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�1. GCOS REQUIREMENTS



In the GTOS plan (GCOS-32), the following monitoring recommendations were identified as the basis for a minimum ice sheet and glacier-monitoring system for GCOS:



Monitoring of firn temperature at borehole sites every 10 years and the organization, systematic collection and interpretation of borehole temperature from cold firn areas.

Monitoring of mass balance (annually)

Monitoring of glacier area and length (annually to once every 10 years)

Glacier inventories (every 30-50 years)



As outlined in Annex 2, standardized glacier data (mass balance and length changes) from a large network of glaciers have been routinely collected and archived at the World Glacier-monitoring Service (WGMS).  In a recent development the Terrestrial Observation Panel for Climate (TOPC), concluded that a global glacier-monitoring network would most effectively be established by building on the existing WGMS effort.  The Director of WGMS sent a letter to national contacts earlier this year inquiring about their willingness to become part of such a global glacier-monitoring network. Following many positive replies, the GTOS Steering Committee decided to incorporate a Global Terrestrial Network for Glaciers (GTN-G) as one of its specialized terrestrial networks. The main objective of GTN-G is to improve global observation capabilities for glaciers, and to strengthen existing monitoring capabilities.



As initially envisioned, GTN-G is expected to provide annual reports on the global glacier mass balance for use by various international scientific and policy bodies concerned about global environmental change. The first report will contain information on glacier changes for the year 1997. Organizationally, GTN-G will be coordinated by the WGMS Director, and will be represented within GTOS on the panel of terrestrial networks, which is currently being established. The reporting will also be done through WGMS, at least in the near future.



In developing the GTN-G concept, it was recognized that:



the existing WGMS sites were only the initial core of a comprehensive monitoring system

there was a need to include regions of the world that were poorly represented in the current database, and 

to expand the mass balance network in some countries where observations were already being made, and 

to recognized that there is a strong need to develop satellite-monitoring techniques for glacier observations and to integrate these with in-situ activities. 



2.  CANADIAN GLACIER-MONITORING ACTIVITIES



Barry (1995), Ommanney (1995) and Young and Ommanney (1984) provide a succinct overview of Canadian glacier observing programs up to the early 1990s.  The purpose of this section is to document the current glacier-monitoring situation in Canada. 



2.1 Organization



Canadian glacier-monitoring work has traditionally separated along natural geographical lines: the Cordillera and the Arctic.  Until recently, two federal groups had mandates to monitor glaciers: the National Hydrology Research Institute (NHRI) for the cordillera, and the Geological Survey of Canada (GSC) for the Arctic.  NHRI has been in the process of shedding its glacier-monitoring mandate over the last few years, and this process was completed in February, 1999 with the transfer of the cordilleran glacier-monitoring program to GSC.  Canada now has a single federal government group at GSC responsible for national glacier-monitoring, which represents a major step forward in terms of a coordinated glacier-monitoring program responding to national and international needs.



The Canadian University community has traditionally played an important role in monitoring glaciers at a number of research sites in both the cordillera and the Arctic. Over the years, Canada has gathered an extensive, if somewhat temporally fragmented glacier database (see Table 1), and much of this data has been submitted to the WGMS.  For example, mass balance and mass balance-elevation band reporting involved up to 22 glaciers nation-wide in the mid-1980s (e.g. Ommanney 1988).



2.2 Current Monitoring Network



2.2.1 Mass balance:



An overall picture of the Canadian glacier-monitoring effort from 1940-1995 is presented in Table 1 with a more detailed summary of Arctic mass balance measurements provided in Table 2.  Note that the summary provided in Table 1 is only an overview and the usefulness of the field data can vary from glacier to glacier. 



The Arctic Islands glacier/ice cap mass balance has been well covered for the past 30-40 years and now forms the world’s longest and most continuous polar record (Table 2). GSC supports mass balance measurements on: Agassiz, Meighen, Melville South. and Devon Ice Caps; Trent University on White and Baby glaciers (Axel Heiberg Island), and University of Alberta (Edmonton) on John Evans Glacier  (Northern Ellesmere Island). All these programmes rely heavily on Polar Continental Shelf Project logistics support. 



The situation is not as favourable in the Canadian Cordillera.  Presently, only 3 glaciers (Helm, Peyto and Place glaciers) remain of a formerly more extensive network, that was almost entirely managed, with university cooperation, by the NHRI. In order to combat this situation, the NHRI established the Canadian Glacier Variations Monitoring and Assessment Network (CGVMAN) in the mid-1990s as a joint government-university effort centred around studies at four principle mass-balance network sites (remnants of the IHD network).  The sites include i) White Glacier (Axel Heiberg Island in the eastern high Arctic), ii) Peyto Glacier (Canadian Rockies-Eastern Slopes), and iii) Place and Helm Glaciers (Southern Coast Mountains of British Columbia).  The GSC (Cordilleran glaciers) and Trent University (Axel Heiberg area) now monitor these sites. While they represent only a small fraction of a once more extensive network, the glaciers form a basic cross-section of mass balance gradient, equilibrium line altitude, mean annual air temperature and humidity as manifested by latitude and continentality. 



In addition to these federal government initiatives, there are a number of individual monitoring programs being undertaken on an opportunistic basis.  For example, Brugman et al. (1996) have completed a comprehensive glacier runoff modeling study for the British Columbia Hydro and Power Authority that permitted the continuation of glacier variation observations for the Illecillewaet Glacier.  These measurements supplement a discontinuous, but never-the-less, substantial record dating back to the late 1800s.  A summary of glacier-monitoring activity in the Canadian Cordillera is provided in Table 3.



2.2.2 Firn temperature:



There are several Arctic sites where 10-15 m firn temperatures have been taken in the past (e.g. ice caps on Ellesmere, Devon Axel Heiberg and Baffin Islands. These data should be archived.   Re-measurement of these sites in the future would give a broad measure of temperature changes over the interval between measurements.  Additional measurements on an ad hoc basis should be encouraged, as these measurements are inexpensive provided they are not the prime reason for visiting the site.



2.3 Gaps and Problems



Baffin Island constitutes a significant gap in the Arctic network as there are no glaciers monitored there on a regular basis, although there were short-term mass balance measurements made in the past.  Recent (university) attempts to redress this gap have been turned down (Jacobs, personal communication) as monitoring activities are not considered appropriate for NSERC funding.  This problem will be considered later.



The Cordillera has significant gaps.  The east-west "continentality" transect needs to be rebuilt.  Although Ram River glacier is more representative of the bulk of eastern slopes glaciers than Peyto, the latter site should be retained.  A regularly monitored inner montane site such as Woolsey (IHD) would help link to the interior ranges.  However, there is no regular glacier-monitoring activity north of this transect, right to the Yukon/Alaskan border.  This is the most serious gap in Canada and urgently needs addressing. There are sites that have some historical or intermittent records in the Canadian central and northern portions of the coast (Illecillewaet, Cathedral, Berendon, Alexander etc).  Occupation of these sites may partially fill this gap (Table 1). 



A serious problem, perhaps unique to sub-polar ice caps and glaciers, relates to their accumulation areas where inadequate methods are often used to include melt-water that re-freezes deep in the snow-pack.  Various problems of this nature and their effect on the accuracy of the final mass balance have been addressed in Cogley and Adams (1998).  However, a major effort is now needed to assemble a common and adequate approach to measure the mass balance in the accumulation areas of sub-polar glaciers and ice caps.  Such an approach should be researched and published.



Cogley et al. (1996) consider that a ten-fold reduction in measurement error is required at White Glacier to detect a climatological trend.   For pure climate change detection purposes, some of these objections can be substantially reduced if only the ablation part of the mass balance network on each ice cap/glacier is considered.  An early proposal by Koerner (1986) outlined the technique. Cogley and Adams (1998) also point out that the existing global glacier-monitoring network is biased toward small, easily accessible glaciers.  Uncertainties in measurements lead to large errors for these small glaciers.  They recommend that efforts should focus on larger glaciers where a reduction of error should be a high priority in network design.  Fortunately, in the Canadian Arctic, the network  ranges from the large Devon Ice Cap, through the much smaller, stagnant Meighen Ice Cap to the very small cirque, Baby Glacier (Axel Heiberg Island) which Cogley et al. (1995) consider "a useful index of regional mass balance".



However, as long as NSERC does not consider monitoring an activity worth funding, Federal funding should be found for university participation.  Such funding would be most appropriately managed through the GSC or the CRYSYS programmes, with PCSP logistical support in the Arctic. Participating Universities should then plan to fulfill any federally funded monitoring commitment as long as it enables them to carry out other research in the same area.  Needless to say, this will require increased funding for the federal departments responsible.  This will be highlighted later in this document.



2.4 Reporting and Data Archiving



WGMS now carries the lead as a global data and reporting centre for glacier-monitoring (GTN-G) and has done so since the late 1940’s. Demuth (then NHRI) has been the national reporter to the WGMS and will continue in this role from the GSC.  He reports data and assessments for the CGVMAN "benchmark" glaciers to the WGMS Glacier Mass Balance Bulletin (GMBB) (White and Peyto were new additions to GMBB#4 in 1996).  These glaciers, plus the GSC Arctic mass balance network glaciers/ice caps annual balances are reported in various formats to the WGMS every five years. The Arctic glaciers monitored by the GSC should be added to the CGVMAN list in the future and reported annually or bi-annually.

 

3. REMOTE SENSING



As indicated by Koerner (1995), the continuity of mass balance programs in Canada is highly dependent on the principal investigator.  In the past, with the exception of White Glacier, retirement or transfer of a Principal Investigator has meant the end of a mass balance measurement program. To redress this problem, remotely sensed data offer the potential for greater spatial and temporal continuity, applicable also to existing monitoring activities. For example, Demuth (GSC) augments manual observations with SAR data (ERS-1 and RADARSAT) at the close of the summer-balance season.  Remotely sensed data also provide the means for monitoring land ice extent and properties (e.g. albedo, emissivity, and surface temperature) in areas without ground data, and for tracking changes in glacier dimensions. A number of important sensors/programs for remote sensing of glaciers in Canada are outlined below:



3.1 Airborne Laser Altimetry



Laser altimetry is an important tool since it permits ice volume changes to be monitored.  NASA carried out airborne laser altimetry/radio echo-sounding  surveys of Canadian Arctic ice caps in 1995.  The traverses were designed by the GSC who also made ground based measurements of snow/firn density.  An American proposal has now been submitted to NASA to repeat these traverses in 2000.   Additional Canadian support would allow not only all the original traverses to be repeated but additional ones as well.  Regular laser altimetry coverage, on a pentadal or decadal  basis should be considered a top priority of the CCOS glacier component.



3.2 Airborne Radio Echo Sounding



Radio echo sounding provides the capability for mapping and monitoring ice thickness, especially when used in conjunction with laser altimetry (see above). Dowdeswell (U. of Bristol, UK) is planning a major radio echo sounding survey of glacier and ice cap thickness in the Canadian High Arctic.  If funded, this will provide important baseline data for monitoring future changes and understanding glacier dynamics.  It is hoped that this work can be run in conjunction with the NASA laser altimetry traverses in 2000.



3.3 Satellite Laser Altimetry (EOS)



The Ice Cloud and Land Elevation Satellite (ICESAT) with a 70 m footprint and 10 cm ranging precision for the NIR-laser (1060 nm) will be launched in 2001. The data will be processed at GSFC with a sampling frequency of 40 Hz. The gridding of the data has not been decided yet, but most likely will be done at the GSFC processing facility.  ICESAT/2 has been selected for a possible follow-on mission in the year 2010, and there might be a potential data gap of 5 years between the two missions. Canadian involvement in this activity should be investigated.



3.4 SAR (RADARSAT, ERS-1/2)



The radar remote-sensing reconnaissance of equilibrium line altitude (ELA) and accumulation area ratio (AAR) for estimating glacier mass balance requires serious consideration in those instances where traditional ground measurements used in the direct glaciological method are absent.  Adam et al. (1997) concluded that the wet snow line on Place Glacier could be mapped reasonably well with ERS-1 SAR imagery.  Demuth and Pietroniro (1999) examined the capability of RADARSAT for snow-line/accumulation area mapping for a temperate alpine glacier. RADARSAT can discriminate between firn and bare ice facies in agreement with other orbital C-band SAR studies.  However, they found that the accuracy of ELA estimates was dependent on the accuracy of the reference digital elevation information used.  Moreover, for many glacier configurations, where mass balance variations due to altitude are influenced or in some cases completely masked by local balance variations, defining the ELA may be an irreconcilable problem.  Using the AAR may be more robust in this regard. It is further determined that the total error inherent in the reconnaissance method would have serious implications for the confident estimation of mass balance normals and climate-related trends if the method were to be utilized over the longer term.



Brugman and others (Mattar et al., 1998) have looked at the application of SAR interferometry for mapping surface elevation and flow rates.  The method gives good results but is time and data intensive and has yet to be used as an operational tool for glacier-monitoring.  However, progress in this respect has been made on Svalbard and Russian ice caps (Dowdeswell, personal communication). Acquisition costs are very expensive for SAR data.  We note here that the research community frequently quotes cost as the major obstacle to using SAR data. 



3.5 Landsat TM



Landsat imagery has been used to assess area changes in Canada and forms a large part of the United States Geological Survey’s “Satellite Image Atlas of Glaciers of the world” (presently in press). Brugman,  Wheate and others are using Landsat, TM and DEMs to map glacier attributes such as ELA and AAR.  The techniques developed from this work represent an important contribution since they can be used with ASTER data to generate important baseline information for Canadian glaciers.  Costs of obtaining imagery are currently a problem but this will hopefully be resolved with free access to ASTER data through the GLIMS project (see below).



3.6 GLIMS - Global Land Ice Monitoring from Space (NASA/EOS Program led by USGS)



The aims of the program are to establish a global inventory of land ice, including surface topography, to measure the changes in the extent of glaciers and, where possible, surface velocities. It will also establish a digital baseline inventory of ice extent during the period 1998-2003 for comparison with inventories created at earlier and later times. This will be done using imagery from the ASTER (Advanced Space-borne Thermal Emission and Reflection Radiometer) sensor, which will be launched on the EOS-AM1 platform in June 1999.  The GLIMS project office staff have defined target areas, which cover almost all the land ice on the surface of the earth, and the unprocessed ASTER data will be archived by EOS.  A network of regional centres will carry out subsequent processing of the data.



Canadian Status: Brugman and Sharp have proposed Canadian regional centres for the Cordillera and Arctic respectively, but have not yet been successful in obtaining the required funding. NSERC rejected a proposal from Sharp to establish an Arctic regional centre for GLIMS, again because environmental monitoring is not a priority area for NSERC.  Rivard and Sharp have agreed to take responsibility for handling data for three areas on Devon/Ellesmere Islands, and Cogley (Trent University) has agreed to handle Axel Heiberg Island. The current assessment is that there is a serious need for funding to acquire essential personnel power. Active participation in GLIMS is essential for Canada to meet GCOS objectives as it provides detailed survey information over all Canadian land ice surfaces for evaluating past and future change and should be regarded as a top CCOS glacier component priority.  The proposed University of Waterloo Canadian Cryospheric Information Network might be considered as a prospective GLIMS centre for Canada. 



4.  MASS BALANCE RECONSTRUCTION



The use of various techniques (e.g. modeling and ice cores) to reconstruct glacier mass balance records is vital for change detection and for understanding glacier-climate linkages



Sharp (U. Alberta) is using a combination of modeling and shallow ice core analysis (chemical and isotopic) to reconstruct glacier mass balance in the high Arctic. The mass balance of these glaciers is governed by complex interactions between local climatic conditions and surface characteristics which make it difficult to transfer models developed for glaciers at lower latitudes to high Arctic sites. A number of modifications were made to a numerical mass balance model developed by Anthony Arendt to provide the capability to test interpretations of ice core data. The model can now be used to predict the depth of the 1963 bomb layer on a 20m grid across John Evans Glacier (a tool which will be very useful for planning drilling activities), and to generate synthetic ice cores for any specified location on the glacier. This makes it possible (a) to predict the likely composition of ice cores from any proposed drill site (balance of firn and superimposed ice, temporal distribution of melt layers), and (b) predict the likely pattern of annual layer thicknesses in a core from any given site. This is expected to help greatly in the interpretation of ECM and physical stratigraphy records. 



A 40-year simulation of the mass balance distribution across John Evans Glacier has been performed, in which the model is driven with air temperature and precipitation data from AES station Alert. To evaluate the model performance, an additional 40-year simulation (in collaboration with Trent University) has been performed for White Glacier, Axel Heiberg Island, where excellent field measurements of mass balance are available. Data from AES station Eureka are used to drive this simulation. 



Increasing model resolution in GCMs has also created an interest in including glacier processes in climate models.  The Canadian climate modelling group in Victoria (G. Flato) has expressed an interest in working with Sharp in coupled climate-glacier model simulations.  These ongoing modeling activities have considerable potential for expanding understanding of glacier climate response and for filling in gaps in the existing Canadian mass balance record.



The well-established GSC ice coring programme should have important input in this respect as the cores from various ice caps in the Canadian Arctic and a proposed ice-core from Mount Logan will enable modern climatic change to be put into a long term perspective.  For example, the records to date show that modern Eastern Arctic temperatures are 1 0   to 2 0 C colder than they were at the beginning of the present interglacial period 10,000 years ago. GSC is expected to continue this programme outside the glacier mass-balance monitoring programme.





5.  DATA ARCHIVE/RETRIEVAL



NHRI in Saskatoon have an extensive collection of glacier-related information, but mainly in hard copy format (photos, surveys etc.).  Very few resources have been allocated for data maintenance or rescue activities.  A recent attempt to move the NHRI glacier information to a university environment through the CRYSYS project was not viewed favourably by NHRI. One of the recommendations of a recent review of glacier related activities in Canada (Munro,1995; Demuth and Munro,1995) was the need to improve access to data bases of glacier variations.



Canadian mass balance information for the Arctic is in better shape than in most other countries of the world (Jania and Hagen, 1995). Cogley and Adams (1998) have completed a global compilation of small glaciers that is accessible on the Internet.  GSC mass balance and ice core data are available in digital files.

 

Demuth (1996) discussed plans to develop a WWW site to provide quick access to information and data for CGVMAN sites.  Such a site could also act as a destination for Canadian WGMS data describing glacier variations, volume changes, hydro-meteorological observations and special events. 



6.  RECOMMENDED ACTION ITEMS



2-yr Time-Frame:



(1)	Convene workshop to discuss data gaps and methodology ($20K)



This is planned to be run concurrently with a GCOS permafrost workshop to:



• discuss the present mass balance network and its gaps

a: in the Cordillera and 

b: in the Arctic

and provide a detailed list of the reasons for choice of individual glaciers for filling these gaps.

• discuss present methodology of glacier balance measurements with particular reference to sub-polar glaciers and ice caps and the problem of re-freezing meltwater in the firn.

• review the existing manual of Ostrem & Brugman on mass balance measurements with a view to appending an additional section on sub-polar glaciers (Contract to University for $15K).

• discuss use of repeated laser altimetry over glaciers & ice caps for determining thickness changes over areas not covered by other mass balance measurements.

• investigate the part satellite imagery can play in a glacier monitoring programme,

• discuss the methodology and standardisation of Automatic Weather Stations now established on glaciers and ice caps and examine the feasibility of establishing a network for long-term monitoring purposes.

• discuss the establishment of a firn temperature network on high elevation ice caps, its value, feasibility, and frequency of measurement.

• examine the best route for maintaining and funding the glacier monitoring system over the long term, most probably through funding to a central federal agency.



As a consequence of discussions under (1) and of the documents coming out of the Victoria GCOS meeting, determine how to enshrine the long-term nature of glacier monitoring into departmental mandate(s) and/or core program (no funding needed).



Establish 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 ($30,000 for 37 hours flying time to add to that obtained under the NASA proposal).  Additional traverses should also include radio-echo sounding.  Cooperation with the Dowdeswell (UK) proposal should be strongly encouraged. (Total: $40K)

 

Proposal to examine how the warm 90's (with particular reference to 1998) affected the glaciers and ice caps of Canada (CCAF contribution - $30K)



This should be effected in cooperation with the other cryospheric components.  GSC/CRYSYS has such a study underway.  Additional funding would give the present study greater depth and breadth.  It would also show regional variations and perhaps act as a warming analogue.  Results to be published in an international journal and placed on CRYSYS “State of the Canadian Cryosphere” website.



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)



2-10 Year Time Frame:



(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)

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).

Support pentadal or decadal re-measurement of glacier ice thickness with radio-echo sounding ($15K per measurement year).
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� Table 1a: Cordilleran and Arctic glaciers in Canada having significant hydrological records (1940-1960’s) (updated and modified** from Young 1990).  Source: M. Demuth. Note: values for the Arctic in bold were added based on the information in Table 2.



��REGION/Glacier Name�1940’s�1950’s�1960’s��YUKON��������������������������������Hazard 61°15.7’N

      140°21.9’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-��Steele 61°14.6’N

      140°10.6’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�z�z�z�z��Trapridge 61°13.6’N 140°20.0’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�z�z��Rusty 61°12.4’N

     140°17.9’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�z�o�o��Kaskawulsh 60°45.0’N 139°06.0’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�z�z�z�z�z�z�z�z�z��

COAST MOUNTAINS B.C.��������������������������������Nadahini 59°44.0’N 136°41.0’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�x�-�x�-�x�-��Cathedral 59°20.3’N 134°06.3’W�-     �-�-�-�-�-�-�-�-�-�-     �-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-��Alexander 57°06.4’N 130°49.1’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-     �-�-�-�-�-�-�-�-�-��Yuri 56°58.0’N

      130°42.2’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-��Andrei 56°55.7’N

      130°55.6’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-��Forest Kerr 56°54.1’N 130°05.6’W�-�-�-�-�-�x�x�x�x�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-��Berendon+ 56°14.8’N 130°05.0’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�z�-�o�o�o��Salmon 56°08.6’N 130°04.0’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�z�z�-�z�-�-�-�-�-�z�-�z�z�z��Sykora 50°52.7’N 123°33.8’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-��Bridge 50°49.4’N

      123°33.0’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-     �-�-�-�-�-�-�-�-�-��Zavisha 50°48.4’N 123°25.3’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-��Place+ 50°25.3’N 122°36.0’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o��Wedgemount 50°09.2’N 122°47.8’W�-�-�-�-�-�-�-�x�-�x�-�x�-�-�-�-�-�-�-�-�-�-�-�-�x�-�-�-�-�x��Helm 49°57.8’N

      123°00.0’W�-�-�-�-�-�x�x�x�x�x�x�-�x�-�x�-�x�-�x�-�x�-�-�-�-�-�-�-�-�-��Sphinx 49°55.0’N 122°57.5’W�-�-�-�-�-�x�x�x�x�x�x�-�x�-�x�-�x�-�x�-�x�-�-�-�x�-�x�-�x�-��Sentinel+ 49°53.6’N 122°58.9’W�-�-�-�-�-�x�x�x�x�x�x�-�x�-�x�-�x�-�x�-�x�-�-�-�x�o�*�o�*�o��

INTERIOR RANGES��������������������������������Illecillewaet 51°16.0’N 117°20.0’W�-�-�-�-�-�x�x�x�x�x�x�x�x�-�-�-�x�x�x�x�x�x�x�x�x�x�x�x�x�x��Woolsey+ 51°07.5’N 118°02.5’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o��Bugaboo 50°40.0’N 116°45.0’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�x�-�x�-�x�-��Kokanee 49°45.0’N 117°08.0’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�x�-�x�-�x�-��

ROCKY MOUNTAINS��������������������������������Saskatchewan 52°12.5’N 117°08.2’W�-�-�-�-�-�x�x�x�x�x�x�-�x�-�x�-�x�-�x�-�x�-�x�x�x�x�x�x�x�x��Athabasca 52°11.7’N 117°15.0’W�-�-�-�-�-�x�x�x�x�x�x�-�x�-�x�-�x�-�x�m�m�m�m�m�x�x�x�x�x�x��Ram River+ 51°51.0’N 116°11.5’W�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o��Peyto+ 51°40.6’N 116°32.8’W�-�-�x�-�-�x�x�x�x�x�x�-�x�-�x�-�x�-�x�-�x�-�x�-�o�*�o�o�o�o��Drummond 51°35.5’N 116°02.0’W�-�-�-�-�-�-�-�-�-�-�-�-�x�-�-�-�-�-�-�-�-�-�*�*�*�*�x�x�-�-��

HIGH ARCTIC��������������������������������Ward Hunt Ice Shelf�-�-�-�-�-�-�-�-�-�-�-�-�z�z�-�-�-�-�-�o�z�z�z�z�o�o�o�o�o�o��Ward Hunt Ice Rise�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o�o�o�o�o�o�o�o��Gilman�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o�o�o�o�o�o�o�-��Unnamed�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�-�-�o��Per Ardua+�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o�o��Agassiz�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-��Laika�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-��Baby+�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o�o�o�o�o�o�o��Thompson�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�x�x�x�x�x�x�x�x�x�x�x�x��White+�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o�o�o�o�o�o�o��Meighen Ice Cap�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o�s�s�s�o�o�o��Melville S. Ice Cap�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�-�o��South Ice Cap�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�-�o�o�o��West Ice Cap�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�-�o�o�o��East Ice Cap�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�-�o�o�o��Leopold�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�-�o�o�o��Devon Ice Cap (NW)�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o�o�o�-�s��

LOW ARCTIC��������������������������������Barnes Ice Cap�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�z�o�o�o�o�o�o�o�o��Decade+�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o��Boas�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�o��+ IHD Glaciers



x =	variations

o =	mass balance

* =	variations and mass balance

z =	other studies

s =	other, some mass balance

m =	other, some variations�

Table 1b: Cordilleran and Arctic glaciers in Canada having significant hydrological records (1970-1990’s) (updated and modified** from Young 1990). Source: M. Demuth. Note: values for the Arctic in bold were added based on the information in Table 2.



���REGION/Glacier Name�1970’s�1980’s� 1990’s��YUKON��������������������������������Hazard 61°15.7’N 140°21.9’W�-�-�-�-�-�z�z�-�-�z�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Steele 61°14.6’N

      140°10.6’W�-�-�z�z�z�z�z�-�-�z�-�z�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Trapridge 61°13.6’N 140°20.0’W�z�z�z�z�z�-�z�-�-�-�z�z�z�z�z�z�z�z�z�z�z�z�z�z�z�z������Rusty 61°12.4’N

      140°17.9’W�z�z�z�z�z�z�z�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Kaskawulsh 60°45.0’N 139°06.0’W�z�-�-�z�z�-�-�-�-�-�-�-�-�-�-�z�z�z�z�-�-�-�-�-�-�-������

COAST MOUNTAINS B.C.��������������������������������Nadahini 59°44.0’N 136°41.0’W�x�-�x�-�x�-�x�-�x�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Cathedral 59°20.3N 134°06.3’W�-�o�o�o�-�c�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Alexander 57°06.4’N 130°49.1’W�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o�-�-�-�-�o�o�o�-�-�-�-������Yuri 56°58.0’N

      130°42.2’W�-�-�-�-�-�-�-�-�o�o�o�o�o�o�o�-�-�-�-�o�o�o�-�-�-�-������Andrei 56°55.7’N

      130°55.6’W�-�-�-�-�-�-�-�-�o�o�o�o�o�o�o�-�-�-�-�o�o�o�-�-�-�-������Forest Kerr 56°54.1’N 130°05.6’W�-�-�-�-�-�-�-�-�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-������Berendon+ 56°14.8’N 130°05.0’W�o�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Salmon 56°08.6’N 130°04.0’W�z�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Sykora 50°52.7’N 123°33.8’W�-�-�-�-�-�-�o�o�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-������Bridge 50°49.4’N

     123°33.0’W�-�-�-�-�-�-�o�o�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�s�s������Zavisha 50°48.4’N 123°25.3’W�-�-�-�-�-�-�o�o�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-������Place+ 50°25.3’N 122°36.0’W�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o������Wedgemount 50°09.2’N 122°47.8’W�-�-�x�x�-�x�z�x�x�x�x�*�*�*�*�x�x�x�x�x�x�x�x�x�x�x������Helm 49°57.8’N 123°00.0’W�-�-�-�-�-�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o������Sphinx 49°55.0’N 122°57.5’W�x�-�x�-�-�-�o�o�*�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-������Sentinel+ 49°53.6’N 122°58.9’W�*�o�*�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�x������

INTERIOR RANGES��������������������������������Illecillewaet 51°16.0’N 117°20.0’W�x�-�-�-�x�x�x�x�x�x�x�x�x�x�x�x�x�x�x�x�x�x�x�m�m�m������Woolsey+ 51°07.5’N 118°02.5’W�o�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�m�m�-������Bugaboo 50°40.0’N 116°45.0’W�x�-�x�-�x�-�x�-�x�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Kokanee 49°45.0’N 117°08.0’W�x�-�x�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������

ROCKY MOUNTAINS��������������������������������Saskatchewan 52°12.5’N 117°08.2’W�x�x�x�x�x�x�x�x�x�x�-�-�-�-�-�-�-�-�-�-�-�-�m�m�m�m������Athabasca 52°11.7’N 117°15.0’W�x�x�x�x�x�x�x�x�x�x�-�-�-�-�-�-�-�-�-�-�-�-�m�m�m�m������Ram River+ 51°51.0’N 116°11.5’W�o�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Peyto+ 51°40.6’N 116°32.8’W�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o������Drummond 51°35.5’N

      116°02.0’W          �-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������

HIGH ARCTIC��������������������������������Ward Hunt Ice Shelf�o�o�o�o�o�o�-�-�-�o�-�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-������Ward Hunt Ice Rise�o�o�o�o�o�o�-�-�-�o�-�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-������Gilman�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Unnamed�o�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Per Ardua+�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�s�s�s������Agassiz�-�-�-�-�-�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s������Laika�-�-�-�o�o�o�-�-�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Baby+�o�o�o�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�o�o�o�o�o�o������Thompson�x�x�x�x�x�x�x�x�x�x�x�x�-�-�-�-�-�-�-�-�-�-�-�-�-�-������White+�o�o�o�o�o�o�o�o�o�o�-�-�-�o�o�o�o�o�o�o�o�o�o�o�o�o������Meighen Ice Cap�o�-�o�o�o�o�o�o�o�-�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o������Melville S. Ice Cap�o�o�-�o�o�-�-�-�-�-�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o������South Ice Cap�o�-�o�o�-�-�-�-�-�-�o�o�o�o�o�o�o�o�o�o�-�-�-�-�-�-������West Ice Cap�o�-�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������East Ice Cap�o�-�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Leopold�o�-�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Devon Ice Cap (NW)�s�s�s�s�o�s�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o�o������

LOW ARCTIC��������������������������������Barnes Ice Cap�o�o�o�o�o�o�o�o�o�o�o�-�o�-�-�-�-�-�-�-�-�-�-�-�-�-������Decade+�o�-�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������Boas�o�o�o�o�o�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-������+ IHD Glaciers

x =	variations

o =	mass balance

* =	variations and mass balance

z =	other studies

s =	other, some mass balance

m =	other, some variations

�



TABLE 2: SUMMARY OF CANADIAN ARCTIC GLACIER MASS BALANCE MEASUREMENTS - R. Koerner, 15/02/99�������

�

	Glacier name�

Lat  N

Long W�

Area (Km2)�

period observed�

yrs missed��

�

Ellesmere Island�

�

�

�

��

1�

Ward Hunt Ice Shelf�

8307' 73030'�

660�

1960-1985�

1977,78,79��

2�

Ward Hunt Ice Rise�

8307' 74010'�

 32�

1958-1985�

1977,78,79��

3�

Gilman Glacier�

8206' 70037'�

480�

1957-1969�

��

4�

Un-named ice cap�

81057'

64012'�

    7�

1966-1976�

1968,69��

5�

Per Ardua Glacier�

81031'

76027'�

    4�

1964-1971�

��

6�

Agassiz Ice Cap�

800   750�

17326�

1977-present�

��

7�

Leffert Glacier�

78041'

75001'�

  593�

1979-80�

��

8�

Un-named glacier�

78039'

74055'�

   50�

1979-80�

��

�

Coburg Island�

�

�

�

��

9�

Laika Glacier�

75053'

7905'�

  0.3�

1973-1980�

1976,77,78��

10�

Laika Ice Cap�

75055'

7909'�

   10�

1974-1980�

1976,77,78��

11�

Wolf Glacier�

75054'

79012'�

    2�

1979-1980�

��

�

Axel Heiberg Island�

�

�

�

��

12�

White Glacier�

79026'

90040'�

   39�

1959-present�

1980,81,82,83��

13�

Baby Glacier�

79026'

90058'�

  0.6�

1959-present�

1973,1978-1988��

�

Meighen Island�

�

�

�

��

14�

Meighen Ice Cap�

79057'

99008'�

  90�

1959-present�

1972,1979��

�

Melville Island�

�

�

�

��

15�

Melville S. Ice Cap�

75025'

125010�

  68�

1963-present�

1968,72,75-79��

16 �

Melville W. Ice Cap�

75038'

124045�

  36�

1963-1973�

1968,72��

17�

Melville E. Ice Cap�

75039'

124029�

  16�

1963-1973�

1968,72��

18�

Leopold Glacier�

75049'

124049�

  28�

1963-1973�

1968,1972��

�

Devon Island�

�

�

�

��

19�

Devon Ice Cap (NW)�

75020'

82030'�

12825�

1961-present�

1968��

�

Baffin Island�

�

�

�

��

20�

Lewis Glacier�

70026'

74046'�

  182�

1963-1965�

��

21�

Barnes Ice Cap�

70010'

74046'�

 6200�

1963-1984�

��

22�

Decade Glacier�

69038'

69050'�

    9�

1965-1973�

1972��

23�

Akudnirmiut Glacier�

67035'

65015'�

  0.6�

1971-72�

��

24�

Boas Glacier�

67034'

65016'�

  1.4�

1969-1975�

���Table 3

Summary of glacier monitoring activities in the Canadian Cordillera. There are four formal glacier fluctuation sites (underlined) and numerous other sites being observed on an ad hoc basis.  Source: M. Demuth, January, 1999.

_____________________________________________________________________________

CONTINENTAL

Rocky Mountains, Eastern Slopes



Peyto Glacier(IHD)	seasonal and "annual" specific mass balance and terminus variations, ice hypsometry every 2-5 years, volume change every 5-10 years, limited hydrometry

 

Athabasca Glacier	terminus variations, point mass balance (unknown frequency), multi-decade volume change



Saskatchewan Glacier	terminus variations, point mass balance (unknown frequency)

______________________________________________________________________________

INNER MONTANE

Columbia Mountains, Selkirk Range



Woolsey Glacier (IHD)	recent activity wrt volume change and proxi-terminus varaitions (unknown status)



Illecillewaet Glacier	terminus variations, point mass balance, hydrometry (unknown status)

______________________________________________________________________________

MARITIME

Coast Mountains (south)



Place Glacier(IHD)	seasonal and "annual" specific mass balance and terminus variations, ice hypsometry every 2-5 years, limited hydrometry



Helm Glacier	seasonal and "annual" specific mass balance and terminus variations, ice hypsometry every 2-5 years



Sentinel Glacier(IHD)	biennial terminus variations, mass balance index (terminus balance and ELA) every 2-5years



Bridge Glacier			point mass balance, hydrometry (unknown status re BC Hydro)



Wedgemount Glacier	terminus variations (up-to-date but unknown future re Ricker and Tuper)

______________________________________________________________________________

YUKON

Saint Elias



Trapridge Glacier	I imagine some form of mass balance, terminus variations measurements are being made wrt to studies of surging and basal deformation/hydraulics (GKC Clarke)

 

"Kaskawulsh"	Some point measurements of mass balance may be being made on a regular basis (P. Johnson)





** Illecillewaet, Nadahini, Bugaboo and Kokanee added.

** Illecillewaet, Nadahini, Bugaboo and Kokanee added.








