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�
1.    Importance of the Cryosphere for Climate Monitoring





The cryosphere collectively describes the portions of the Earth’s surface where water is in a solid form and includes the ice sheets, ice shelves, ice caps and glaciers, sea ice, seasonal snow cover, lake and river ice, and seasonally frozen ground and permafrost. The cryosphere is an integral part of the global climate system with important linkages and feedbacks generated through its influence on surface energy and moisture fluxes, clouds, precipitation, hydrology, and atmospheric and oceanic circulation. Through these feedback processes, the cryosphere plays a significant role in global climate, and in climate model response to global change (Goodison et al., 1998).  Monitoring the cryosphere is therefore an important component of any plan to monitor the global climate system, particularly in light of the fact that much of the cryosphere is located at high latitudes where enhanced warming is projected by climate models.  Another compelling reason for monitoring the cryosphere is that large areas of the cryosphere exist at temperatures close to melting.  This means the cryosphere is sensitive to changes in temperature, and that there will be significant and widespread impacts associated with warming.  This is particularly true in Canada where the cryosphere is one of the most important features of the physical and biological environment: most regions of Canada experience at least 3 months of snow cover each winter, nearly all Canadian navigable waters (with the exception of the west coast) are affected by an ice cover for some period during the winter, more than half of the country is underlain by continuous or discontinuous permafrost, and Canadian terrestrial ice masses constitute the most extensive permanent ice cover in the northern hemisphere outside of Greenland permafrost underlies half the landmass.





Because of the large fraction of the NH cryosphere included in Canada’s territory, and a tradition of expertise in cryospheric data collection and research, Canada is looked to by the international community to play a major role in monitoring the cryosphere, especially in the area of remote sensing technology.  Canada is currently a leader or major participant in several GCOS initiatives, and through collaborative projects such as CRYSYS (Goodison et al., 1999), the Canadian cryospheric community has been engaged to focus on key science issues related to the cryosphere and climate change, and to collaborate in the development of this initial plan.





The Global Climate Observing System (GCOS) program was established in 1990 to address the requirements for global observations for seasonal prediction and longer-term climate change.  Since the establishment of GCOS, the importance of systematic observations of the climate system has been given additional emphasis in the UN Framework Convention on Climate Change and by the Kyoto Conference.  The five main goals of the Global Climate Observing System (GCOS) are: 





to characterize the current climate;


to detect climate change, determine the rate of change and assist in attributing the causes of change;


to determine climate forcing resulting from changing concentrations of greenhouse gases and other anthropogenic causes;


to validate models and assist in prediction of the future climate;


to understand and quantify impacts of climate change on human activities and natural systems.





However it should be stressed that for the initial Canadian GCOS plan, the main emphasis is on climate monitoring.


 


GCOS addresses all components of the climate system - atmosphere, oceans, cryosphere and land surfaces.  As an operating principle, it is to be built on existing observing, data management and information distribution systems, encouraging and incorporating further enhancements of these systems as required.  GCOS is subdivided into three separate panels which look at atmospheric, terrestrial and ocean observations. There is no separate panel for the cryosphere in GCOS and the cryosphere is spilt between the Global Terrestrial Observing System (GTOS) [snow, permafrost, land ice, freshwater ice] and the Global Ocean Observing System (GOOS) [ sea ice].  However, in the development of an initial plan for terrestrial climate-related observations (GCOS-32) the cryosphere was treated as an entity. This integrated treatment of the cryosphere was 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) to ensure some degree of coordination in cryospheric research activities within WCRP.  Planning of this new program within the WCRP is just beginning.  However, it is consistent with the philosophy of CLIC that the cryosphere be considered in an integrated fashion under GCOS even though there is no Cryosphere Observation Panel.  A coordinated view of the cryosphere in GCOS is particularly important in light of the way cryospheric elements are distributed over several IOS plans, and where there is a risk that important variables may fall through the cracks. This approach is followed in this document which includes all components of the cryosphere in Canada (note: Canada does not have ice sheets so these are excluded from the discussion].





The GCOS objectives shown above require the collection and analysis of observations over a range of spatial and temporal scales. The GCOS plan therefore accommodates 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.  This point is important to keep in mind for the Canadian context where cryospheric monitoring activities are carried out over a range of spatial and temporal scales.  The synergy of multiple data sets is another issue of importance in the development of a cryospheric GCOS plan for Canada.  For example, in situ and remotely sensed data sets have different spatial and temporal characteristics that may limit their ability to meet certain GCOS objectives.  However, it is possible to combine and filter information 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. The development and exploitation of remotely-sensed data and technology is a key ingredient of this plan for Canada where in situ data are limited or non-existent over many regions.





While expectations are high for Canada to make major contributions to GCOS through monitoring key elements of the cryosphere, a review of Canada’s cryospheric observing systems and data sets by Barry (1995) considered the present status to be unsatisfactory in a number of respects. In some areas this assessment is still true; in others considerable progress has been made since 1995.  One of the purposes of this document therefore, was to expand and update the Barry (1995) assessment with the aim of providing a series of prioritized recommendations for monitoring the cryospheric system in Canada to meet GCOS objectives. In particular, the paper provides background information on current cryospheric observing systems in Canada, identifies gaps and problem areas with respect to national and GCOS requirements, identifies key issues that have to be resolved, and provides recommended courses of action at a 2-year and 10-year time scales. 





2.    GCOS Initial Operating System Requirements and Assessment of Canadian Contributions





A comprehensive plan for terrestrial climate-related observations was prepared by Cihlar et al. (1997) [GCOS-32].  This document included an integrated treatment of the cryosphere and provided an initial assessment of requirements and priorities for a minimum set of cryospheric variables required to predict, detect and assess the impacts of climate change.  The GTOS plan identified the cryospheric variables shown in Table 1 as the minimum set required to meet GCOS objectives.  Snowfall and precipitation were added to this list as these are also important components of the cryosphere-climate system.  The variables are summarized in Table 1 and detailed description of each variable (e.g. rationale, accuracy, status, required actions) are presented in ANNEX 6.  Note that the GCOS priority shown in Table 1 is relative (P1 is higher than P2) and is based on the potential contribution to GCOS objectives.





The following sections provide a summary by cryospheric element of GCOS requirements, an assessment of Canadian capabilities to meet the stated GCOS requirements, and assign relative priorities for global climate monitoring and for Canadian needs.  These were taken from comprehensive descriptions and assessments of Canadian cryospheric observing systems provided in ANNEXES 1 to 5 for sea ice, seasonal snow cover, ice caps and glaciers, permafrost and freshwater ice.





Table 1. Canadian cryospheric variables for climate monitoring.  The assigned relative priorities and feasibilities (1=higher, 3=lower) for GCOS objectives were determined from material presented in the initial GCOS plan for terrestrial climate observations (GCOS-32).


Cryospheric Variable�
GCOS-32 Priority and Feasibility     �
�
Firn temperature�
P2*                   F1*�
�
Glaciers and ice cap mass balance�
P1                    F1�
�
Lake and river freeze-up and break-up�
P2                    F2�
�
Permafrost - active layer, thermal state�
P1                    F1�
�
Sea ice concentration/extent�
P1                    F1�
�
Sea ice motion�
P2                    F2�
�
Sea ice thickness�
P1                    F2�
�
Snow cover extent �
P1                    F1�
�
Snow depth�
P1                    F2�
�
Snow water equivalent�
P1                    F2�
�
Snowfall, Solid Precipitation�
P1                    F2�
�
       * Not assigned in GCOS-32





�
2.1 FIRN TEMPERATURE





Rationale for Climate Monitoring: Temperature profiles in areas of cold firn at high altitudes and high latitudes (including the accumulation areas of the two large ice sheets) contain important information about decadal to secular warming trends.  The temperature of the firn areas is also critical to sea level considerations in that the transition from cold to temperate firn determines whether melt water runoff in the warm season can take place in such areas or not.  In connection with global warming, migration displacement of this boundary could potentially affect extended areas in mountain ranges and polar zones.  This variable was not assigned a priority in the GCOS-32 document, but is considered a priority 2 item for global climate monitoring (important, but less so than glacier mass balance).  Feasibility is ranked as 1.





GCOS Requirements: Decadal monitoring of ice core hole temperatures over a representative network of high altitude and high latitude sites.  This is inexpensive and easy to do and can be readily added to existing mass balance surveys for little additional cost.





Canadian Requirements: Climate monitoring in the Arctic and at high elevations (data sparse areas).





GCOS Status: No systematic collection, archiving, or analysis of firn temperature data for climate monitoring at the current time.





Canadian Contribution: There is currently no systematic collection of firn temperature data for climate monitoring in Canada. However, Canada has a number of glacier core hole sites that have been previously measured.  These sites can be easily re-drilled and monitored at relatively low cost in association with ongoing mass balance measurement programs. GSC is a potential coordinating agency.





Canadian Enhancements Beyond GCOS: None required.





Potential Role for Remote Sensing: None





Cost: Low cost activity built on existing mass balance measurement activities. Initial capital cost for thermistors is estimated at $2,000. 





Vulnerability: Low in the short term as data collection is low maintenance and only requires data readings on a 5-10 year repeat time scale. Over the long term, the glacier monitoring programme at GSC is potentially vulnerable (see vulnerability under Glacier and Ice Cap Mass Balance, Section 2.2).





Priority Assessment for Global Climate Monitoring: Medium - Data provide direct information on climate trends at high latitudes but network is undeveloped. This activity is considered to have a lower priority than mass balance measurements for climate monitoring.





Priority Assessment for Canadian Needs: Medium - is an easily followed protocol when run in conjunction with any other research program visiting a firn-temperature monitored site.  The priority should be such as to obviate the need for an established time-frame.  Should be based on a catch-as-can basis, but a rational network must be defined first.





2-yr Action Items: Include discussions on the value, feasibility, and frequency of measurement for a Canadian firn temperature network on high elevation ice caps at a CCAF/CRYSYS/GSC-sponsored workshop on Canadian glacier monitoring for GCOS.





2-10 yr Action Items: Encourage and support the addition of firn temperature monitoring to existing mass balance programs.





�
2.2 GLACIER AND ICE CAP MASS BALANCE





Rationale: Mass balance monitoring is a key element of climate change detection and climate impact assessment - the rapid 20th C retreat of mountain glaciers over much of the globe has widespread hydrological and ecological implications.  Fluctuations of ice mass are expressions of changes in the energy and mass balance at the earth/atmosphere-interface.  Monitoring mass balance therefore provides a direct record of climate variations, provides information for estimating the contribution of glaciers and ice caps to sea level rise, and provides information on the rate of change in water storage in areas where glacier runoff is an important component of river flow. Considered a GCOS priority 1 item in GCOS-32.  Feasibility is ranked as 1.





GCOS Requirements: Direct mass balance: annually; Glacier length change: annually to once every 10 years; Glacier inventories: every 30 to 50 years. 





Canadian requirements: Annual mass balance measurements at a network of representative glaciers/ice caps in the western Cordillera and high Arctic for climate monitoring, water resource studies, and impact analysis. Regular (pentadal, decadal) airborne/satellite laser altimetry over at least the high Arctic flight-lines established in 1995.


 


GCOS Status: Standardized data are collected and archived by the World Glacier Monitoring Service (WGMS).  Mass balances are being measured on several relatively small glaciers and glacier length changes are observed for about 1,000 glaciers.  Some of these observational series reach back into the past century and can be reconstructed for the Upper Holocene. WGMS was recently named to lead a specialized terrestrial GCOS network for glaciers - Global Terrestrial Network for Glaciers (GTN-G). The main objective of GTN-G is to improve global observation capabilities for glaciers, and to strengthen existing monitoring capabilities. 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.  This approach ignores the very low length response of many Arctic glaciers and pays no attention to ice caps, both dynamic and stagnant.





Canadian Contribution: Canada has gathered an extensive glacier database that includes information for over 50 glaciers and ice caps for various periods from the 1940s (see Table 1, ANNEX 3). A substantial portion of these data are archived at WGMS.  Mass balance and mass balance-elevation band reporting involved up to 22 glaciers nation-wide in the mid-1980s (Ommanney, 1988).  The current “official” mass balance program has dwindled to six Arctic and three Cordilleran sites, and there are critical gaps in the Yukon and Baffin Island.  Canada needs to carry out mass balance measurement programs at additional key representative sites if the GTN-G initiative is to be truly global and to satisfy national needs for climate monitoring and impact assessment.  This is considered a high priority area where Canada can make an important contribution to global climate monitoring.  





Canadian Enhancements Beyond GCOS: Expand mass balance monitoring activities in climate sensitive areas and areas where glacier ablation is associated with significant ecological and socio-economic impacts.





Potential for Remote Sensing: High - remotely sensed data from laser altimetry (airborne or satellite), and from the planned EOS Global Land Ice Mapping from Space (GLIMS) program will provide repeat surveying of glacier thickness, extent and surface properties during the lifetime of the satellite.





Cost: Additional mass balance measuring programs to address data gaps ($50K/yr).  Cost for running a GLIMS centre for Canada ($60K/yr).  Cost for airborne altimetry re-survey ($40K).  Additional funding to support development of monitoring capabilities from remotely sensed data ($30K/yr). Total cost estimate: $180-200K/yr to meet GCOS objectives.





Vulnerability: GSC is now the sole federal government group with responsibility for the Canadian mass balance measurement program. Some mass balance monitoring is carried out by universities in association with glacier research projects. However, this activity is not included in the GSC core mandate and has been traditionally supported from B-base funding. A recognized responsibility or mandate is required for this activity to reduce funding vulnerability.  The current Canadian in situ mass balance measurement program relies heavily on glacier research programs of university PIs and is therefore vulnerable to PI turnover, NSERC and government funding of university-based glacier research, and to changes in the funding of logistical support from the Polar Continental Shelf (PCS) program. The GLIMS initiative is vulnerable to delays in satellite launch, satellite failure and to data scheduling priority conflicts.  The proposed airborne laser altimetry re-survey of Canadian ice caps in 2000 (see section 3.1, ANNEX 3) is built on a NASA planned overflight of the Greenland ice sheet. 





Priority Assessment for Global Climate Monitoring: High - Canada contains the largest NH glaciated area after Greenland; Canada has an operational glacier monitoring network (some gaps need filling); Canada’s contribution is required for the proposed GCOS GTN-G network; Canada regularly contributes mass balance information to the international WGMS.





Priority Assessment for Canadian Needs: High - data needed for climate monitoring, impact assessment, and climate model validation (increased model resolution now resolves Canadian glaciers and ice caps).





2-yr Action Items:





Convene a CCAF/CRYSYS/GSC-sponsored workshop on Canadian glacier monitoring for GCOS to discuss data gaps and methodology ($20K)


Establish a GSC mandate for long-term glacier monitoring in support of GCOS and Canadian needs (no funding needed).


Initiate a Canadian regional centre for GLIMS ($60K)


Develop a joint GSC/University proposal to support the NASA laser altimetry re-profiling of the 1995 ice cap/glacier traverses ($40K).


Examine the implications of the anomalously warm 1990s (and 1998 in particular) on Canadian high latitude glaciers and ice caps ($30K) as part of “State of the Canadian Cryosphere”.


Review and update the existing Canadian glacier mass balance measurement manual to include sub-polar glaciers ($15K)


Establish a website on trends and variability of Canadian glaciers and ice caps for linking to the CRYSYS “State of the Canadian Cryosphere” website ($5K)





2-10yr Action Items:


(1)  Provide ongoing support for a Canadian GLIMS regional centre ($60K/yr)


Fill gaps in the Canadian glacier/ice cap mass balance network based on the recommendations obtained from the proposed GCOS glacier workshop ($40K/yr)


Support pentadal or decadal re-measurement of glacier ice thickness with radio-echo sounding ($15K per measurement year).


Promote and develop a network of Automatic Weather Stations on ice caps/glaciers to support the Canadian mass balance network (exploit partnerships).


Support research into the development and expansion of satellite technology for glacier monitoring through increased CRYSYS and NSERC funding ($30K/yr).


		


�
2.3 LAKE AND RIVER FREEZE-UP (FU) AND BREAK-UP (BU)





Rationale for Climate Monitoring: 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 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. 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).  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 Canada and Russia. Considered a priority 2 item in GCOS-32. Feasibility was ranked as 2 in GCOS-32 but this should be upgraded to a 1 as remote sensing offers a very effective means for monitoring lake FU/BU.





GCOS Requirements: Daily observation of ice conditions in spring and fall for several hundred medium-sized lakes (~100 km2) and selected large lakes geographically distributed across middle and high latitudes. Development of methods for merging in situ information on FU/BU and remotely sensed information on lake ice extent.  Development of a set of “GCOS” reference lakes for assessing long-term variability and change in FU/BU, and a central archive or several regional archives of FU/BU information.





Canadian Requirements: Weekly lake ice coverage throughout ice season for input to NWP and regional climate models; daily observation during spring and fall to assess FU/BU information for climate and ecological monitoring and for impact assessment; river ice break-up information for ice jamming studies especially for northward flowing rivers prone to jamming.





GCOS Status: Scattered in situ data sets exist for various countries (Canada, USA, Russia, Scandinavia) but no effort has been made to develop a central archiving and monitoring effort, and there is no formal lake monitoring network initiative in GTOS.  To date, there has been no systematic effort made to exploit lake ice data for global climate observing.





Canadian Contribution: In situ observations of FU/BU are available at about 30 lake sites in Canada from 1950s for climate change detection studies (not yet supplied to WDC).  The in situ network has declined significantly over the past 10 years and is currently inadequate for GCOS and Canadian needs.  Satellite-based methods offer excellent potential for replacing the existing in situ network, and the information content for the entire lake is superior to FU/BU information from a single location on a lake. Climate Research Branch (AES) has implemented FU/BU monitoring for large Arctic lakes using passive microwave for comparison with conventional in-situ methods. This record is being extended back in time using the available satellite record (1978-present).  The Canadian Ice Service (CIS) recently began weekly monitoring of ice coverage over 118 lakes in Canada with AVHRR and RADARSAT imagery (for input to NWP models).  A proposal from Canadian researchers in CRYSYS is being supported by ESA 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. Canada is therefore positioned to play a pivotal role in developing and implementing operational lake ice monitoring systems, and for developing methods for relating satellite-derived lake ice information to the historical FU/BU record for climate change detection.





Canadian Enhancements Beyond GCOS: Apply new higher resolution passive microwave data to additional lakes for FU/BU monitoring.  Apply SAR to extend monitoring to small polar lakes which are thought to be particularly sensitive indicators of high-latitude climate change. Regular river ice monitoring at key locations related to ice jamming.





Potential Role for Remote Sensing:  High - monitoring of large lakes (> 750 km2) with passive microwave and small lakes (< 100 km2) with SAR (RADARSAT, ERS-1/2, ENVISAT).  AVHRR and MODIS can be used for medium lakes (> 100 km2) but are limited by cloud cover.  SSM/I lake ice monitoring with 85 GHz data is affected by atmospheric water vapour.





Cost: Regular monitoring of ice cover on large Canadian lakes with 85 GHz SSM/I data is low cost (current A-base activity) and has the advantage that a daily time series (as required for GCOS) can be extended back to 1987.  High resolution all weather lake ice monitoring with RADARSAT at a weekly interval will require the purchase of additional RADARSAT data by CIS (estimated cost $90K/yr).





Vulnerability: In situ measurements have declined considerably over the last 10 years due to budget cuts.  Remote sensing systems are also subject to risk, but in this case, the risk is more than offset by the quality and utility of the r/s information (in situ observations of FU/BU are qualitative by definition, and have more limited uses).





Priority Assessment for Global Climate Monitoring: Medium - Canada has a large fraction of the NH high latitude land area; lake ice monitoring provides direct information on climate changes (integrator of temperature and precipitation) over high latitude data-sparse areas BUT the contribution to global climate monitoring has not yet been clearly demonstrated; Canada has not yet contributed available in situ data to a WDC.





Priority Assessment for Canadian Needs: Medium - there is an important need for regular satellite-based lake ice coverage data in Canada for ecological monitoring, and impact assessment; its use in climate monitoring needs further demonstration, particularly with the available remotely sensed information.





2-yr Action Items:





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


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


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


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


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





2-10 Year Action Items:





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


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


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


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


�
2.4 PERMAFROST - ACTIVE LAYER AND THERMAL STATE





Rationale for Climate Monitoring: Permafrost areas at high latitudes and high altitudes would be among the regions most greatly affected by continued or accelerated warming.  This has important implications for hydrology, vegetation, landscape, slope and coastal stability, and northern economies (e.g. transportation and construction).    Canada’s permafrost zone represents a third of the northern circumpolar permafrost region, and some 50% of the Canadian landmass.  Active layer and thermal changes represent a direct response to changing surface conditions over time scales ranging from annual to decades and centuries.  Due to the important memory and filter functions as well as the long time scales involved with heat conduction in virtually impermeable ground, recent warming of near-surface temperatures in permafrost constitutes a key signal of climate change.  Pronounced disturbances of temperature profiles related to 20th century warming have be observed in the uppermost 200 m of sub-arctic boreholes.  Monitoring of both active layer and borehole temperatures are required to observe the short and long-term components of climate change at high latitudes. Considered a priority 1 item in GCOS-32, with a feasibility rank of 1.





GCOS Requirement: Weekly measurements of active layer thickness (seasonally thawed zone), 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.  Associated measurements of snow cover, meteorological data, and  vegetation/surface changes.





Canadian Requirement: Regular monitoring of active layer and ground temperatures to determine permafrost distribution, thermal regime and ground ice conditions in Canada for climate change monitoring, GCM model validation, permafrost sensitivity modelling and mapping, and impact assessment. Associated measurements of snow cover, meteorological data, and  vegetation/surface changes.





GCOS Status: A Global Terrestrial Network for Permafrost (GTN-P) developed by the International Permafrost Association (IPA) on behalf of TOPC was approved by GCOS in February, 1999.  The GTN-P network and service for active layer and permafrost thermal monitoring will build on the IPA’s existing 80 site Circumpolar Active Layer Monitoring Network (CALM) and on various existing national soil and ground temperature monitoring programs, and their associated protocols.   Although the strategy for the organization, management and implementation of the GTN-P has been designed, the details of the development of the network will be discussed and resolved in 1999.  These activities include technical details and protocols for data measurements, sharing, quality control, archiving, as well as mechanisms for organization within and among countries.  





Canadian Contribution: Canada participates in the IPA’s ad-hoc committee on the GTN-P,  and has been nominated as GTN-P coordinator for North America (M. Burgess, GSC and C. Tarnocai, Agriculture and Agri-Food Canada).  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.  However, there are very limited operational resources identified for these monitoring activities (permafrost monitoring at GSC is currently largely  funded from “B-base”, i.e. external funds).  There is thus  a need to expand the current government mandate to recognize and support this activity at an “A-base” level.  There are also important regional data gaps which need to be addressed. The national and North American coordination systems must also be developed.





Canadian Enhancements beyond GCOS:  Expand the current network to include gaps in important climate and terrain regions.  Expand the network beyond the initial parameters of active layer and thermal state, to include observations of physical processes and landscape changes, as well as quantifying carbon sources and sinks in permafrost environments - in order to fully address the broader GCOS objectives of quantifying impacts on human activities and natural systems and determining climate forcing from changing concentrations of greenhouse gases.   Expand the use of remote sensing for monitoring surface manifestations of changes in permafrost (e.g. landslides, coastal stability, thaw lakes).  





Potential for Remote Sensing: Medium - some success at mapping permafrost distribution at local/regional levels but only with extensive ground truth training (reliable methods not yet developed for regional scale mapping); high resolution visible and SAR imagery can be used to map and monitor surface features associated with permafrost warming e.g. active layer detachments, slumps, coastal and lake changes.





Cost: Maintain current active layer and borehole temperature monitoring program - includes data archiving and analysis needs for climate monitoring ($150-200K/yr commitment for A-base support). Additional monitoring to address key data gaps ($50K/yr).  Costs for participation in GTN-P ($10K/yr). Funding to support complementary monitoring of active geological processes in permafrost ($60K/yr) and development of monitoring capabilities from remotely sensed data ($60K/yr). Total cost estimate: $300-350K/yr to meet GCOS objectives.





Vulnerability: Current in situ network is highly vulnerable to budget cuts and priority shifts as activity is presently supported through B-base funding, and is somewhat dispersed amongst federal agencies and universities.  The largest critical mass of researchers and sites resides at the GSC, NRCan; however permafrost monitoring activities for climate change purposes is not included in the GSC core mandate.  A mandate is required to reduce funding vulnerability.  Remote sensing activities are at low risk as information for active layer monitoring (still at developmental stages) can be obtained from a range of current and planned sensors.





Canadian Priority Assessment for Climate Monitoring: High - GTOS have established a Global Terrestrial Network for Permafrost (GTN-P) and Canadian observations are a critical contribution (Canada includes a significant fraction of Northern Hemisphere permafrost extent); Canada (GSC) is identified as the GTN-P coordinator for North America; important need for data in Canada for climate change impact assessment; Canada already contributing to international permafrost databases (CALM and IPA).





Overall Canadian Priority for GCOS: High - permafrost monitoring will provide direct information on climate warming trends over the Canadian Arctic where warming is expected to be greatest; information on the rate and magnitude of permafrost change is vital for climate model validation, impact assessment and development of adaptation strategies.





2-yr Action Items:


Convene a CCAF/CRYSYS/GSC-sponsored workshop (in conjunction with a glaciers/ice-cap workshop, and in association with the annual CRYSYS meeting) to prepare the framework and action plan for a national permafrost monitoring network and service to meet GTN-P and national needs within available resources ($20K).


Enshrine long-term permafrost monitoring into NRCan departmental mandate(s) and/or core program of other government agencies (no resources )


Support Canadian participation in the International Permafrost Association's (IPA) committee on GTN-P for 1999/2000 ($5K/yr).


Prepare a data synthesis/outreach publication on changes in Canadian permafrost and their impacts during the century-warm decade of the 1990s ($20K). This synthesis will be undertake in conjunction with glaciers/ice caps, and will form part of a broader synthesis for the Canadian cryosphere.


Develop a GSC "State of the Permafrost" webpage that would be linked to the CRYSYS "State of the Canadian Cryosphere" website ($7.5K).





2-10 yr Action Items:


Provide ongoing support for and expand the Canadian network ($200K/yr )


Promote and develop partnerships with other agencies that collect important ancillary data (e.g. snow depth, temperature and precipitation) required to support the Canadian permafrost network (exploit partnerships).


Provision of North American Node for GTN-P network ($10K/yr)


Encourage the development and implementation of complementary monitoring of active geological processes in permafrost (e.g. slope, coastal, and surface terrain stability) ($60K/yr) 


Encourage the development and implementation of remote sensing techniques to extend point source monitoring to a broader spatial domain ( $60K/yr)











�
2.5 SEA ICE CONCENTRATION/EXTENT





Rationale for Climate Monitoring: Changes in sea ice concentration (extent) play a major role in ocean-atmosphere fluxes of heat, moisture, and momentum.  Climate models predict major changes in ice cover for a CO2 doubling with impacts on global climate and ocean thermohaline circulation. Ice concentration and extent are required to validate sea ice models and for change detection. Considered a priority 1 item in GCOS-32, with feasibility ranking of 1.





GCOS Requirements: Monitoring of the extent and concentration of sea ice using both passive and active microwave sensors globally and synthetic aperture radar in specific regions. Improvement of the utilization of satellite data in automated analyses and the incorporation of fractional ice cover and ice dynamics into global circulation models.  The improvement of algorithms for estimating global sea ice concentrations from passive microwave sensors by using data assimilation techniques and comparison to sensors with higher spatial resolution.





Canadian Requirements: Sea ice information for marine transportation and safety in Canadian waters, for Canadian economic activity, for monitoring environmental change, for validation of global climate models, and for climate change impact assessment. 





GCOS Status: GCOS needs for monitoring sea ice concentration and extent are largely being satisfied by current operational monitoring of sea ice extent from the DMSP series of operational passive microwave satellites, and planned replacements (higher resolution), and by weekly hemispheric sea ice analyses prepared by the U.S. National Ice Center (NIC). 





Canadian Contribution: The Canadian Ice Service (CIS) of Environment Canada has the main sea ice monitoring and archiving responsibility for Canada, and the responsibility for collecting and archiving data at international WMO standards. CIS produces high quality, weekly composite charts with information on ice extent, concentration and type which can be used for model validation, impact analysis and regional-scale climate monitoring (information is at a much higher spatial resolution than current SSM/I-derived products). CIS composite charts are provided to the US National Ice Center to produce hemispheric weekly sea ice charts. The CIS ice analyses also contain information on fast ice and coastal ice which is unobtainable from current and previous DSMP satellites. The ice monitoring activities of CIS are driven largely by the needs of navigation which means that the historical record (data go back to the late 1950s) is limited to the shipping season (i.e. winter season in Great Lakes and East Coast, and summer season in Arctic Islands and Beaufort Sea).  There is also a progressive technology bias in the CIS weekly ice charts. The activities of the CIS complement those of other national ice services in a hemispheric context, while overlapping in marginal areas. No other national services provides comprehensive and detailed ice mapping of the Canadian marine cryosphere. The Department of Fisheries and Oceans (DFO) has no ongoing monitoring programs for sea ice concentration/extent but maintains an active sea ice climate R&D 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).





Potential for Remote Sensing: High - microwave-based satellites systems are the only reliable and effective means for year-round mapping of sea ice extent and concentration at high latitudes. CIS makes extensive use of satellite data especially RADARSAT, US NOAA/AVHRR, ERS, and Optical Line Scanner (OLS) to monitor sea ice.  RADARSAT can provide complete and comprehensive coverage of the sea ice in Canadian waters and the Arctic Basin but data acquisition costs are expensive.  The DSMP passive microwave satellites are most suited to continuous long term monitoring of large-scale sea ice extent - RADARSAT is not turned on all the time and its value lies more in obtaining targeted high resolution information for regional-scale ice monitoring and process studies. Future passive microwave satellite missions (AMSR and NPOESS) will provide ice concentration and extent information at a higher (~10 km) resolution, but this is still not sufficient for monitoring ice conditions in enclosed water bodies such as the Canadian Arctic Archipelago. Passive microwave is well suited to the Beaufort Sea and Arctic Ocean - these larger areas are more suited to long term observation for climate change. RADARSAT-2 is expected to be launched in 2001 and will have new beam modes of operation with higher resolution and both left and right looking so that it will have a 1000 km swath rather than 500 km as with RADARSAT I.  However, RADARSAT II will not have a global low resolution monitoring mode such as ENVISAT/ASAR.  In the planning for RADARSAT III a proposal for a low resolution global monitoring mode should be proposed as a contribution to climate change monitoring.  There is also considerable interest in using upcoming satellite systems such as ENVISAT-1 data especially ASAR, AATSR and MERIS, and MODIS and ASTER on EOS AM 1 and AMSR and MODIS on EOS PM1.





Canadian Enhancements beyond GCOS: Analysis and interpretation of available imagery and operational products to monitor ocean surface properties of importance to DFO (see ANNEX 1, Appendix 1) and for Arctic climate monitoring. This will require an expansion of current ice monitoring activities in Canada to include more frequent high resolution SAR data coverage over a larger spatial domain.





Cost: Additional RADARSAT imagery to satisfy Canadian climate monitoring needs and DFO needs for ocean surface properties monitoring ($100K/yr); data analysis and archiving costs associated with expanded program.





Vulnerability:  Satellite systems are vulnerable to failure and launch date slippage, but there is considerable overlap between the various missions and this is not considered a major issue. Cost of data remains an issue - climate monitoring is a spinoff from operational activities.





Priority Assessment for Global Climate Monitoring: Medium - Canadian sea ice monitoring activities provide information for the weekly hemispheric sea ice analysis product prepared by the U.S. National Ice Center.  Detailed regional ice concentration products are needed for monitoring sea ice in important areas of the Arctic e.g. Nares Strait, North Water Polynya.





Priority Assessment for Canadian Needs: High - high quality ice concentration and extent information are needed in Canadian waters for monitoring environmental change, for validation of global climate models, and for climate change impact assessment. 





2-yr Action Items:





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


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


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





2 to 10 year Action Items:





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


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


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


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


�
2.6 SEA ICE MOTION





Rationale: Sea ice is a tracer of surface winds and ocean currents. Coupled atmosphere-ocean models predict sea ice concentration and drift based on thermodynamic and dynamic forcings. The predicted extent, concentration and thickness of ice depends on ice growth by freezing, ice drift by wind and currents, and ridging intensity. Model outputs of ice motion need validation by observed ice drift vectors.  Considered a priority 2 item in GCOS-32, with feasibility rank of 2.  Feasibility should probably be upgraded to a “1” based on current capability for deriving ice motion from passive microwave imagery.





GCOS Requirements: Determination of surface velocity twice per day over ice-covered oceans from drifting buoy network and from development of techniques for extracting sea ice motion from satellite data sets.





Canadian Requirements: Ice drift information for input to operational sea ice forecasting (CIS); for process studies; and for validation of ocean circulation and coupled climate model simulations.





GCOS Status: Relies on International Arctic Buoy Program (IABP) with approximately 30 buoys collecting position and pressure data over the Arctic Basin. An additional 5 buoys are located in the Antarctic.  GCOS is planning to use surface velocity information from remotely sensed data (AVHRR and 85 GHz) but this effort is still in the R&D, or at best, prototype operational phase.





Canadian Contribution: Canada participates in the IABP and until recently chaired the executive committee.  DFO/MEDS are the archive centre for IABP data. There is occasional monitoring of sea ice motion over regions of Canada using marker buoys.  CIS has developed an automated method for extracting surface displacement vectors from satellite imagery (“Tracker”) that has been used successfully with SSM/I 85 GHz and RADARSAT data to estimate large scale sea ice motion over the Arctic (Agnew et al., 1997) and Antarctic.  Ice motion is also being measured with Doppler sonar at specific locations in the Beaufort Sea, in association with ice-draft measurements by ice-profiling sonar. Continuous time series have been acquired since 1990 at two sites over the continental shelf.





Canadian Enhancements Beyond GCOS: None needed.





Potential for Remote Sensing: High - automated extraction of surface displacement vectors from satellite data by a variety of techniques is able to resolve the ice circulation over large areas at spatial and temporal scales suitable for model validation purposes.





Cost: Canadian participation in IABP ($105K/yr); development of sea ice motion products for Canada for model validation and process studies ($150K)





Vulnerability: Low - IABP has high priority within operational community; vector extraction methods can be applied to satellite data from a variety of platforms.





Priority Assessment for Global Climate Monitoring: Medium -  monitoring sea-ice fluxes through the Canadian Archipelago and Fram Strait are considered important to global freshwater cycle and have strong oceanic effect on climatic time scales. 





Priority Assessment for Canadian Needs: Medium - monitoring the sea-ice flux through the Canadian archipelago is particularly important for the oceanography of the Labrador Sea; clearly identified data needs for model validation and process studies.





2-yr Action Items:





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


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


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





2-10 yr Action Items:





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


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











�
2.7 SEA ICE THICKNESS





Rationale for Climate Monitoring: Changes in sea ice thickness, especially the occurrence of thin ice, play a major role in modulating ocean-atmosphere fluxes. Climate models predict major changes in ice thickness for a CO2 doubling with impacts on global climate and ocean thermohaline circulation. Ice thickness is needed to validate sea ice models and for change detection. Identified as a GCOS Priority 1 item in GCOS-32, with feasibility rank of 2.





GCOS Requirements: Weekly observations of ice thickness at a spatial resolution of ~200 km over the main sea ice covered areas of the globe. Enhancement of existing research networks to estimate ice thickness regionally, including possible declassification of submarine data and future submarine sections under sea ice.





Canadian Requirements: Weekly in situ measurements of fast ice thickness at key locations in the Arctic for climate monitoring, model validation, engineering applications, and impact analysis. Information on fast ice and changes in fast ice conditions are of particular interest to native peoples for coastal transportation.  Upward Looking Sonar (ULS) measurements of ice thickness in key locations for climate monitoring, model validation and engineering applications.





GCOS Status:  Very little in situ data are available and there is no coordinated effort to collect and monitor ice thickness. Some ULS data from submarine cruises in the Arctic have been released but only a fraction of the total data. A few scattered ULS measurements from fixed moorings are available. There are also direct measurements from drilling holes in the Arctic and Antarctic but these tend to be sporadic in time and space. Some qualitative information on sea ice thickness can be inferred from active and passive microwave sea ice typing (e.g. new, young, first-year, and multiyear) but this requires further R&D to obtain information of sufficient accuracy for climate monitoring.





Canadian Contribution: AES weekly in situ measurements of fast ice thickness and corresponding on-ice snow depth at key climate monitoring sites in the Arctic. These data are considered to be extremely valuable for climate monitoring with continuous measurements at some Arctic sites going back to the 1940s. In addition, two-thirds of these sites are designated as Canadian Reference Climate and/or GSN stations. The Department of Fisheries and Oceans (IOS) carries out a program of sea ice thickness measurements over the Beaufort Sea shelf using an ocean bottom moored ice-profiling sonar (IPS) to measure ice draft.  This is part of the Arctic Ice-thickness Project of the WCRP.  Ice-draft observations have been acquired here since 1990 and provide valuable information on sea ice thickness distribution, frequency of leads and ridges and sea ice dynamics. Sea ice thickness measurements are also made on seasonal pack ice over Labrador using bore hole measurements and aircraft remote sensing techniques by DFO/BIO.  These activities have yielded valuable time series for sea ice monitoring but are not funded on a continuing basis.





Canadian Enhancements Beyond GCOS: Two additional IPS moorings (Hudson Bay and Labrador Shelf).  If possible, additional IPS moorings at selected locations in the Canadian Archipelago would be a valuable compliment to ice motion observations for estimation of sea-ice volume flux.





Potential Role for Remote Sensing: Currently limited - qualitative information on ice thickness can be inferred from ice type.  Coupling of remotely sensed information with thermodynamic sea ice models is a promising avenue for monitoring ice volume change but needs R&D. New satellite sensors are being proposed within ESA which could help address this issue, but as a prototype, rather than ongoing operational system.





Cost:  Weekly ice thickness measurements (24 obs X  $300.  = $7200.00 per station per year in Arctic - Reference network estimated to have ~25 stations; Total Cost: $180K/yr ); Beaufort Sea Ice Profiling Program at 2  sites ($175 K/yr); Support for R&D on indirect methods of combining multiple remote-sensing products and physically-based models to infer ice thickness ($30K/yr)








Vulnerability:  The AES ice thickness measurement program is threatened through increased costs associated with more stringent safety requirements for these on-ice measurements (four-fold cost increase).  Several AES regions have terminated measurements as a consequence.





Priority Assessment for Global Climate Monitoring:  High - Very little ice thickness data exists over the Arctic and Canada has important data sets from weekly in situ measurements and IPS moorings.





Priority Assessment for Canadian Needs:  High - Clearly demonstrated needs for ice thickness data for climate monitoring, model validation, environmental monitoring, engineering application and impact analysis.





2-yr Action Items:





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


Evaluate potential additional IPS mooring locations in the Canadian Archipelago.


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


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





2-10 yr Action Items:





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


Investigate indirect methods of combining multiple remote-sensing products and physically-based models to infer ice thickness ($30K/yr)





�
2.8 SNOW COVER AREA





Rationale for Climate Monitoring: In addition to the storage of water, snow cover has a number of important physical properties (high albedo, low heat conductivity, latent heat of fusion and low surface roughness) that directly feedback into the climate system through surface/atmosphere exchange processes and hydrology. Snow cover is considered to be an effective climate integrator and a useful component to monitor since it responds to both temperature and precipitation.  Snow covered area is expected to retreat in response to global warming, with significant impacts on water resources, agriculture and tourism. Considered a priority 1 item by GCOS-32 with feasibility rank of 1.





GCOS Requirements:  Daily global snow cover extent at a 25 km resolution; implementation of an operational product containing an optimal blend of satellite and surface data; assemble archive of station data from Eurasia and North America from beginning of records with associated metadata.





Canadian Requirements: Regional-scale information on snow cover to determine variability and change for climate monitoring, model validation, and impact assessment; continue to assemble archived station data in digital format.





GCOS Status:  GCOS climate monitoring needs for snow cover extent are largely met by the operational weekly snow cover product prepared by NOAA/National Environmental Satellite Data Information Service (NESDIS) for Northern Hemisphere snow cover extent on a weekly basis since 1966. NESDIS initiated a new daily snow cover analysis based on a blend of AVHRR and passive microwave imagery in 1998.  Historical station-based snow cover data sets for the former Soviet Union and the United States have been made available to the international community.





Canadian Contribution: Canadian historical daily snow depth data can be used to infer information on regional snow cover extent variability and change.  These data have been combined with historical snow h data from the U.S. to reconstruct NA snow cover extent back to 1915 (Brown, 1997).  AES operational snow water equivalent monitoring over the Canadian prairies with all-weather passive microwave data provide detailed weekly information (25 km resolution) on snow cover extent for monitoring and model validation from 1978 (note: the NOAA weekly snow cover product has until recently been based on visible satellite imagery, and the recent version does not make use of the wet snow classifier employed in the Canadian prairie snow maps).  





Canadian Enhancements Beyond GCOS: Monitor important properties of snow cover from in situ daily snow depth observations such as first and last dates of permanent snow, frequency of thaw events, change in maximum snow depth and date of occurrence.





Potential Role for Remote Sensing: High - snow cover can be readily monitored using a range of sensors from visible to active and passive microwave and gamma. Accurate mapping of snow cover in forested and mountainous terrain is still a challenge as is mapping with visible sensors with cloud cover and darkness.  Increased resolution of planned future active and passive microwave satellites will help with the former.  Snow cover mapping is a key component of planned future satellite systems e.g. the EOS (MODIS) and NPOESS systems of the USA.





Cost: Canada can make significant contributions to GCOS for relatively little incremental cost by tailoring outputs from existing activities.





Vulnerability: Snow cover monitoring activities from in situ data are affected by reductions in the AES snow depth observing program, largely related to automation.  Impact on climate monitoring is greatest when observing programs are cut at sites with long periods of record. Satellite-based snow cover monitoring activities in Canada are based on the US DMSP operational satellite system and only one sensor remains for future launch; data from AMSR on EOS PM-2 and ADEOS-2 will be required for future monitoring.





Priority Assessment for Global Climate Monitoring:  High – Canada’s in situ record of snow cover information is important for monitoring global changes in snow cover properties, and for documenting past variability in NA snow cover extent for climate variability and change detection. Canada’s size and geographic location make its snow cover record essential in global monitoring.





Priority Assessment for Canadian Needs:  Medium – snow cover extent data are primarily used in climate and environmental monitoring; less need for snow cover area information than snow depth for applied studies. Note: Snow cover extent is derived from snow depth or SWE information so it is covered off by monitoring these snowpack properties.





2-yr Action Items:





Carry out a detailed assessment of variability and change in Canadian snow cover based on historical in situ data ($30K).


Develop software and tools for monitoring Canadian snow cover from in situ data and incorporate output in a snow cover section of the CRYSYS “State of the Cryosphere” website. (A-base)


Deliver dataset of Canadian in situ-derived snow cover information to Canadian Cryosphere Information Network and ultimately to WDC-A (from item 1 above).





2-10 yr Action Items:





Continue to develop remote sensing technologies for snow cover monitoring over a variety of Canadian landscapes, including forested and mountainous terrain at regional and national scales; continue to validate global products over Canadian landscapes ($50K/yr)


Contribute snow cover datasets to a co-ordinated Canadian Cryospheric Information Network (CCIN).


�
2.9 SNOW DEPTH





Rationale for Climate Monitoring: Snow depth is an important property of a snow cover and is a factor in the surface radiative exchange (albedo) and heat transfer (insulating layer) affecting frozen ground and permafrost distribution and moisture recharge.  The depth of snow on the ground also has important ecological and operational implications. In-situ measurements of snow depth are relatively easy to acquire and there are extensive in situ datasets with information going back to the early 1900s over much of the NH mid-latitudes. Considered a priority 1 item by GCOS-32 with feasibility rank of 2.





GCOS Requirements: Point measurements of daily snow depth at existing climate and synoptic stations in the GSN. Evaluate/improve automatic snow depth measurements.





Canadian Requirements: Point measurements of daily snow depth at all climate and synoptic stations. Daily snow depth data are used for a multitude of applied uses e.g. roof snow load computations for building code, snow clearing contracts, winter survival of crops, biological studies, calculation of forest fire severity. Within the research community the data are routinely used for on-going validation of satellite algorithms (e.g. prairie SWE map prepared by Climate Research Branch) and for validation of the snow component of land surface process models e.g. CLASS.  The Canadian daily snow depth data have also been used to reconstruct snow covered area to document snow cover variability and to extend the satellite record back in time (Brown and Goodison, 1996; Brown, 1997).  The Canadian Meteorological Centre (CMC) require daily snow depth information on synoptic messages for input to a daily snow depth analysis in support of NWP activities. Canada has an automatic snow depth sensor suitable for use on auto stations, but it has yet to be deployed.





GCOS Status: No coordinated effort to share data and monitor snow depths on a global basis.  WDC-A has collected daily snow depth data from a few countries (Canada has not yet contributed). Data are available globally from GTS stations which measure and report snow depth; some countries have stopped providing this information.





Canadian Contribution: Canada has an extensive database of daily depth of snow on the ground at synoptic stations since the 1950s. The daily observation program was extended to climatological stations in the early 1980s which quadrupled the number of observations in the national climate archive. The CRYSYS project sponsored the rescue of a considerable volume of daily and weekly snow depth observations. The daily snow depth data network is heavily biased to low elevations and to low latitudes.





Canadian Enhancements Beyond GCOS: Extend snow depth monitoring network into data sparse areas (forest, mountains and Arctic).





Potential Role for Remote Sensing: Limited – Snow depth can be estimated from 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. Optical remote sensing cannot give direct measurement; SAR estimates of snow depth are under investigation in deep mountain snowpacks and in other regions using interferometry.





Cost: Snow depth sensor for autostation (<$1K/station)





Vulnerability:  The in situ network is vulnerable to budget cuts. The number of stations has declined 20% in the last 2 years from termination of manual observations at NAVCAN sites, and from not equipping autostations with snow depth sensors. Automatic snow depth sensors are vulnerable to misinterpretation if these are introduced without knowledge and QC support  





Priority Assessment for Global Climate Monitoring: High – Canadian data are a major contribution to a global monitoring capability. 





Priority Assessment for Canadian Needs:  High – Clear needs for snow depth data for snow cover monitoring, engineering, ecology, impact assessment.





2-yr Action Items:





Ensure that all stations in the GCOS surface network report daily depth of snow on the ground


Develop a list of important representative Canadian snow depth stations with the longest continuous and representative records for climate monitoring purposes





2-10 yr Action Items:





Improve timeliness of updates to snow data in the National climate archive - effective monitoring cannot be carried out with time lags of 1-2 years for data updates


Implement automatic snow depth sensors at all auto stations (<$1K/station).


Canada should commit to regularly contribute snow depth information to GCOS-approved data holding centres and to a co-ordinated Canadian Cryospheric Information Network for improved access to Canadian cryospheric data.


�
2.10 SNOW WATER EQUIVALENT (SWE)





Rationale for Climate Monitoring: 





The ability to monitor the amount of water in a snowpack is critical in the assessment of the energy and water cycle in the climate system and specifically for hydrology (runoff, ground-water recharge, soil moisture) and water resource planning. SWE is also the most important variable for validating GCM snow cover simulations as most current GCMs only diagnose snow mass.  Global climate warming is projected to be associated with increased precipitation.  The net effect of warming and increased precipitation on snow cover will require monitoring BOTH snow cover extent and SWE to determine snowpack change. Considered a priority1 item by GCOS-32 (snow-related feedbacks through latent heat and the water cycle are as important as radiative feedback in the climate system), with a feasibility rank of 2 (is more difficult to observe than snow cover extent).





GCOS Requirements: Global daily satellite coverage at 25 km resolution – requires satellite algorithm development and validation over all representative vegetation and terrain types.  Bi-weekly snow courses representative of terrain and land cover in the vicinity of the GCOS surface network – requires assembly  of an archive of snow course data from Eurasia and North America.





Canadian Requirements:  Weekly monitoring of SWE at 25 km resolution from satellite for near real-time water resource planning, climate monitoring and GCM validation.  Bi-weekly snow course measurements for water resource operations and planning (e.g. flood and drought forecasting, soil moisture recharge, water supply, and reservoir management), for climate research in regional water budget studies (e.g. GEWEX/MAGS), for validation of satellite SWE algorithms and physical snow models, and for generating climatological information on SWE and snow density for validation of climate model output.





GCOS Status: There are some regional remotely-sensed SWE maps being produced in the U.S. and Canada but no reliable global satellite SWE product. Snow courses and snow pillow data are routinely collected by operational agencies but there is no coordinated effort to collect and analyze these data for GCOS.





Canadian Contribution: Snow course observations made by AES, provincial water resource agencies and hydroelectric companies were collected and archived by AES from ~1960-1995. At peak levels in the early 1980s, there were over 1700 snow course observations made in Canada.  This number had declined to around 800 in the early 1990s. These data have been QCd and placed on CD-ROM as part of a CRYSYS data rescue project. AES have weekly SWE maps over the Canadian prairies going back to 1978 for model validation studies derived from passive microwave satellite data. Products are being tested for other Canadian regions, including the Arctic and sub-Arctic.





Canadian Enhancements Beyond GCOS: Near real-time SWE mapping at 10 km resolution with next generation passive microwave satellites allowing mapping in Arctic archipelago and other difficult landscape regions.





Potential Role for Remote Sensing: High – AES is leading a research effort to develop SWE mapping capabilities for all Canadian land cover types. Results for an initial forest algorithm have been encouraging (Goita et al., 1997).  This research is also investigating the problem of how to estimate local-scale variations in SWE from satellite data by comparing surface, airborne and satellite microwave data collected over a range of spatial scales. 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.  This limitation may be addressed with future satellite sensors (specifically AMSR) that are planned to have "improved" spatial resolution (10 km at 37 GHz).





Cost: Maintain a national Canadian reference snow course network ($75K/yr); Coordinate national snow course archive ($35K/yr); R&D for SWE satellite algorithms ($80K/yr)





Vulnerability: In situ data highly vulnerable to budget cuts (e.g AES network has decreased 25% from mid-1980s, some provinces have significantly decreased their networks); satellite-derived data vulnerable to satellite failure, and also since satellites are operated by other countries.





Priority Assessment for Global Climate Monitoring: High – Important need to monitor both SWE and snow cover extent as the two may react differently to global warming. Global-scale monitoring of SWE still requires a considerable R&D effort; in situ networks are scattered, generally uncoordinated as they were established for more specific local needs, with limited likelihood to contribute to a global monitoring capability.





Priority Assessment for Canadian Needs: High – clear need demonstrated for SWE data for GCM validation, climate change monitoring, operational water resource planning and hazard prediction (flood drought).





2-yr Action Items:





Develop a list of important representative AES snow courses with the longest continuous records for climate monitoring purposes and commit to maintain observations at these sites (~90 courses@$800-1000 per course per snow season: Total cost $75K/yr)


Develop a Canadian national snow course archive (logical activity for AES) ($35K/yr)





2-10 yr Action Items:





Continue to develop remote sensing technologies for SWE monitoring over Canadian landscapes, including forested and mountainous terrain ($80K/yr).


Maintain a national snow course archive and contribute information on SWE variability and change to the CRYSYS “State of the Cryosphere” website ($35K/yr)


Regularly contribute snow course information to GCOS-approved data holding centres and to a co-ordinated Canadian Cryospheric Information Network for access to Canadian cryospheric data (included in 2 above)











�
2.11 SNOWFALL AND PRECIPITATION





Note: Snowfall and solid precipitation are included under the atmospheric plan but are reiterated here because of their importance in the cryosphere.





Snowfall is the depth of freshly fallen snow which accumulates during the observing period.  It has been traditionally measured with a ruler.  Solid precipitation is the amount of liquid water in the snowfall intercepted by a precipitation gauge.  At manual climate T&P stations the depth of new snow is measured at each observation (generally twice per day) and the snowfall precipitation is estimated assuming a fresh snowfall density of 100kg m-3 at all Canadian stations. At principal and synoptic stations snowfall is measured every 6 hours and recorded separately from the precipitation measurement.  Introduction of the manual Canadian Nipher shielded snow gauge allowed for independent measurements of snowfall and solid precipitation. Prior to putting the Nipher gauge in service, the snowfall observation was used to estimate precipitation as at climate stations. With automation, these manual methods are being replaced with automatic devices.





Rationale for Climate Monitoring: Reliable snowfall precipitation data (i.e. adjusted for systematic errors) are essential to balance the energy and water cycle in the climate system, for climate monitoring, for determining the global and regional hydrological balance and for understanding key components of the cryosphere such as snow covered area, snow water equivalent and glacier mass balance. Precipitation is expected to increase in response to global warming and there is evidence from NA and Eurasia that snowfall has exhibited a significant upward trend this century.  Warming is also likely to result in changes in the soilid-lquid fraction of precipitation in shoulder seasons. Considered a priority 1 item by GCOS-32 with feasibility rank 2.





GCOS Requirements:  Daily measurements of solid precipitation adjusted for systematic errors. This requires: ongoing work on the correction and standardisation of solid precipitation measurements; development of data assimilation strategies for in situ  and remotely-sensed (radar and satellite) measurements; development of global archive of adjusted precipitation estimates for liquid and solid precipitation; development of more reliable ways for  remote-sensing of solid precipitation particularly in high latitudes.





Canadian Requirements: Climate stations: depth of new snowfall at each observation (generally twice per day). Principal and synoptic stations: snowfall is measured every 6 hours and recorded separately from the precipitation measurement. 





GCOS Status: Daily observations of snowfall are currently made at first-order synoptic stations; most of these are distributed over the GTS of WMO.  A much greater number of climatological stations also record snowfall and these are held in national archives. A Global Precipitation Climatology Centre (GPCC) has been established by the WCRP to act as the coordinating centre for global precipitation archiving and analysis.





Canadian Contribution: Daily snowfall for GSN stations; corrected precipitation station and gridded datasets for climate monitoring and global precipitation analyses.





Canadian Enhancements Beyond GCOS:  Measure winter precipitation at ALL synoptic and auto stations.





Potential Role for Remote Sensing:  High - Satellite-derived precipitation estimates are critical for deriving precipitation estimates over oceans and data sparse areas. Precipitation estimates from passive microwave (SSM/I) and thermal infrared satellite data are blended with in situ data for generating monthly global precipitation analyses e.g. Huffman et al. (1997). However, satellite derived estimates at high latitudes and over land are still lacking.





Cost: High - Cost for adding solid precipitation measurement to autostations ($3-5K/station)  Cost for developing reliable autostation observing and QC technology and production of adjusted precipitation datasets ($30K/yr).





Vulnerability:  Solid precipitation measurements in Canada are being lost with the change to autostations without the capability to measure winter precipitation. The current auto snow depth sensor cannot provide hourly snowfall measurements; measurements compatible with past manual observations are desirable. 





Priority Assessment for Global Climate Monitoring: High – Critical need which will require a continuing R&D effort across several fronts (e.g. adjustment of in situ data; development of satellite precipitation retrieval methods; data assimilation techniques). Requires development of reliable automatic gauges with appropriate processing algorithms. 





Priority Assessment for Canadian Needs: High – Important needs for reliable solid precipitation for national climate monitoring (e.g. Mekis and Hogg, 1999), input to climate and hydrological models, validation of GCM climate simulations, economic and engineering applications, climate change impact analysis.





2-yr Action Items:





Determine appropriate gauges for all season precipitation and snowfall measurement and their associated measurement accuracies and limitations





2-10 yr Action Items:





Measure winter precipitation and wind speed at gauge height at auto stations (~$7K per station)


Develop manuals for automated precipitation measurement, quality control and data analysis.


Contribute adjusted Canadian precipitation datasets to Canadian Cryosphere Information Network and GPCC.


�



3 .  RECOMMENDED CANADIAN CONTRIBUTIONS TO GCOS IOS





3.1 Identification of High Priority Activities





Based on the priority assessment carried out in section 2 (summarized in Table 2) it was determined that there were five areas where Canadian cryospheric monitoring activities were high priority items for global climate monitoring AND for meeting Canadian needs.  These are given below:





Monitoring snow cover (depth and SWE) at GSN stations and at representative Canadian synoptic and climate stations as a contribution to documenting variability and change in NH snow cover; monitoring regional SWE from passive microwave in key regions such as the Canadian prairies where snow cover is a critical component of water supply.





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





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





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.





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





Table 2.  Priority assessment for Canadian climate monitoring and for overall Canadian needs. 


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    F2�
M�
M�
M�
�
Permafrost - active layer, thermal state�
P1    F1�
H�
M�
H�
�
Sea ice concentration/extent�
P1    F1�
M�
M�
H�
�
Sea ice motion�
P2    F2�
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�
�
Costs:	Low: < 100K/yr; Medium: 100-500K/yr; High > 500K/yr





Having established these five high priority areas, it should be emphasised that these are not considered to be exclusive. Variables with medium climate monitoring priorities such as sea ice concentration/extent still provide valuable regional-scale information for Canadian needs and model validation.  One of the dangers in applying a priority scheme is that future developments for contributing to international GCOS and Canadian climate monitoring needs may be overlooked.  A more productive approach is to focus on the fundamental steps which have to be taken if Canada is to develop an effective cryospheric monitoring system that addresses GCOS and Canadian needs.  Focusing on these key issues for funding priorities will help to maximise benefits, and will put in place mechanisms for more effective, coordinated monitoring of the Canadian cryosphere.  The key steps required to achieve this are outlined below:





3.2  Key Steps to Developing an Effective Canadian Cryospheric Monitoring System:





Based on a review of the cryosphere component reports (ANNEXES 1-5) and the discussions at the Canadian GCOS Workshop (Victoria, Feb. 24-26, 1999), the following fundamental issues need to be addressed in order for Canada to make an effective contribution to GCOS for the cryosphere:





3.2.1 Network Optimization for Climate Monitoring





Most of the in situ cryospheric monitoring networks in Canada have been established for reasons other than climate monitoring.  In recent years, these networks have been subject to increasing pressure from budget reductions and increased data collection costs, with the net result of substantial network declines during the 1990s.  Current cryospheric in situ monitoring networks are known to have important data gaps (e.g. mountain and Arctic regions) and data collection activities are threatened at important sites with long periods of record.





There is an important need to take stock of current networks with respect to their current ability to meet climate monitoring needs, i.e. determine gaps and redundancies in the current network, and to develop recommendations for optimizing data collection.  The need to optimize existing in situ cryospheric monitoring networks in Canada for climate monitoring needs was flagged separately for permafrost, glacier mass balance, snow course, snow depth and weekly ice thickness measurements.  Several groups proposed this as a high priority activity for CCAF-sponsored workshops. There may be advantages to combining these efforts in a coordinated approach by the Canadian cryospheric community to lay out the foundation for rational, sustainable networks in support of GCOS and Canadian climate monitoring needs. 





3.2.2 Include Climate Monitoring in Institutional Mandates and Corporate Culture





GSC reported that the lack of a “mandate” or a clearly stated responsibility to conduct monitoring of cryospheric elements for climate monitoring, and the attendant A-base support for this activity represented a significant internal barrier for long-term commitment to monitor permafrost and glaciers in support of GCOS.  Thus there was a need for a commitment to a national mandate that recognized and ensured, through core programs and funding, the existence, maintenance and expansion of a coordinated national permafrost and glacier monitoring program, before GSC could make commitments to support GCOS.  





The Canadian Ice Service (CIS) noted that climate monitoring was not currently included as a client in their sea ice monitoring activities, which were largely tailored (and funded) to support navigation.  Thus, the participation of CIS in GCOS requires re-shaping the monitoring philosophy of the CIS to include climate monitoring as a co-client of navigation in ice observation and analysis, expanding temporal/regional coverage and augmenting the parameter set to include climate relevant ice and ocean surface parameters.  This expanded role is estimated to cost ~$300K/yr for additional SAR data and associated data analysis and archive activities.





On a more general note, members of the Canadian cryospheric university community noted the existence of institutional biases against research related to environmental monitoring e.g. NSERC does not consider this an appropriate activity for academic funding.  This attitude has also been evident in some government research organizations where the “Monitoring” word has been carefully avoided for several years.  The creation of a GCOS secretariat and the implementation of the Canadian GCOS plan will hopefully contribute to a change in the way monitoring science is currently perceived.





�
3.2.3  Ensure Effective use of Remote Sensing Technology (the R&D issue)





Canada is a large data sparse country with a major portion of the global cryosphere. Effective use of remotely sensed data is therefore an essential element of any plan to monitor the cryosphere.  Effective monitoring will require a continuing effort to develop and validate satellite methods over terrain/surface conditions that are typical and important for Canada, and the development of methods to combine and relate information from different satellite sensors, in situ data and physical models. Criticisms are sometimes levelled against the use of remote sensing for climate monitoring because satellites do not provide long-term consistent data series. However, this same criticism can be levelled at most in situ data networks which are affected by shifting networks and changes in observing procedures and equipment.  The key point is that the homogeneity problem can be overcome with intelligent use of available information (in situ, modelled and remotely sensed). Intelligent integration of in situ data, physical models and remotely sensed information also provides a means to fill in the spatial and temporal gaps in existing cryospheric parameters of interest in support of climate variability and climate change detection.





Satellite-based monitoring of the cryosphere requires an ongoing R&D effort to develop operational monitoring tools for use in Canada.  This activity has not received much support from traditional funding agencies such as NSERC and alternative sources of funding are scarce.  The CRYSYS project led by AES is one of the few places that has consistently funded university-led cryospheric monitoring research projects.  Satellite-based mapping of SWE over Canada is an example of one activity that requires an extensive R&D effort of algorithm development and validation over different terrain/surface conditions, but where the payoff is huge (the ability to map weekly SWE at a 25 km resolution over regions of Canada, with consistent SWE time series information back to 1978).





The issue of space-based observations for climate monitoring was raised many times at the Victoria workshop particularly on how to raise the profile of this activity with the Canadian Space Agency, and how to obtain and share the required data. The Canadian cryospheric community, through the CRYSYS project, 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.  If successful, this proposal would address a number of the important R&D issues associated with developing operational space-based monitoring systems for the cryosphere.  An idea floated at Victoria for an early workshop involving the climate and remote sensing communities is strongly endorsed by the cryospheric community. The 5NR forum would be an appropriate venue to organize this workshop.





3.2.4  Facilitate Access and Exchange of Data in Support of Climate Monitoring





Under program review, AES’ data archiving activities were particularly hard hit, and the ramifications of this are evident in lengthy delays to update important cryospheric elements, and curtailment of data punching for some data series (e.g. snow course observations., lake freeze-up/break-up).  This process has adversely affected data accessibility, the ability to monitor key components of the cryosphere in Canada, and Canada's ability to contribute data to WDC's.  Environment Canada’s data policies were also cited by a number of participants at the Victoria workshop as an obstacle for contributing information to the GCOS international community.  The Canadian Glacier Inventory currently housed at NHRC has also suffered from lack of resources and much of the data remains off-line and inaccessible to the Canadian Glacier community.





It was proposed at the Victoria workshop that there needed to be a Canadian data reference centre dedicated to GCOS to facilitate data exchange and avoid institutional barriers.  A similar concept was espoused in a recent proposal to establish a Canadian Cryospheric Information Network (CCIN) at the University of Waterloo. The proposed CCIN is a collaborative effort involving the university research community, federal and provincial government agencies, and the private sector which will integrate remotely-sensed, in-situ and model information to determine variability and trends in snow, sea ice, glaciers and ice caps, and permafrost over Canada.  The CCIN will act as a coordinated cryospheric data node for Canada by providing summary information and pointers to important Canadian cryospheric data sets archived by various institutions and  researchers.  The CCIN could also serve as the new custodian for the Canadian Glacier Inventory as it would have the resources and hardware to bring important information online. The proposed CCIN will be supported through federal, provincial, and private sector funding, with some revenue generation through the development of tailored cryospheric products and information for private sector clients. 





The CCIN could also take on the role of archiving data from the NASA EOS satellite missions as NASA is making major cutbacks to the data storage and archiving functions of the EOS Data and Information System (EOSDIS).  NASA are now contemplating that EOSDIS will archive only 6 months of data – continuous archiving is essential for climate monitoring purposes.  The CCIN could fulfil this role for Canada as large volume data storage capacity will be provided through an industrial partner.  The CCIN proposal was previously submitted to CCAF, and is currently being held pending the results of the next round of funding (due end of 1999) from the Canadian Foundation for Innovation (CFI) and the Ontario Research and Development Challenge Fund (ORDCF) who will provide most of the start-up funding.  The establishment of a prototype CCIN with CCAF funding would improve the potential for leveraging significant resources from CFI and ORDCF ($1.1 Million over 3 years).





3.2.5  Deliver Timely, Relevant Information





In order for climate monitoring to be effective, data analysis must be tailored to the needs of the user communities, and it must be made available in a timely fashion.  A “State of the Canadian Cryosphere” website is proposed as one way of meet user needs for cryospheric information.  A prototype is currently being developed by the CRYSYS project, and will contain information on past variability and trends, current anomalies and future scenarios (based on output from the Canadian GCM) for snow cover, sea ice, glaciers, permafrost and lake ice.  The proposed CCIN could also play an important role in product delivery for GCOS by hosting the “State of the Canadian Cryosphere” website and providing access to online cryospheric data and resources.





Several action items were also proposed to develop overview and “outreach” publications focusing on the response of the Canadian Cryosphere during the anomalously warm decade of the 1990s (glaciers, permafrost, snow cover).  These are considered high priority items for CCAF funding as the output will contribute to greater public awareness of the importance of the cryosphere and on the potential impacts associated with global warming.  The proposed studies will also contribute material to a special section of the “State of the Canadian Cryosphere” website on the decade of the 90’s.





3.2.6 Provide Mechanisms for Collaboration, Leadership and R&D Support (Coordination)





The cryosphere is spread across a number of organizations in Canada who in many cases have requirements for the same data and services. An effective GCOS cryospheric plan for Canada MUST incorporate an integrated view of the cryosphere that includes mechanisms for collaboration, effective data and resource sharing, and provides the leadership to represent Canadian cryospheric monitoring interests at various levels of government.  The CCIN and “State of the Canadian Cryosphere” website are examples of mechanisms for meeting some of these needs.  However,  the implementation of GCOS for the cryosphere requires a guiding mechanism that provides leadership and seed money for critical R&D.  The CRYSYS project led by AES serves as an effective, albeit somewhat ad hoc, coordinating mechanism for cryospheric science in Canada (e.g. coordinated a cryosphere-climate submission to LTSP III), that is currently supporting a number of research projects that contribute to GCOS objectives. It is proposed that CRYSYS act as a coordinating mechanism for Canadian GCOS activities related to the cryosphere.





4. Recommended Priority Action Items





Section 2 generated an extensive list of action items to meet GCOS and Canadian needs for monitoring the cryosphere (the total for 2-year action items alone exceeds $900K).  However, the reality is that GCOS is intended to be based largely on existing programs and infrastructure and there will not be large sums of money available for massive expansion of networks and mandates.  In light of this, it is important that the cryosphere put forward a coordinated, realistic plan to establish the essential key networks and infrastructure needed to meet GCOS and Canadian needs.  With respect to CCAF funding for 2-year action items, the amount of funding is small and only those projects that make a clear and significant contribution to a Canadian GCOS within the two year time-frame are likely to be supported.





4.1  2-year Time Frame:





The following priority action items are proposed for CCAF support based on the action items presented in Section 2, the priority rankings in Table 2, and the key steps and issues outlined in Section 3:





Climate Monitoring Network Assessments for the Cryosphere - support is requested from CCAF for a workshop(s) devoted to assessment and planning of existing Canadian cryospheric in situ data networks.  GSC have requested $40K to cover a workshop for permafrost and glaciers (see detailed 2-year funding proposals in ANNEX 3 Section 6 and ANNEX 4, Section 7.2).  Network assessments are also required for sea ice thickness, snow depth, snow courses and lake freeze-up/break-up.





State of the Canadian Cryosphere - funding is requested from CCAF to support the data analysis and research required to develop an online comprehensive synthesis of what is happening to the cryosphere in Canada, and how it may change in response to global warming.  This includes funding to look at the response of the Canadian cryosphere to the anomalously warm decade of the 1990s.  Website development: ($12.5K); research on cryospheric variability and 1990s anomalies ($80K).





Canadian Cryosphere Information Centre  - funds of $70K/yr for two years are requested from CCAF to fund a prototype CCIN to host the “State of the Canadian Cryosphere” website and facilitate the development, awareness and exchange of Canadian cryospheric data.





Establish a Canadian Regional Centre for GLIMS - $60K is requested to establish a GLIMS regional centre for Canada that will allow Canada to benefit from EOS glacier mapping missions.





4.2  2-10 year Time Frame:





Over the longer term, significant investments are required to develop, support and maintain critical in situ networks and infrastructure, and to support the R&D required to bring new satellite observing technologies on line. Note that funding of ~500K/yr is included in the LTSP cryosphere-climate proposal to support R&D, product development and validation for satellite-based cryospheric monitoring. However, the future status of the LTSP initiative is rather uncertain at this time. A summary of the key priority items, with initial cost estimates, is included below (not in any order of priority).  Further discussion is required within the community and with agencies to determine the feasibility of each item proposed.





Contribution to Canadian Cryospheric Information Network ($70K/yr)


Provide ongoing support for and expand the Canadian permafrost network for GTN-P and Canadian climate monitoring needs ($300K/yr)


Fill gaps in Canadian glacier mass balance monitoring network for GTN-G and Canadian climate monitoring needs, and support Canadian glacier monitoring from remotely sensed data (GLIMS Regional Centre, laser profilometry, radio echo-sounding) ($150K/yr)


Ensure that all stations in GSN report daily snowfall.


Measure winter precipitation and wind speed at gauge height at all auto stations.


Support existing sea ice-profiling sonar program in the Arctic and add moorings in Hudson Bay, the Labrador Shelf and the Arctic Archipelago.


Support weekly in situ ice thickness measurements at key locations ($180K/yr)


Expand climate monitoring role of CIS for sea ice and lake ice ($300K/yr)


Support satellite-based R&D for climate monitoring of the cryosphere ($370K/yr)


5.  Conclusions





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.  He concluded that the status was unsatisfactory in a number of respects,  particularly in the collection, archiving and access to important cryospheric data sets.  In some respects this assessment is still valid, particularly for many of the in situ datasets (e.g. ice thickness, freeze-up/break-up, glacier mass balance) where data collection has continued to decline and where no resources have been available to get important meta data online. T However, some improvements/changes have been possible recently, and there are a few notable bright points such as the major role of Canada in the new GTN-P network, expanded reporting of Canada to WGMS, and data rescue of snow depth and snow course data through the CRYSYS project. The consolidation of Canadian glacier monitoring program at GSC will also help Canada play a greater role in the planned GTN-G initiative.  Canada is also fortunate that through the CRYSYS project, it has an effective cooperative initiative for fostering collaboration and leveraging resources to focus on monitoring and understanding cryosphere and climate.  With continued support to CRYSYS and investment of funds in key areas outlined in this plan, Canada will make a significant contribution to GCOS.
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LIST OF ACRONYMS





A-base		Core funded activity


AATSR		Advanced Along-Track Scanning Radiometer (ENVISAT)


AES		Atmospheric Environment Service (Canada)


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 (proposed)


CFI		Canadian Foundation for Innovation


CIS		Canadian Ice Service (AES)


CLASS		Canadian Land Surface Scheme


CLIC		Cryosphere and Climate project of WCRP


CMC		Canadian Meteorological Centre (AES)


CRYSYS	Use of the Cryospheric System to Monitor Global Change in Canada


DFO		Department of Fisheries and Oceans (Canada)


DSMP		Defence 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)


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)


NASA		National Aeronautics and Space Administration (U.S.)


NAVCAN	


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
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