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�SEA ICE CONCENTRATION/EXTENT



Units of measure: 

Concentration - Fractional coverage of total ice, km2;

Extent - Area within a specified minimum sea ice concentration (e.g., 15%) (km2). 



Users:

GCM modellers, climate change detection analysts, climate impact modelling/analysts. 



Rationale:

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. 



Frequency of measurement:

Daily. 



Spatial resolution:

Concentration - 25 km;

Extent - 25 km. 



Accuracy/precision required:

Concentration - cold season ±1%, melt season ±5%;

(Currently available 4-7% in cold season and 10% in melt season.)



Required Ice Extent position accuracy ±25 km (this is currently available). 



R and D needed:

Concentration and extent - Passive microwave mapping needs refinements for atmospheric effects, and algorithms for thin ice types need validating. Improvements are needed for SAR products in coastal areas and in marginal sea ice zones. Combination of active and passive microwave data. 



Present status:

Multi-frequency passive microwave data operational since 1978. 25 km gridded and ice products (FYI, MYI total ice/open water) distributed on CD-ROMs by NSIDC (for SMMR and SSM/I). Radarsat Scansar and high resolution passive microwave data will permit mapping of leads and polynas. SAR adds only marginally to ice type mapping. 



Measurement method:

Tiers 1-3: estimated from high resolution remote sensing images; Tier 5: passive microwave measurements; spectral radiance measurements; microwave backscatter measurements. 



Associated measurements:

Ice surface temperature, radiation components, snow depth on ice, melt pond fraction, sediment in ice. 



Action required: 

Maintain and intercalibrate SSM/I data stream to insure consistent and continuous long-term time series of sea ice extent;

Improve current retrievals to match required accuracy of ice concentration and extent.

�SEA ICE MOTION



Units of measure:

km/h; direction (degrees of azimuth). 



Users:

Climate and ocean modellers; shipping and offshore rig operators; operational and strategic planners. 



Rationale:

Sea ice is a tracer of surface winds and ocean currents. Observational data are required to validate coupled climate models. 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. 



Frequency of measurement:

Twice per day. 



Spatial resolution:

10 x 10 km. 



Accuracy/precision required:

Direction 10 deg.; Speed 1 km h-1. 



R and D needed:

Optimal blending of buoy, AVHRR, SAR, and SSM/I data on ice motion. 



Present status:

Buoys - There are approximately 40 international Arctic drifting buoy platforms; and about 5 in the Antarctic; collecting position and pressure data (via the Data Collection and Position Location System (ARGOS)). AVHRR/ERS-1 SAR and SSM/I mapping research ongoing and test validation of sea ice models. 



Measurement method:

Tiers 1-3: drifting buoys; Tier 5: microwave temperature and backscatter (change detection from sequential images). 



Associated measurements:

Pressure and air temperature from buoys. 



Action required: 

Maintain Arctic buoy network;

Expand Antarctic buoy network;

Improve associated temperature measurements;

Operational products from RADARSAT. (A geophysical processing system is being developed by NASA/Jet Propulsion Laboratory (JPL) for sea ice products and AVHRR Pathfinder (1982-1996.))

Improve techniques for extracting sea ice motion from satellite data sets (effort currently underway at NASA/Goddard Space Flight Center (GSFC) and AVHRR Pathfinder (1982-1996).

�SEA ICE THICKNESS



Units of measure:

Metres (m). 



Users:

GCM coupled modellers, climate change detection analysts, climate impact modelling/analysts. 



Rationale:

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. 



Frequency of measurement:

Weekly. 



Spatial resolution:

200 km. 



Accuracy/precision required:

Required ice thickness distribution accuracy: ±10%; Currently available ice thickness accuracy for mean thickness: ±15%. 



R and D needed:

Processing of ULS data from submarines and stationary moorings needs to become more operational. Techniques for inversion and assimilation of satellite sea ice concentration measurements need to be developed for the purpose of obtaining ice thickness distributions. Some work is in progress. 



Present status:

Sea ice thickness inferred from active and passive microwave sea ice typing (e.g., new, young, first-year, and multiyear). Very few ULS data from submarines in the Arctic have been released. These sensors actually measure ice draft below the sea surface. Some ULS measurements from moorings are available. There are also direct measurements from drilling holes in the Arctic and Antarctic. @@ what about composite ice charts?



Measurement method:

Tiers 1-3: direct measurements; Tier 4: underwater profiling (e.g., sonar);

Tier 5: estimated based on ice type and seasonal ice climatology. 



Associated measurements:

Ice surface temperature, radiation components, snow depth on ice, melt pond fraction. 



Action required: 

Develop and implement a strategy for extracting accurate sea ice thickness from submarine ULS records;

Augment moored ULS station network;

Process, archive and distribute submarine sonar data collected by the US Navy and the Royal Navy.

�LAKE AND RIVER FREEZE-UP/BREAK-UP (Timing)



Units of measure:

Julian date. 



Users:

Assessors of climate change detection and impact. 



Rationale:

Conventional ground-based observations of the dates of lake and river freeze-up/break-up are well correlated with air temperature during the transition seasons. As a change indicator, freeze/break-up dates change by approximately 4-7 days for every degree (Celsius) change in air temperature. Changes in lake and river ice cover will have not only ecological effects on freshwater systems but can also have significant economic effects, for example, by affecting ice road transportation. 



Polar lakes with permanent ice cover may be particularly sensitive indicators of high-latitude change. 



Frequency of measurement:

Daily observation in spring and fall. 



Spatial resolution:

Two hundred medium-sized lakes (25 to 100 km2 ) and selected large lakes geographically distributed across middle and high latitudes. 



Accuracy/precision required:

Date +/- 1-2 days. Date of complete lake freeze-up/break-up is required. 



R and D needed:

Satellite mapping capability has been demonstrated but not yet implemented for Arctic lakes. SAR can be used to identify lakes which freeze to the bottom; passive microwave data can be used to map ice cover/open water of large lakes. 



Present status:

Ground observations for many lakes and rivers in North America, Russia and European countries; inadequate metadata and archives. Use of visible band satellite imagery is limited by cloud cover. 



Measurement method:

Tiers 3-4: in site observations; Tier 5: spectral radiance, microwave backscatter. 



Associated measurements:

Water temperature and air temperature, wind velocity, precipitation, and snowfall at adjacent climate stations. 



Action required: 

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

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

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





�PRECIPITATION - ACCUMULATED (SOLID AND LIQUID)



Units of measure:

mm per time interval.



Users:

Widespread use by scientists, resource managers, modellers, planners, climate change detection and impact analysts, climate system analysts, and many others.  Critical variable for assessing regional and global water supply and its variability with time. Characterizes the input of water into the entire hydrological system. Critical for a range of models including climate, weather, ecosystem, hydrological, biogeochemical models.



Rationale:

Precipitation includes fallen (liquid, solid, or rain, snow, hail) as well as deposed (dew, hoar�frost, rime etc.) forms. The observed variable is "Precipitation depth", which is defined as the depth of liquid water accumulated during a defined time interval on a horizontal surface.  "Precipitation rate" is used for production of liquid and solid water by condensation and sublimation in the atmosphere during a time unit.  Precipitation must be measured to determine the annual accumulation required for regional and global water balance estimation.  Precipitation drives the land surface hydrology in the same way that incoming solar radiation drives the surface thermal regimes.  It is therefore the key variable in the terrestrial hydrological cycle, surface water budget, and is essential for all vegetation growth.  Reliable, high�resolution records of precipitation are critical as input for understanding and monitoring regional effects of climate variability and change, as input for hydrological models, and for validating global and regional climate models.  Precipitation is also the primary determining factor for national and global resources and for crop production (forestry and agriculture).  There are different requirements for precipitation data, depending on the use. For large�area applications ('macro�scale'), data are required with a coarser spatial and temporal resolution than for specific studies over smaller regions and/or where higher resolution is called for ('meso-scale').  For most of the applications (model verification, water cycle and budget), area averaged information on precipitation is required.



Frequency of measurement:  

Macro-scale: daily (but note that the measurements are not time-coincident around the globe);

Meso-scale: hourly where available.



Spatial resolution:

For meso�scale analyses: 1 km up to 10 km;

For macro�scale analyses: 50 km up to 100 km.



Accuracy/precision required:

The raw data should be available, corrected for systematic errors.  For both macro- and meso-scale studies:  0.1 mm should be the definition of precipitation as opposed to no precipitation.



Instrument precision: 	liquid precipitation: 0.2 mm or less;

			solid precipitation (snow): 0.6 mm or less.



Accuracy: 		liquid precipitation: ± 1 mm for <=20 mm; ± 5% for >20 mm;

			snow: 5% of true value;

			(adjustment for systematic errors required).

		

R and D needed:

Ongoing WMO work, with regard to the correction and standardisation of solid precipitation measurements, is endorsed.  Assimilation of in situ measurements with remotely-sensed (radar and satellite) measurements is required. Adjusted precipitation estimates for liquid and solid precipitation need to be produced and archived.  More reliable ways are needed of remote-sensing solid precipitation particularly in high latitudes.  (Present efforts to derive precipitation rates focus largely on the tropics.)



�Present status:

Work is ongoing in the GPCC to derive monthly precipitation fields; this work is endorsed for model validation purposes.  Therefore, the incorporation of model�generated data in these fields is to be discouraged.  GPCC can use approximately 6,000 stations of which data are disseminated worldwide via the GTS.  This is only a subset of the total precipitation network. About 200,000 raingauge stations are operated in national networks.  Studies on the accuracy of solid precipitation measurements are being finalized.  Data of at least 40,000 stations are required for reliable global analyses on a monthly basis.  Some countries are installing automated weather stations without sufficient solid precipitation measurement capability.



Measurement method:

Tiers 1, 2, 3:  direct in situ measuring using precipitation gauges.

Tier 5:  indirect remote�sensing techniques:  Based on radiation theories, radar and satellite observations can be used to estimate area�mean precipitation.  Remote�sensed precipitation data need to be adjusted to in situ observations.



Associated measurements:

Detailed topographic database to allow aggregation/disaggregation;

Metadata about reliability: altitude, instrument type; station description, climatological normals; meteorological conditions during the precipitation event: air temperature, dewpoint, precipitation type current weather, snow depth, wind speed.  Information on quality control procedures and results, and on any applied corrections.



Action required:

There should be a concerted effort to use the data from existing sites.  A very large number of these measurements exist, and efforts are probably better directed to obtaining existing data than to establishing new stations.   Sites for inclusion in a data set should be chosen taking into account the location of discharge stations so that the two data sets can be used for river basin studies (in the tier framework, as applicable).  Data from non-synoptic stations run by meteorological and hydrological services should be incorporated into the global precipitation database.  They are often at more representative locations and are more numerous than synoptic stations.



On a more general basis:



�ADVANCE \L 18.0��seq level0 \h \r0 ��seq level1 \h \r0 ��seq level2 \h \r0 ��seq level3 \h \r0 ��seq level4 \h \r0 ��seq level5 \h \r0 ��seq level6 \h \r0 ��seq level7 \h \r0 �·	Macro-scale studies: the first need is for 40,000 stations based on an objective analysis of the distribution of stations.  We can use existing knowledge of actual versus desired stations based on information available to GPCC together with WMO criteria.  These should give GPCC a basis for establishing guidelines for locating desired sites;

�ADVANCE \L 18.0�·	Meso/micro-scale studies: the network will depend on the purpose for which the data are to be used and the local climatic/topographic conditions.  In most cases the request will be for all possible stations in the area concerned, even if this gives non-uniformity in the density of stations;

�ADVANCE \L 18.0�·	Pursue technological advances in the direct measurement of precipitation over oceans;

�ADVANCE \L 18.0�·	Continue using informal personal contacts to achieve the most comprehensive coverage possible until data delivery (continuation of delivery of data from countries supplying at the present, encouragement of countries not supplying data to do so), until routine data delivery to GPCC becomes more established; 

�ADVANCE \L 18.0�	Send a letter to all countries requesting that an update of the precipitation measurements be forwarded to GPCC, including the most recent data and all synoptic station data;

�ADVANCE \L 18.0�·	Prepare a statement to governments or Heads of States to give priority to regular and more comprehensive precipitation and runoff data submission to GPCC and GRDC, respectively;

�ADVANCE \L 18.0�·	Design a future data flow structure for precipitation data and products (end to end);

�ADVANCE \L 18.0�·	Autostations should measure both liquid and solid precipitation;

�ADVANCE \L 18.0�·	Precipitation measurements should be routinely corrected for systematic measurement errors, but the raw data should be available, too.

�PERMAFROST - ACTIVE LAYER



Units of measure:

Depth to permafrost table (cm) if possible combined with soil temperature (oC) at 15 cm depth.



Users:

Change detection analysts, climate impact modellers, regional analysts/planners (hydrology, engineering), plant ecologists in cold areas (polar and high mountains).



Rationale:

Permafrost areas at high latitudes and high altitudes would be among the regions most heavily affected by continued or accelerated warming.  Active layer changes are the direct/undelayed response of permafrost to changing surface conditions.  Thaw destabilization of perennially frozen ground, therefore, has strong effects on hydrology, vegetation, slope stability, surface albedo etc., but the processes involved are complex and not well understood.  Moreover, thawing of organic layers could release additional amounts of methane.



Frequency of measurement:

100 points at weekly intervals after snow melt at occupied sites, if possible combined with recording at 15 cm depth of active layer temperature.  Statistically representative measurements/soundings in late summer (maximum thaw depth) or installation of thaw tubes, at non-occupied sites.



Spatial resolution:

Tiers 1, 2, 3 and 4.



Accuracy/precision required:

0.01 to 0.1 m for a statistically significant number of regularly arranged points following recommended standards of the IPA (Circumarctic Active Layer Monitoring (CALM) protocol), or 0.01 m with permanent thaw tubes.



R and D needed:

Surface energy balance, especially with respect to snow cover effects and vertical/horizontal heat and mass flux between the surface and the permafrost table, must be better understood.



Present status:

Despite its importance to a wide variety of physical and biological  processes related to climate change, the development of the active layer has rarely been documented in a systematic, standardised fashion over large areas.  The majority of the historical record on thaw depth has been obtained by physically probing for the permafrost table - a low-cost method of non-destructive and areally extensive data collection in peaty soils and  shallow active layers.  Geophysical prospecting and/or shallow drilling with temperature monitoring or frost tubes must be used in coarse material and deeper active layers.  A protocol for CALM has been prepared by the IPA and has already been implemented at 20 sites.  To take advantage of complementary measurements, the CALM protocol should be initiated at most of the 25 International Tundra Experiment (ITEX) stations and some Arctic long-term ecological research (LTER) and TEMS sites.  Where soil conditions permit, frost tubes should be installed.  To assure circumpolar distribution some 10 additional new sites should be established; it is expected that existing permafrost sites in Canada and the Russian Federation can be enhanced for this purpose.  Several new sites are required in the southern hemisphere including Antarctica.



Measurement method:

Tiers 1-4: field measurements (supported by remote-sensing images).



Associated measurements:

Permafrost thermal state (temperature measurement at 15 cm), snow cover area and snow water equivalent, vegetation structure, land cover, soil moisture, soil bulk density, ground-water storage fluxes, precipitation, radiation and topography.



Action required:

(	Institute protocols and recommendations of the IPA at key existing sites and  at selected international programme sites (e.g., ITEX);

(	Select new sites where geographic gaps exist.  It is expected that many of the gaps will be in high-latitude areas.

�PERMAFROST - THERMAL STATE



Units of measure:

Temperature (oC) at depth (m), heat flow/energy flux (W/m2, derived).



Users:

Change detection analysts, climate impact modellers, regional analysts/planners (engineering, oil and gas prospecting, natural hazards) in polar and high mountain areas.



Rationale:

Thermal conditions within permafrost at high latitudes and high altitudes are closely linked to changes in atmospheric and surface conditions.  Corresponding changes in temperature distribution and vertical heat flow at depth take place over time scales of decades to centuries, and adjustment of permafrost thickness can take decades, centuries or even millennia depending on original permafrost thickness and ice content. 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 constitute a key signal of climate change impact with foreseeable long-term effects.  Pronounced disturbances of temperature profiles related to 20th century warming can be observed in the uppermost 200 m of sub-arctic boreholes.



Frequency of measurement:

Weekly to monthly in the uppermost 20 m below the permafrost table, annually to once every 10 years for depths greater than 20 m.



Spatial resolution:

Tiers 1, 2, 3 and 4.



Accuracy/precision required:

0.1C for near-surface temperatures and 0.05 to 0.1C for temperature profiles in deep boreholes.



R and D needed:

Borehole installations must be designed for long-term monitoring of temperature and vertical/horizontal deformation (creep, thaw settlement/frost heave).  Thermal characteristics of the investigated ground material must be carefully determined using a combination of laboratory and in situ measurements (thermal adjustment after drilling, decay/lag of seasonal amplitudes with depth).  Special emphasis should be on effects of unfrozen water near melting/freezing temperature.



Present status:

A number of sites are presently being monitored in North America (Canada, Alaska), in the Russian Federation and in some high-altitude areas (Tibet Plateau, Tien Shan Mountains, European Alps).  Efforts are being undertaken by the IPA to systematically rescue, collect and distribute such data.  Within the same framework, a circumpolar/northern hemisphere permafrost map at a scale of 1:10,000,000 was prepared and could be used for GCM-validation in polar regions.



Measurement method:

Tiers 1-4: borehole temperature measurements (continuing or periodical).



Associated measurements:

Snow cover, meteorological data, permafrost active layer, vegetation/surface changes.



Action required:

(	Develop criteria for selection of key existing sites to recommend continuance; 

(	Establish new sites where geographic gaps exist, including high-altitude areas;

(	Temperatures at 15 cm and in boreholes greater than 20 m depth should both be implemented.

�SNOW COVER AREA



Units of measure:

km2. 



Users:

Modellers, climate, hydrology, climate impact analysts, change detection analysts. 



Rationale:

Snow cover has major effects on surface albedo and energy balance. Snow albedo is 3 to 4 times higher than over other land surfaces (except ice). Snow melt is important in the seasonal change of energy flux and in soil moisture and ground water re-charge. Mountain snow packs are a primary water resource in semi-arid areas (such as Central Asia and western North America) and a major economic base for tourism. 



Frequency of measurement:

Daily. 



Spatial resolution:

25 x 25 km. 



Accuracy/precision required:

Area - nearest 25 x 25 km. 



R and D needed:

Combining surface (station) measurements and satellite passive microwave and visible band data in an operational product (SSM/I, Advanced Microwave Scanning Radiometer (AMSR, MODIS). Research on canopy and other effects on passive microwave signatures. Evaluate/improve automatic SWE measurements where manned stations are being replaced. 



Present status:

Weekly hemispheric snow extent since 1966/67 (NOAA/NESDIS);

Research - Status algorithms for passive microwave used routinely by AES Canada;

Basin-scale mapping in North America from the Geostationary Operational Environmental Satellite (GOES) and AVHRR (data on CD-ROMs) since 1990 (for hydrologic application). 



Measurement method:

Tiers 1-5: spectral radiance. 



Associated measurements:

Need vegetation canopy and digital elevation model information (one-time) to improve algorithms. 



Action required: 

Implement products containing optimal blend of satellite and surface data;

Assemble archive of station data from Eurasia and North America from beginning of records with associated metadata.

�SNOW DEPTH



Units of measure:

cm. 



Users:

Modellers, climate, hydrology, climate impact analysts, change detection analysts agriculturists, transportation specialists and recreational planners. 



Rationale:

Snow cover has major effects on surface albedo and energy balance. Snow depth observations are important in assessing winter kill of agricultural crops, influencing surface energy exchange and managing snow removal. 



Frequency of measurement:

Daily. 



Spatial resolution:

Point measurements at existing climate and synoptic stations (GCOS surface network). 



Accuracy/precision required:

±2 cm at depths up to 20 cm;

±10% of absolute at depths greater than 20 cm. 



R and D needed:

Evaluate/improve automatic depth measurements. Need to define standards of observation for manual and automatic stations. 



Present status:

Manual daily snow depth observations have been a standard observation at synoptic and climatic stations. Automatic snow depth sensor observations are being made at a few fully automated synoptic stations. There are experimental satellite derived estimates being made from microwave sensors. 



Measurement method:

Tiers 1-4: direct field measurements (points, snow courses); 

Tier 5: inferred from satellite data. The estimation based on optical data varies with cover type and is not generally reliable. Snow depth could be inferred using satellite microwave measurements if snow density distribution is known (see Snow Water Equivalent variable sheet). 



Associated measurements:

Temperature and precipitation including snowfall. 



Action required: 

Implement automatic sensor observations;

Standardize manual observation methodology.

�

SNOW WATER EQUIVALENT (SWE)



Units of measure:

Liquid water equivalent (mm). 



Users:

Modellers, climate, hydrology, climate impact analysts, change detection analysts, agriculturists, energy planners (hydropower). 



Rationale:

Snow melt is important in the seasonal change of energy flux and in soil moisture and ground water re-charge. Mountain snow packs are a primary water resource in semi-arid areas (such as Central Asia and western North America) and a major economic base for tourism. 



Frequency of measurement:

Daily (satellite derived); Bi-weekly (snow courses);

Daily. 



Spatial resolution:

25 x 25 km;

Snow courses representative of terrain and land cover within the vicinity of the GCOS surface network. 



Accuracy/precision required:

±20 % of absolute (satellite);

±5 mm up to 100 mm;

±10 mm for greater than 100 mm. 



R and D needed:

Combining surface (station) measurements and satellite passive microwave and visible band data in an operational product (SSM/I, AMSR, MODIS). Research on canopy and other effects on passive microwave signatures. Evaluate/improve automatic SWE measurements where manned stations are being replaced. 



Present status:

Currently there is no global satellite product being produced. The Canadian AES produces a weekly SWE satellite map for selected Canadian regions. Snow courses and pillow data are routinely collected and used by operational hydrologists. 



Measurement method:

Tiers 1-3: field sampling; recording devices;

Tier 5: passive microwave emission (experimental). 



Associated measurements:

Need vegetation canopy and digital elevation model information (one-time) to improve algorithms. 



Action required: 

Assemble archive of station data from Eurasia and North America from beginning of records with associated  metadata;

Implement SWE products containing optimal blend of satellite and surface data.

�FIRN TEMPERATURE (ICE SHEETS, ICE CAPS, GLACIERS)



Units of measure:	

Degrees C.



Users:	

Modellers of sea level change, specialists for climate change detection.



Rationale: 

Areas of cold firn predominate at high latitudes and under dry climatic conditions.  In such areas, global warming primarily influences the distribution of temperature at depth.  Most boreholes in Greenland, the  Antarctica and on polar glaciers show strong deviations from steady state temperature profiles as a consequence of century warming.  Increasing atmospheric temperatures can lead to additional melt water runoff to the sea.



Frequency of measurement:	

Decadal.



Spatial resolution:	

Tiers 1, 2, 3 and 4. 



Accuracy/precision required:

+0.1oC.



R and D needed:	

The distribution of cold firn areas, outside the two large ice sheets should be modelled on the basis of glacier inventory information, topographic and climate data.



Present status:

Borehole temperature measurements in cold firn areas are commonly carried out in connection with ice core projects.  Corresponding data need systematic collection and intercomparison.  Borehole measurements at selected sites should be repeated at decadal time intervals.	



Measurement method:

Tiers 2-3: temperature profiles in boreholes.



Associated measurements:	

Determination of accumulation rates from ice cores recovered during drilling as described under the variable Ice Sheet Mass Balance.



Action required:



Organize systematic collection and interpretation of existing borehole data from cold firn areas.



 �GLACIERS AND ICE CAPS



Units of measure: 

Change in ice thickness (m per year), glacierized area (km2 per year) and glacier length (m per year); energy flux (derived).



Users: 

Change detection analysts, climate impact modellers, regional analysts and planners (hydrology, tourism, natural hazard).



Rationale: 

Fluctuations of mountain glaciers are expressions of changes in the energy and mass balance at the earth/atmosphere-interface.  Glacier mass balance is the direct signal, whereas glacier length change is a strongly-enhanced, but also indirect, filtered and delayed signal of climate change.  During the 20th century, glacier mass losses typically amounted to a few decimetres ice thickness per year.  This corresponds to an additional energy flux towards the earth surface of a few watts per m2 and, thus, roughly corresponds to the assumed anthropogenic radiative forcing.  Glacier shrinkage in some mountain areas such as the European Alps seems to have reached the "warm" limit of Holocene (pre-industrial) variability.  Further evolution of such ice surface masses will constitute a key element of climate change detection and climate impact assessment.



Frequency of measurement: 

Direct mass balance: annually; 

Glacier length change: annually to once every 10 years;

Glacier inventories: every 30 to 50 years.



Spatial resolution: 

Tiers 1, 2, 3, 4 and 5.



Accuracy/precision required: 

Dependent on application and temporal resolution.  High precision (0.1 to 1 m) for change detection, 100 m for model validation (inventories).  



R and D needed: 

Systematic application of remote-sensing products (air photos, high-resolution space imagery) should enable global coverage to be reached with respect to length/area change and inventory data.  Analysis and worldwide intercomparison are needed to investigate the representativeness of the few existing long observational series.  Special techniques such as laser altimetry combined with kinematic GPS or gravimetry have to be used in connection with measuring large glaciers and their effects on sea level.



Present status: 

Standardized data are being collected and distributed by the World Glacier Monitoring Service (UNEP/GEMS, UNESCO, FAGS/ICSU, Haeberli, 1995).  Mass balances are being measured on about 50 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.  Detailed glacier inventories are available in numerous regions of the Americas, Eurasia, Africa and New Zealand.  Concepts have recently been developed for combined (spatial and temporal) interpretation of inventory, length change and mass balance data.  Large glaciers are important melt-water contributors to the ocean but are not well documented.  Information from the Southern Hemisphere is still strongly limited.



Measurement method:

Tiers 1-3: direct measurements;

Tier 5: spectral radiance; microwave or laser altimetry.



Associated measurements: 

Hydrological and meteorological data in glacierized catchments;  sea level.



 Action required:

Highest priority is on the continuation of long-term mass balance measurements and glacier length observations;

Better use should be made of remotely-sensed information on glacier size in areas of difficult access;

Baselines for long-term monitoring (surface elevation changes along representative flow lines of large glaciers in Alaska, Canada, Patagonia and the Himalayas) should be established using laser altimetry in combination with kinematic GPS;

Mass balance programmes should be strengthened in the Southern Hemisphere.

�ICE SHEET MASS BALANCE



Units of measure: 

kg yr-1, kg m-2 yr-1.



Users:

Modellers for predicting climate change and in the estimation/prediction of global sea-level change.



Rationale:

The mass balances of the two large ice sheets of the Antarctic and Greenland is the difference between the mass gained by snow accumulation and that lost by ice ablation and calving.  On short time scales, variations in surface balance as driven by atmosphere processes determine the mass balance of the ice sheets as a whole.  Present ability to monitor changes in surface balance (snow accumulation and ice ablation) is limited by the paucity of observations.  This uncertainty constitutes the largest uncertainty in determining the sources of the observed rise in eustatic sea level.  In the event of global warming, the changes in the balances of the two sheets may largely cancel; Antarctica will experience increased precipitation; Greenland increased ablation.  The uncertainty in this prediction is also large, perhaps as large as 0.5 mm yr-1 per degree C of warming.  The mass balances of these two extensive ice sheets is also an important uncertainty in the interpretation of the observed rates of change of the earth's rotation and gravity field.  



Frequency of measurement:

Decadal.



Spatial resolution:

100 km2 .



Accuracy/precision required:

5 x 103 kg yr-1.



R and D needed:

At decadal intervals, satellite radar altimetry can provide sufficient measurement accuracy to usefully constrain ice sheet mass balances over the interior, low gradient regions of ice sheets.  At shorter time intervals, present accuracies are not sufficient, although this may change with improvements in orbit reconstructions.



Over the steeper gradients associated with the margins of ice sheets, ocean radar altimeters provide little useful data.  Although limited in area, the ice sheet margins have the largest mass turnover, and are also those regions most affected by atmospheric and oceanographic changes.  Different technical solutions are required for these areas.  While a laser solution is currently in development, alternative radar solutions should be pursued.  It is not clear at present that atmospheric conditions will permit adequate sampling of the margins.



The remote-sensing of accumulation remains a critical research goal. 



Present status:

Radar altimetry observations of Greenland and the Antarctica to 72 degrees of latitude were made by Sea Satellite (Seasat) (1978) and Geodesy Satellite (Geosat) (1985-1989).  Radar altimetry coverage to 82 degrees of latitude have been made by ERS-1 and will continue with ERS-2.  To date, elevation change measurements are possible with these data to an accuracy of  0.5 m, principally limited by orbit reconstruction error.  The Seasat/ERS data set should usefully constrain the balance of Greenland.  At present, it appears unlikely these data have a time interval long enough to usefully constrain the Antarctic balance.  The European Space Agency’s Environmental Satellite (ENVISAT) radar altimeter (1998-2003) will repeat radar altimeter coverage to 82 degrees of latitude.  The EOS polar altimeter will provide laser altimetry of ice sheets to 86 degrees of latitude.



In regions of net surface accumulation, the surface balance may be determined from ice cores.  Accumulation is relatively well constrained in the margins of western Antarctica and parts of eastern Antarctica.  In Greenland, accumulation is relatively well known in the south.  It is probable that a considerable amount of accumulation data exists in institutions around the world.  The lack of surface melting in the Antarctica makes determining the surface balance simply a question of determining accumulation.  In Greenland, surface ablation accounts for half the mass loss from the sheet as a whole.  However, few measurements exist of surface ablation, and these are located at the coast.



While surface balance cannot be determined from satellite observations, passive and active microwave sensors can provide considerable information on the state of the surface layers.  Regions of permanently dry snow, surface melting and bare ice regions can be distinguished.  Variations in the equilibrium line that separates regions of net accumulation from regions of net ablation can be determined by satellite observations.  



Measurement method:

Tiers 2-3: field surveys, GPS;

Tier 5: altimetry.



Associated measurements:

Accurate change measurements with altimeters are possible only through the continued operation of the global satellite tracking networks.  The lifetime of satellites (3-5 yrs.) will allow sampling of the interannual variability of elevation.



Action required:

The continued operation of radar/laser altimeter satellites, with high inclinations (>80 degrees) and repeat cycles in excess of 30 days, is essential to the long-term monitoring of ice sheet mass-balance;

Research in radar solutions to the monitoring of ice sheet margins should continue.  It is not clear at present how the planned laser altimeter will perform at the ice sheet margins;

Shallow cores (200 yr) over the interior of the Antarctic and Greenland Ice Sheets should be obtained in a systematic fashion.  The relatively uniform climate of eastern Antarctica makes even sparse sampling useful.  In Greenland, a higher spatial density (104 km2) is required;

The surface measurement of surface ablation, particularly in Greenland, should be extended, both in altitude and geographical distribution;

The calculation of water flux divergence over the ice sheets.

�ICE SHEET GEOMETRY



Units of measure:  

km and m.



Users:

Coupled ice-sheet climate modellers.  Atmospheric modellers.



Rationale:

In the short term, changes in ice sheet mass balance may result from changes in surface balance, or changes in conditions at the margins, such as break-up of the ice shelves.  The prediction of the response of the sheet to changes at the margins depends on the ice rheology, the ice temperature distribution, and the surface and basal conditions.  The surface topography and velocities are boundary conditions on the modelling of ice sheet flow, and inferences as to the condition at the bed.  The geography of the interior of ice sheets is still poorly known.



Frequency of measurement:

Decadal.



Spatial resolution:

100 m2.



Accuracy/precision required:

+10 m.



R and D needed:

The performance of interferometric radar for determining topography and velocity, both absolutely and relatively, needs extensive investigation.



Present status:

At present, only coarse resolution (10 km) and poor accuracy (5 m) elevation models of ice sheets are available, provided by radar altimetry, and often these models are extremely poor at the ice sheet margins.



Complete radar imagery of Greenland is now available, and complete imagery of the Antarctica will become available with Radarsat (1995).  Substantial proportions of the Antarctica have been imaged with ERS-1 (1991-1995).



Research in the capabilities of interferometric SAR commenced with ERS-1 and will continue with Radarsat.  The eventual performance is yet to be determined.



Surface velocities derived from Landsat imagery have been provided for elements of the western Antarctic coast.  These efforts remain labour-intensive.



The EOS laser altimeter (2004) will provide 100 m, 10 cm topography over much of the ice sheets, although the effect of atmospheric conditions on sampling is uncertain.



Measurement method:

Tiers 2-3: field surveys;

Tier 5: spectral radiance (high resolution) and altimetry.



Associated measurements:

The health of the Antarctic ice shelves, many of which are abruptly decaying in the Antarctic Peninsular, may be monitored with repeated imagery.  In principle, the calving rates of icebergs can also be estimated, although the task is labour-intensive.



Action required:

It is important to stress that remote measurements cannot provide temperature profile data, and bed conditions may only be inferred.  A continuation of present surface investigations, particularly of the western Antarctic shelf/stream system, is essential to providing better predictions of dynamic response of the ice sheet margins to atmospheric and oceanographic conditions. 
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