to reflect new satellite monitoring capabilities

Costs:
Low: < 100K/yr; Medium: 100-500K/yr; High > 500K/yr

Monitoring of permafrost (active layer and borehole temperatures) permits the assessment of short and long-term components of climate change at high latitudes.  For permafrost, the GCOS plan specifies a requirement for weekly measurements of active layer thickness or, at minimum, soundings in late summer at the time of maximum thaw depth; weekly to monthly near-surface (15 cm) and ground temperatures (to 20 m) at representative sites; annual-decadal measurements of ground temperatures below 20 m; and associated measurements of snow cover, meteorological data, and vegetation/surface changes.  The implication for Canada is that regular monitoring of these variables, and of associated meteorological conditions, should be undertaken at a representative networks of stations, in accordance with GCOS specifications.

Equally, fluctuations in ice mass are expressions of changes in the energy and mass balance at the earth/atmosphere-interface and, in consequence, monitoring of this parameter is important for climate change detection and climate impact assessment.  The GCOS plan specifies requirements for direct mass balance annually; glacier length change annually to once every 10 years and glacier inventories every 30 to 50 years.  The implication for Canada is that annual mass balance measurements should be made at a network of representative glaciers/ice caps in the western Cordillera and high Arctic.  

While firn temperature is considered to be a lower (medium) priority, temperature profiles contain important information about decadal to secular warming trends in areas of cold firn at high altitudes and high latitudes and are relevant to sea level changes due to melt water runoff. The GCOS plan specifies requirements for decadal monitoring of ice core hole temperatures over a representative network of high altitude and high latitude sites. The implication for Canada is that we should encourage the addition of firn temperature monitoring to existing mass balance programs, particularly in data sparse regions in the Arctic and at high elevations, since this is both easy and inexpensive to do.

5.2 Strategic Directions for Cryospheric Monitoring  

If we are to successfully respond to the GCOS global priorities and domestic needs described in the previous sections, we must take action to ensure that the following broad directions are pursued:

· Inclusion of Climate Monitoring in Institutional Mandates and Corporate Culture:  The lack of a “mandate”
, or clearly assigned responsibility, for systematic observation of cryospheric elements represents a significant internal barrier to long-term monitoring of permafrost, glaciers and sea ice.  At present, there is a lack of clarity regarding the Geological Survey of Canada’s (GSC) national responsibilities for climate-related permafrost and glacier monitoring.  In addition, the Canadian Ice Service’s sea ice monitoring activities are largely driven by the requirements of marine navigation, and climate monitoring is not formally included as a client.  As a compounding factor, some members of the university community have noted the existence of institutional biases against research related to environmental (including cryospheric) monitoring e.g. NSERC does not consider this an appropriate activity for academic funding. To rectify the preceding situations, there is a need for unequivocal national mandates that assign or recognize core program responsibilities for coordinated national cryospheric monitoring programs for climate and for a more flexible approach by university funding agencies. 

· Network Optimization for Climate Monitoring: Most domestic in situ observational networks (permafrost, glacier mass balance, snow course, snow depth and weekly ice thickness) have been established for reasons other than climate monitoring.  Existing networks are known to have important gaps (e.g. in mountain and Arctic regions) and data collection activities at important sites with long periods of record continue to be threatened by budgetary constraints.  Optimization of these networks, therefore, requires stabilization of the observing programs at key existing sites and the addition of new observational stations in areas where significant gaps in coverage exist. 

· Effective use of Remote Sensing Technology: Use of remotely sensed data is essential to effective monitoring of the cryosphere in a large data sparse country such as Canada. This requires a continuing effort to develop and validate satellite methods over Canadian terrain along with techniques for combining information from different satellite sensors, in situ observations and physical models.  Such R&D activities have not, however, received much support from traditional funding agencies and alternative sources of funding are scarce. Participants in the Victoria GCOS workshop emphasized the need to raise the profile of applications of space-based observations to climate monitoring within the Canadian Space Agency
 and, to this end, strongly endorsed the organization of a workshop involving both the climate and remote sensing communities
.

· Facilitation of Data Access and Exchange in Support of Climate Monitoring: More than a decade of fiscal restraint has adversely affected our ability to monitor key components of the cryosphere including our ability to provide adequate data accessibility and to contribute data to World Data Centres (WDCs). The Canadian Glacier Inventory, currently housed at NHRC, has, for example, suffered from lack of resources and much of the data remains off-line.  Environment Canada’s data policies have also been identified as an obstacle to access and in contributing information to the international GCOS community.  Virtual data portals such as the Canadian Cryospheric Information Network (CCIN)
 being implemented at the University of Waterloo offer an alternative to housing data archives in “bricks and mortar”. However, a considerable dollar investment must still be made to connect key data sets, and to bring others online.

· Delivery of Timely and Relevant Information: Observational data must be made available in a timely fashion and analysis of these data must be tailored to the needs of the user communities if climate monitoring is to be truly effective.  A “State of the Canadian Cryosphere” web site was proposed as one way of meet user needs for timely information on the cryosphere, and this was recently implemented by the CRYSYS project as part of the CCIN at U. Waterloo.  The CCIN is also envisaged to play an important role in product delivery for GCOS by providing access to online cryospheric data and resources. 

· Establishment of Mechanisms for Collaboration, Leadership and R&D Support: Responsibilities for cryospheric monitoring are dispersed across various organizations that often have requirements for the same data and services.  A successful Canadian cryospheric monitoring plan must incorporate mechanisms for collaboration, effective data and resource sharing and provision of leadership in representing overall cryospheric monitoring interests at various levels of government
. A guiding mechanism that provides leadership and seed money for critical R&D is, therefore, required.  The CRYSYS project, with funding support from the MSC and the Canadian Space Agency, currently serves as an ad hoc coordinating mechanism for cryospheric monitoring science in Canada
.

The following specific Action Plans are intended to move our cryospheric monitoring programs in the broad directions identified above, with a view to establishing an integrated cryospheric monitoring system which will generate the data needed to respond to the full spectrum of Canadian requirements (both domestic and global), ensure the quality and accessibility of such data and facilitate the distribution of cryospheric information. 

6.  CRYOSPHERIC MONITORING REQUIREMENTS AND ACTION PLANS

A fundamental, underlying, reality is that GCOS is intended to be based largely on existing programs and infrastructure.  Since there are unlikely to be large sums of money available for massive expansion of domestic networks and mandates, a realistic cryospheric monitoring plan must be carefully crafted to ensure that it addresses the key strategic directions identified above, while remaining affordable over the long term.  In view of the current deficiencies in our domestic cryospheric monitoring networks, it is also clear that allocation of additional resources will be essential if Canada is to meet its obligations to the international community, and ensure that there is a collaborative national effort to design, coordinate and implement a truly national monitoring network 
. 

The following sections propose specific action plans to address the priorities and program deficiencies identified for each of the significant cryospheric variables. These represent the minimum initiatives that must be undertaken if we are to respond to the challenge presented by GCOS implementation and by domestic requirements for cryospheric information.  In the interests of clarity and cohesion, the action plans for individual cryospheric variables are categorized under a uniform set of planning elements drawn from the “Strategic Directions for Cryospheric Monitoring” outlined in section 5.2.  A detailed listing of action item priorities, cost estimates and status is provided in an attached spreadsheet to facilitate future updates.  The cost figures represent best estimates at the time this report was put together.  

6.1 Snow Action Plan

· Planning Element 1 (Inclusion of Climate Monitoring in Institutional Mandates and Corporate Culture)
· No action required.

· Planning Element 2 (Network Optimization for Climate Monitoring)
· Develop a list of representative snow depth stations and snow courses with the longest continuous records for climate monitoring purposes.
· Undertake an evaluation of gauges for all season precipitation measurement to determine measurement accuracy and limitations.
· Ensure that all stations in GSN report daily snowfall and daily depth of snow on the ground.

· Measure winter precipitation at all auto-stations.

· Implement automatic snow depth sensors at all auto-stations.
· Measure wind speed at gauge height at all auto-stations.
· Planning Element 3  
(Effective use of Remote Sensing Technology)

· Continue leadership in developing remote sensing technologies for snow cover monitoring over Canadian landscapes, including forested and mountainous terrain.

· Encourage research to develop methods to merge in situ and remotely sensed snow data in order to enhance spatial and temporal information content. 

· Planning Element 4 
(Facilitation of Data Access and Exchange)

· Improve the timeliness of snow depth data updates to the MSC National Climate Archive. 

· Provide regular updates to the Canadian CD-ROM compilation of snow depth and snow course data.

· Develop and maintain a national snow course archive.
· Planning Element 5 
(Delivery of Timely and Relevant Information)

· Continue to develop the snow sections of the “State of the Canadian Cryosphere” website with emphasis on near real-time information.
· Planning Element 6 
(Mechanisms for Collaboration, Leadership and R&D Support)

· Continue to support the Canadian Cryospheric Information Network (CCIN) for access to Canadian cryospheric data, including snow cover
.
· Continue to support snow cover remote sensing R&D through the CRYSYS project.

6.2 Sea Ice Action Plan

· Planning Element 1 
(Inclusion of Climate Monitoring in Institutional Mandates and Corporate Culture)

· Re-shape the monitoring philosophy of the Canadian Ice Service 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. 

· Planning Element 2  
(Network Optimization for Climate Monitoring)

Ice Concentration/Extent

· Expand the climate monitoring role of the Canadian Ice Service for sea ice and lake ice.

Ice Motion
· Establish and maintain a stable "climate funding" component for Canadian participation in the International Arctic Buoy Program. 

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

Ice Thickness
· Determine the key reference stations in Canada for in situ ice thickness monitoring.

· Continue monitoring fastice thickness at reference stations.

· Provide stable funding for a moored ice-profiling sonar program for measuring ice thickness in the Beaufort Sea. 






· Add 3 additional IPS mooring locations in the Canadian Arctic. 

· Planning Element 3  
(Effective use of Remote Sensing Technology)

· Recommend that RADARSat III have a low resolution environmental monitoring mode when not in service as a contribution to GCOS global environmental monitoring. 
· Continue to develop automated procedures at CIS to estimate ice geophysical parameters from RADARSat.
· Investigate indirect methods of combining multiple remote-sensing products and physically-based models to infer ice thickness.
· Produce an operational sea ice motion product for Canadian waters derived from RADARSat data, with emphasis on ice drift through the Canadian Arctic Islands, Baffin Bay and the Labrador Sea. 
· 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. 

· Planning Element 4
(Facilitation of Data Access and Exchange)

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

· Maintain ongoing digitization of CIS regional ice charts. 

· Planning Element 5 
(Delivery of Timely and Relevant Information)

· Continue development of CIS website and web-based data delivery to the public; continue to develop the sea ice sections of the “State of the Canadian Cryosphere” website.

· Planning Element 6 
(Mechanisms for Collaboration, Leadership and R&D Support)

· Support Canadian expertise in sea ice modelling through workshops and technology transfer

· Support the Canadian Cryospheric Information Network.

6.3 Freshwater Ice Action Plan

· Planning Element 1 
(Inclusion of Climate Monitoring in Institutional Mandates and Corporate Culture)
· No action required.

· Planning Element 2  
(Network Optimization for Climate Monitoring)

· 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
.

· Planning Element 3  
(Effective use of Remote Sensing Technology)

· Rationalize and expand the use of RADARsat data in the CIS lake ice monitoring program to provide data and products for climate monitoring. 

· Evaluate the contribution of microwave-based lake ice monitoring to global climate observing and develop a methodology for relating in situ, satellite-derived and model-generated information. 

· Continue to produce, archive and distribute northern hemisphere FU/BU  information based on available RADARSat
 and in-situ data. 

· Continue to produce, archive and distribute FU/BU information for larger northern hemisphere lakes using passive microwave data. 

· Take advantage of future satellite missions to improve monitoring capabilities; continue to evaluate the quality of satellite-derived ice cover and FU/BU information. 

· Planning Element 4 
(Facilitation of Data Access and Exchange)

· Consolidate responsibility for archiving Canadian Freeze-up/Break-up (FU/BU) in situ data in one place, make data available to the international research community and commit to provide annual updates.  
· Planning Element 5 
(Delivery of Timely and Relevant Information)

· Analyze the existing FU/BU data to provide an up-to-date picture of variability and change at the Canadian GCOS sites and develop a Lake Ice webpage for inclusion in the CRYSYS “State of the Canadian Cryosphere” website.  

· Use data for evaluation and improvement of numerical forecast and climate models, climate change impact studies, and other applications. 
· Planning Element 6 
(Mechanisms for Collaboration, Leadership and R&D Support)

· Continue to support freshwater ice remote sensing R&D through the CRYSYS project

· Continue to support the development of a consolidated Canadian freshwater ice database.  

6.4  Permafrost Action Plan

The following items are proposed for immediate action, based on the priority rankings in Table 1and on the strategic directions discussed above.

· Planning Element 1 

(Inclusion of Climate Monitoring in Institutional Mandates and Corporate Culture)
· Secure explicit assignment of a national mandate for permafrost monitoring to the Geological Survey of Canada
.
· Planning Element 2  
(Network Optimization for Climate Monitoring)

Significant investments will be required to develop, support and maintain critical in situ networks and field infrastructure. 

· Provide ongoing A-base funding to support long-term, continuous, in-situ monitoring of permafrost active layer and thermal state , including operation of a its data management node and web site, and those of the  GTN-P.

· Expand and provide ongoing support for a Canadian permafrost network for GTN-P and Canadian climate monitoring needs to address identified key gaps, including funding the addition of supporting meteorological observations at key sites.  

· Plan and implement expanded permafrost observation systems, including process studies and carbon fluxes, needed to understand and quantify the impacts of climate change on human activities and natural systems and to determine climate forcing

· Provide ongoing resources for modeling activities needed to reconstruct and extend permafrost observational records both spatially and temporally.

· Planning Element 3  
(Effective use of Remote Sensing Technology)
· Encourage the development, validation and implementation of remote sensing techniques to extend point source permafrost monitoring to a broader spatial domain, to support permafrost distribution modelling and mapping techniques implemented in a GIS framework, and to complement active layer and thermal observing networks with monitoring of active geological processes (e.g. such as slope, coastal, and surface terrain stability). 

· Planning Element 4 
(Facilitation of Data Access and Exchange)
· Implement and maintain a coordinated, readily accessible, active database and archive of Canadian permafrost data and metadata at the GSC, - through development of the infrastructure for a national permafrost network  database and web site.  This will serve as the Canadian node for the GTN-P. 

· Provide ongoing support for the Canadian contributions to the development, coordination and operation of the GTN-P 

· Provide funding for permafrost data rescue needed to recover and make accessible historical records.

· Planning Element 5 
(Delivery of Timely and Relevant Information)
· Support the data analysis and research required to develop a comprehensive, online, synthesis of what is happening to permafrost in Canada and how it may change in response to global warming as a contribution to the “State of the Canadian Cryosphere”.


· Produce a national publication, consisting of a series of regional reports,  on “ What has happened to permafrost in Canada in recent decades”.

· Develop a national  "State of the Permafrost" web page
 on the GSC permafrost web site, summarizing what we currently know, highlighting important anomalies and facilitating a regular annual update regarding the state of Canadian permafrost.

· Contribute through the above to international assessments, including IPCC and ACIA

· Planning Element 6  (Mechanisms for Collaboration, Leadership and R&D Support)

· Build on existing partnerships with academia, government agencies and private sector, exploring in particular community linkages for new sites established to expand the network.  Establish links between coordinated Canadian permafrost network, networks of other nations (through continued IPA and GTN-P leadership), and build linkages to CCIN.

· Participate in the International Permafrost Association’s committees on the GTN-P, leading the data management, coordination and web site.

6.5 Glaciers and Ice Caps Action Plan

· PLANNING ELEMENT 1 
(Inclusion of Climate Monitoring in Institutional Mandates and Corporate Culture)

· Formalize GSC mandate for climate monitoring of glaciers and include logistic support for glacier monitoring in the mandate of the Polar Continental Shelf Project.

· PLANNING ELEMENT 2  
(Network Optimization for Climate Monitoring)

· Establish a “Reference Glacier-Climate Assessment Network” based on the recommendations of the Ottawa Workshop: 

(a) Cordillera: re-establish 4 sites; establish 1 new site; upgrade 2 current sites

(b) Arctic: establish 1 new site; upgrade 5 current sites.

· Develop the infrastructure (AWS, hydrometric stations, remotely sensed data, models) to enable the scaling of information from local to regional scales (“adjunct network”).
· Develop and implement a uniform approach to measurement of the mass balance in the accumulation areas of sub-polar glaciers and ice caps
. 
· Determine the errors in mass balance stake networks.

· PLANNING ELEMENT 3  
(Effective use of Remote Sensing Technology)
· Establish a Canadian Cordillera regional centre for GLIMS (Arctic regional centre established at U. of Alberta in 2001).
· Provide ongoing support for Canadian GLIMS regional centres.
· Support LASER altimetry re-profiling of NASA ice cap/glacier traverses every ~5 years (next re-profile due in 2005).
· Support pentadal or decadal re-measurement of glacier ice thickness with radio-echo sounding. 

· Support research into the development and expansion of satellite technology for glacier monitoring.

· PLANNING ELEMENT 4 
(Facilitation of Data Access and Exchange)
· Implement a coordinated, readily accessible archival system for Canadian glacier data and metadata.

· Undertake data rescue activities for Canadian glacier data including conversion to electronic form of hard copy records held at NHRI and in other locations.

· Establish a web site on trends and variability of Canadian glaciers and ice caps linked to the CRYSYS "State of the Canadian Cryosphere" web site.



· PLANNING ELEMENT 5 
(Delivery of Timely and Relevant Information)
To increase the visibility and accessibility of cryospheric information and to broaden understanding of the state of the Canadian cryosphere. 

· Provide additional funding to examine how the warm 1990's (particularly 1998) affected the glaciers and ice caps of Canada
.

· Engage the Canadian public through programs such as the International Year of the Mountain (2002) and International Year of Freshwater (2003).

· Encourage Outreach Programs particularly where local communities or National/Provincial Park authorities, for example, have needs and/or mandates for such information (e.g., National Parks are required to report to Parliament every two years on the State of the Physical Environment).   

· PLANNING ELEMENT 6   (Mechanisms for Collaboration, Leadership and R&D Support)

· Coordinate and continue efforts to engage and establish university and private sector partners in GSC’s CGVMAN, particularly for the Arctic.

· Enhance activities and participation within the Working Groups and Committees of learned bodies and international scientific associations towards improving techniques (e.g., IAHS-ICSI
 Working Group on Mass Balance Methods and Modeling) and providing direction for glacier-climate studies.

7.  CONCLUSION 

In conclusion, it is clear that Canadian cryospheric monitoring programs can make vital contributions to GCOS at the IOS stage of implementation and, in the longer term, to a mature global observing system.  In developing these contributions so that they become near optimal, a number of priority thrusts have been identified.  These focus on the needs for:

· Clarification of organizational mandates for long-term, climate-related, monitoring of the different components of the cryosphere, reinforced by the allocation of sufficient A-base resources to carry out those mandates both through in-situ networks and satellite based measurements; 

· Determination of appropriate domestic in-situ cryospheric monitoring networks and systems and allocation of ongoing resources for their operation and for Canadian participation in related international programs such as the GSN, GTN-P, GTN-G and others;

· Provision of support to maintain satellite-based monitoring of important cryospheric variables in climate sensitive regions, for remote sensing R&D, and for Canadian participation in international climate monitoring programs such as GTN-P and GLIMS;

· The establishment and ongoing operation of coordinated data management, archival, access and information delivery systems including, among others, important new initiatives such as a the establishment of a Cryospheric Information Network and a national snow course archive.

These thrusts must be aggressively pursued if Canada is to meet its climate monitoring obligations to the global community while at the same time responding adequately to domestic needs for cryospheric information.  The implementation of the action plans presented in this document will ensure that substantial progress is made towards establishing the national capacities needed to respond to this challenge.
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LIST OF ACRONYMS

A-base
Core funded activity
AATSR
Advanced Along-Track Scanning Radiometer (ENVISAT)
AMSR

Advanced Microwave Scanning Radiometer (EOS)

ASAR

Advanced Synthetic Aperture Radar (ENVISAT)

AVHRR
Advanced Very High Resolution Radiometer

B-base
Activity supported though contracts and soft money

BIO

Bedford Institute of Oceanography (DFO)

BOREAS
Boreal Ecosystem-Atmosphere Study
CALM

Circumpolar Active Layer Monitoring Network

CCAF

Climate Change Action Fund

CCIN

Canadian Cryospheric Information Network

CFI

Canadian Foundation for Innovation

CIS

Canadian Ice Service (MSC)

CLASS
Canadian Land Surface Scheme
CLIC

Cryosphere and Climate project of WCRP

CMC

Canadian Meteorological Centre (MSC)

CRYSYS
Cryosphere System in Canada

CSA

Canadian Space Agency

DFO

Department of Fisheries and Oceans (Canada)

DMSP

Defense Meteorological Satellite Program (U.S.)

ENVISAT
Environmental Satellite (ESA)

EOS

Earth Observing System (NASA program)

EOSDIS
EOS Data and Information System

ERS-1/2
European Remote-Sensing Satellite (SAR)

ESA

European Space Agency

GCM

Global Climate Model
GCOS

Global Climate Observing System

GEWEX
Global Energy and Water Cycle Experiment

GLIMS
Global Land Ice Mapping from Space (EOS project)
GOOS
Global Ocean Observing System (of GCOS)

GPCC

Global Precipitation Climatology Centre

GSC

Geological Survey of Canada (Natural Resources Canada)

GSN

GCOS Surface Network

GTN-G
Global Terrestrial Network for Glaciers (GCOS network)

GTN-P
Global Terrestrial Network for Permafrost (GCOS network)

GTOS

Global Terrestrial Observing System (of GCOS)

GTS

Global Telecommunications System

IABP

International Arctic Buoy Program

IPA

International Permafrost Association

IPS

Ice-Profiling Sonar

IOS

Institute of Ocean Sciences (DFO)

LIMEX
Labrador Ice Margin Experiment

LTSP

Long Term Space Plan (Canadian Space Agency)

MAGS
Mackenzie GEWEX Study

MERIS
Medium Resolution Imaging Spectrometer (EOS)

MEDS

Marine Environmental Data Service (DFO)

MODIS
Moderate-Resolution Imaging Spectroradiometer (EOS sensor)
MSC

Meteorological Service of Canada

NASA

National Aeronautics and Space Administration (U.S.)

NAVCAN
NAV CANADA
NESDIS
National Environmental Satellite, Data, and Information Service (U.S.)

NOAA

National Oceanic and Atmospheric Administration

NPOESS
National Polar-orbiting Operational Environmental Satellite System (U.S.)

NRCan
Natural Resources Canada

NSERC
Natural Sciences and Engineering Research Council of Canada

NWP

Numerical Weather Prediction

OLS

Optical Line Scanner

ORDCF
Ontario Research and Development Challenge Fund

PCS

Polar Continental Shelf

PERD

Panel on Energy Research and Development (Canada)

SAR

Synthetic Aperture Radar

SSM/I

Special Sensor Microwave Imager

SWE

Snow Water Equivalent

T&P

Temperature and Precipitation

TOPC

Terrestrial Observation Panel for Climate (GCOS/GTOS)
ULS

Upward Looking Sonar

WCRP
World Climate Research Project

WDC

World Data Centre

WGMS
World Glacier Monitoring Service

WMO

World Meteorological Organization
APPENDIX 1 – Canadian GCOS Surface Network

From: http://wwwib.tor.ec.gc.ca/natmon/
The GCOS Surface Network (GSN) is one of the GCOS atmospheric observation networks. It is a global reference network of land surface observation stations at an approximate density of one station per 250,000 square kilometers. This network is directed primarily towards monitoring global temperatures to support analysis of past temperature trends and should be regarded as a standard for developing and improving denser national networks. 

The selection of GSN stations was based on their suitability for climate, in particular, temperature analysis.  The Canadian GSN currently consists of 72 stations (Figure A-1). These GSN stations are, for the most part, a subset of the Canadian RCS (Reference Climate Stations) network – see Appendix 2. Environment Canada (EC) has made an international commitment to the World Meteorological Organization (WMO) to provide data over the long term for these GSN sites, and to ensure that these stations represent, as best possible, long-term, high quality, complete, homogeneous data that are spatially well distributed and represent all major climate regions of Canada.  


Figure A-1: Canadian GCOS Surface Network. Source: T. Yuzyk (MSC).

APPENDIX 2 – Canadian Reference Climatological Station Network

From: http://wwwib.tor.ec.gc.ca/natmon/
A Reference Climatological Station (RCS) is a climatological station whose data are intended for the purpose of determining climate trends. The selection criteria for RCS were detailed in WMO-TD No. 535, 1993. The Canadian RCS was composed of 254 stations in 1992. The specific criteria used in the 1992 Canadian selection process were:

· 2 to 10 RCS stations per 250,000 square km (i.e. 80 to 400 stations)

· likely to be in operation and to be homogeneous into the foreseeable future

· located in an "uncontaminated" environment (usually rural)

· currently in operation

· at least 30 years of "continuous" record

· homogeneous with no data gaps exceeding 4 years and records for both temperature (maximum and minimum) and precipitation


By incorporating additional stations from the Historical Canadian Climate Database (Vincent and Gullett, 1999) which is composed of more than 130 stations of gap-filled, adjusted, monthly mean maximum and minimum temperature datasets, the Canadian RCS list was expanded in 1996 to 300 stations.  However, a number of the RCS stations have been closed in recent years. Currently, the Canadian RCS is comprised of 287 stations (Figure A-2), 106 of which are automatic. Environment Canada is committed to ensuring the longevity of the RCS stations, and to ensuring that the climate data continue to meet RCS standards.

Figure 6b: Permafrost process monitoring sites in Canada superimposed on a map of the distribution of permafrost. Source: Burgess et al., 2001b.





Figure 2: Number of stations with > 80% non-missing January daily snow depth data in the AES Climate Archive expressed as a percentage of the 1981-1994 mean.  Source: R. Brown (MSC) 15/05/2000.











Figure 1: Current network of stations observing daily depth of snow on the ground.  Source: MSC (May, 2000).





Figure 3: Temporal distribution of the number of observations and number of snow courses in the Canadian digital snow course database.





Figure 6a: Existing Canadian permafrost thermal and active layer monitoring sites proposed or contributing to the GCOS/GTOS global permafrost monitoring network, the GTN-P, and active layer monitoring sites in CALM network component of the GTN-P. Source: Burgess et al., 2001b. 








Figure 4: Stations with data in the CIS weekly ice thickness database. Source: http://www.cis.ec.gc.ca/cia/index.html








Figure 5: Weekly ice thickness observing network in 1997. The network was terminated in 2000, but up to 10 Arctic stations will be opened in 2002-2003 with funding provided through the federal government Action 2000 initiative.





Figure 6: Spatial distribution of Canadian lake sites reporting any information on FU or BU. Source: Anderson (1999).





Figure A-2: Canadian Reference Climatological Station Network. Source: T. Yuzyk.





Figure 9: Location of current, discontinued and proposed new glacier/ice cap monitoring sites in the Canadian Arctic Islands. Source: M. Demuth (GSC).








� These were the GCOS/WCRP Atmospheric Observation Panel for Climate (AOPC), the GCOS/GTOS Terrestrial Observation Panel for Climate (TOPC), the GCOS/GOOS/WCRP Ocean Observations Panel for Climate (OOPC), the GCOS/GOOS/GTOS Joint Data and Information Management Panel (JDIMP) and the Global Observing Systems Space Panel (GOSSP).  The JDIMP has recently completed its primary task and been disbanded.


� In the form of discussion papers.


� With financial support from the federal government's Climate Change Action Fund (CCAF).


� Also sponsored by CCAF - Geological Survey of Canada Open File D4017. 


� Canada is currently a leader or major participant in several GCOS initiatives, such as GTN-G and GTN-P, and through projects such as CRYSYS, the Canadian cryospheric community has been engaged to focus on key science issues related to the cryosphere and climate change.


� As identified in Article 5  - Research and Systematic Observation.


� Responsibility for cryospheric observations is divided between the Global Terrestrial Observing System (GTOS) , the Global Ocean Observing System (GOOS) and the Global Atmospheric  Observing Panel (GAOP).


�  Data available at: http://www.cpc.ncep.noaa.gov/data/daily_snow/


�  e.g. albedo, surface roughness, and thermal properties.


� Previously, snow on the ground only had to be measured and reported on the last day of the month, although there is some pre-1950 daily and weekly snow depth data for a small number of stations.


� The updated snow depth data set is available for research purposes via the CRYSYS website � HYPERLINK http://www.tor.ec.gc.ca/crysys/ ��http://www.crysys.ca�.


� The analysis incorporates snow depth observations included on all synoptic reports, meteorological aviation reports, and special aviation reports and is updated every 6 hours using the method of optimum interpolation. An important point to note is that only a fraction of the total network reporting the depth of snow on the ground contributes to this product.


� It is important to make clear the distinction between snowfall and solid precipitation.  Snowfall is the depth of freshly fallen snow that accumulates during the observing period and has been traditionally measured with a ruler.  Solid precipitation is the amount of liquid water in the snowfall intercepted by a precipitation gauge.


� Precipitation is expected to increase in response to global warming (IPCC, 1996) and warming is also likely to result in changes in the solid-liquid fraction of precipitation in shoulder seasons.


� Stations with human observers i.e. non-automated.


� Adjusted monthly total rainfall and snowfall are available from http://ccrp.tor.ec.gc.ca/HCCD2/ for the period from the late 1800s to 1998.


� A detailed assessment of the impact of automation on precipitation measurements was provided by Goodison et al. (1998).


� These programs do not satisfy GCOS requirements for regular observations over the snow season.


� A CD-ROM version of these data (MSC, 2000) is now available to the snow research community at http://www.crysys.ca


� At peak levels in the early 1980s, there were over 1700 snow courses operating in Canada. This number declined to around 800 in the early 1990s and the number of MSC snow courses has sharply declined from over 100 in the early 1980s to 30 in 2000.


� For example, Brown (2000) used the data to investigate historical variability in SWE across southern-central Canada.





� Goodison and Walker (1995) provides a summary of the program, its algorithm research and developments and future thrusts.


� See � HYPERLINK http://www.tor.ec.gc.ca/ccrp/SNOW/snow_swe.html ��http://www.msc.ec.gc.ca/ccrp/SNOW/snow_swe.html�.


� In the winter and spring of 1997, these maps were particularly useful for monitoring the high SWE conditions in southern Manitoba and North Dakota preceding the devastating Red River flood (Warkentin, 1997).


� The algorithm also includes a wet snow indicator (Walker and Goodison, 1993) which provides the capability to discriminate wet snow areas from snow-free areas and hence to provide a more accurate retrieval of snow extent during melting conditions.


� The relationship between brightness temperature and SWE was observed to change from a negative to a positive slope at a SWE threshold of 150 mm (De Sève et al., 1999), a characteristic not seen in the experimental work in shallower snowpack areas.


� Such as the Advanced Microwave Scanning Radiometer (AMSR), that have an improved spatial resolution (e.g. AMSR has a 10 km resolution at 37 GHz).


� Bernier et al. (1999) have developed an approach to estimate SWE in a dry shallow snow cover from SAR-derived estimates of thermal resistance.  This technique is now used operationally by Hydro-Québec for basin-wide SWE mapping in northern Québec.


� It is also the custodian of the National Ice Archives.


� 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.


� 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 are used to construct the charts.  They are however the best regional sea ice climate monitoring data sets available for Canadian waters.


� Thus a mix of active and passive microwave and optical sensors are employed. Image-based sea ice products have become more and more common with the availability of these sensors.  For example, CIS supplies RADARSat imagettes for smaller areas to clients on a regular basis.  Additionally, the Alaska SAR Facility is acquiring a regular weekly “snapshot” of the Arctic Basin using RADARSat and the first ever complete mapping of the Antarctic continent was acquired in 1997 using RADARSat.  This will be repeated next year.


� The Service presently employs a Dash-7 with an onboard Side Looking Radar (SLAR) and has, in the past, used other aircraft outfitted with Synthetic Aperture Radar (SAR) and SLAR systems.


� A digital database is maintained and updated by CIS and is freely available at http://www.cis.ec.gc.ca/cia/index.html.


� 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) also used the data to determine that interannual variations in snow accumulation were the dominant mechanism driving interannual variability in maximum fast ice thickness. 


� 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.


� Canada participates in the IABP and until recently chaired the executive committee.


� 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). 


� 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.


� There is a strong scientific rationale for expanding this program given the potential effects of climate on the frequency and severity of extreme events (ice-jam floods) plus associated impacts on infrastructure and riparian ecosystems.


� Because of this, Skinner (1992) 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".


� SSM/I 85 GHz brightness temperatures (12.5 km spatial resolution) are contoured to provide spatial information on ice and open water coverage over the lakes.


� 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.


� Global warming is expected to be greatest over high latitudes and permafrost areas will be among the regions most heavily affected by it.


� In the GCOS Report 32


� An initial global survey indicated that over 350 borehole temperature sites in 15 countries are presently being monitored and could be potential candidates for the GTN-P; sites are located in North America (Canada, Alaska), in the Russian Federation and in some high-altitude areas (Tibet Plateau, Tien Shan Mountains, European Alps).  Further details on the development of the GTN-P can be found in Burgess et al.  2000, and on the GTN-P web site: http://sts.gsc.nrcan.gc.ca/gtnp/index.html. 


� Borehole temperatures are also measured at 33 of these active layer sites


� Few national programs exist; Switzerland’s PERMOS being one exception. The European Community project Permafrost and Climate Change in Europe (PACE), also for example, has begun to instrument a series of nine boreholes in mountains from Spain and Italy to Svalbard. Canada has identified 20 key CALM stations as part of its initial contribution to GTN-P and has proposed a further 62 permafrost borehole temperature measurement sites.


� Not necessarily active monitoring sites.


� For further information see the IPA web site:  http://www/geodata.soton.ac.uk/ipa


� A first release of the compiled digital permafrost data was published on its Global Geocryological Database CD-ROM in 1998 (IPA, 1998).


� The active layer depth at each CALM site is monitored using at least one of three methods: thaw tubes, probing on grids, or soil/ground temperature data.


� Not necessarily active monitoring sites.


� For further information see the IPA web site:  http://www/geodata.soton.ac.uk/ipa


� A first release of the compiled digital permafrost data was published on its Global Geocryological Database CD-ROM in 1998 (IPA, 1998).


� From a Canadian perspective, one major weakness of the existing WGMS database and analysis strategy is an emphasis on monitoring glacier length changes on temperate glaciers, an approach that ignores the very low length response of many Arctic glaciers and pays no attention to ice caps, both dynamic and stagnant.


� For example, Demuth (GSC) augments manual observations with LandSat TM and SAR data (ERS-1,2 and RADARSat-1) at the close of the summer-balance season.


� Substantial portions of these data are archived at WGMS.


� NHRI established the Canadian Glacier Variations Monitoring and Assessment Network (CGVMAN) in 1993 as a joint government-university effort centered around studies at five principal mass-balance network sites (remnants of the IHD network): White and Baby glaciers (Axel Heiberg Island in the eastern high Arctic), Peyto Glacier (Canadian Rockies-Eastern Slopes), and Place and Helm glaciers (Southern Coast Mountains of British Columbia).


� All the Arctic Island mass balance monitoring activities rely heavily on Polar Continental Shelf Project logistics support for which there is no long-term funding commitment.


� For example, Brugman et al. (1996) have completed a comprehensive glacier runoff modeling study for the British Columbia Hydro and Power Authority that permitted the continuation of glacier variation observations for the Illecillewaet Glacier.  These measurements supplement a discontinuous, but never-the-less, substantial record dating back to the late 1800s.


� Where excellent field measurements of mass balance are available.


� GSC is expected to continue this program outside of but in conjunction with the evolving CGVMAN.


� G. Flato and J. Fyfe of the Canadian Centre for Climate Modelling and Analysis are currently working on the inclusion of glaciers in the Canadian GCM.


� The NASA program was led by Waleed Abdalati and the traverses were designed by the GSC who also made ground based measurements of snow/firn density.


� The Ice Cloud and Land Elevation Satellite (ICESat) with a 70 m footprint and 10 cm ranging precision for the NearIR-LASER (1060 nm) is scheduled for launch in December 2001. ICESat 2 has been selected for a possible follow-on mission in the year 2010, so there might be a potential data gap of 5 years between the two missions.


� J. Dowdeswell (U. of Bristol, UK) carried out a major radio echo sounding survey of glacier and ice cap thickness in the Canadian High Arctic in April 2000 which provided important baseline data for monitoring future changes and understanding glacier dynamics.


� Adam et al. (1997) concluded that the wet snow line on Place Glacier could be mapped reasonably well with ERS-1 SAR imagery.  Demuth and Pietroniro (1999) examined the capability of RADARSat for snow-line/accumulation area mapping for a temperate alpine glacier. RADARSat can discriminate between firn and bare ice facies in agreement with other orbital C-band SAR studies.  The results were punctuated by recommending the need for an “image current” DEM when deriving surface facies SAR signatures and ascribing the position of surface features and their manifestations (e.g., equilibrium line, accumulation and ablation areas).


� NASA/EOS Program led by USGS.





� Demuth and Pietroniro (2002) are currently studying the impacts of glacier fluctuations on streamflow, hydropower generation and inter-provincial water apportionment for the North and South Saskatchewan River Basins.  The distributed hydrological model and scenario simulator being used in this study require land cover and glacier inventory data, some of which was recently derived from the interpretation of remote sensing imagery.    


� White, Peyto, Place and Helm glaciers.


� Snowfall and solid precipitation have been added to the original list, as these are also important components of the cryosphere-climate system.


� The situation would be much improved if winter precipitation were measured at all manned synoptic and automatic stations.


� In combination with satellite-derived information.


� The next generation of passive microwave satellites should be able to provide near real time retrievals but this will require R&D for retrieval algorithms and the maintenance of a reference snow course network.


� This would include increased use of remote sensing for monitoring surface manifestations of changes in permafrost.  





� It should be noted that the GCOS priorities shown in Table 1 are relative (i.e. P1 is higher than P2) and is based on the potential contribution which the variable can make to GCOS objectives for the cryosphere.








� Along with A-base funding support for this activity.


� The Canadian cryospheric community were involved in the development of a Long Term Space Plan (LTSP III) proposal on earth observation of the cryosphere and its response to climate change which would address a number of the important R&D issues associated with developing operational space-based monitoring systems for the cryosphere.


� It was suggested that the 5NR forum might sponsor/organize this workshop.


� Piwowar et al., (2001).


� The CCIN and “State of the Canadian Cryosphere” web site are examples of mechanisms for meeting some of these needs.


� Supporting a number of research projects that contribute to GCOS objectives.


� Undertaking such an exercise is necessary to enable a comparison with what is in place today,  a determination and prioritization of the gaps, a discussion of standardized site establishment, data collection, servicing, data processing, management, accessibility and archiving, and a more thorough assessment of associated costs


� Also contributes under Planning Elements 4 and 5.


� Note: these data are also needed for validating and developing satellite-based methods.


� And its follow-on.


� In support of GCOS, immediate action must be taken to enshrine the long-term nature of permafrost monitoring into the departmental mandate and to provide continuing support  for Canadian involvement in the International Permafrost Association's (IPA) committee on the  GTN-P (Global Terrestrial Network for Permafrost).


� To meet these broader objectives, monitoring must be expanded to include observations of the physical response of permafrost to climate change, such as coastal processes and landscape changes, and quantification of carbon sources and sinks in permafrost environments. 


� This includes examination of the response of the Canadian cryosphere to the anomalously warm decade of the 1990s.


�This should form part of a broader cryospheric synthesis and be undertaken in conjunction with an examination of glaciers/ice caps.  


� Linked into a state of the “State of the Cryosphere” page.


� A serious problem, perhaps unique to sub-polar ice caps and glaciers, relates to their accumulation areas where inadequate methods are often used to include melt-water that re-freezes deep in the snow-pack.


� This should be effected in cooperation with the other cryospheric components.  (Note: - GSC/CRYSYS has such a study underway but additional funding would give the present study greater depth and breadth). 





� International Association of Hydrological Sciences - International Commission on Snow and Ice
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