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1. Introduction

Knowledge of the state of the cryosphere is important for weather and climate prediction, assessment and prediction of sea level rise, availability of fresh water resources, navigation, shipping, fishing, mineral resource exploration and exploitation, and in many other practical applications (Cryosphere Theme Team, 2007). Changes to the cryosphere have far-reaching climate and socio-economic consequences.  The need for reliable monitoring of the global Cryosphere is essential to address the issues of climate and Cryosphere within the Earth System. Despite its importance, the cryosphere remains one of the most under-sampled domains in the Earth’s climate system.
The satellite remote sensing component of a Cryosphere and Polar Region Observing System (CryOS) shall provide a stable, long-term monitoring capability (Drinkwater et al., 2008). Satellite systems are required to satisfy the need for regular, sustained measurements of changes in the Arctic and Antarctic polar ice cover, oceans, land and atmosphere in response to climate variability and change.  Due to the logistical difficulty of accessing the remote polar regions and high elevation cryosphere, together with the harsh weather conditions and extended winter-season darkness, satellites are the primary means of making year-round, day and night, as well as weather independent observations. Their advantage is their ability to obtain uniform, consistent sampling on a global scale, including observing both the high latitude north and south polar ice regions together with the low-latitude cryosphere, such as mountain glaciers, permafrost, lake and river ice and seasonally snow-covered areas. 
The objective of the satellite element of an observing system shall be to characterise the mass, mass variability, and mass, energy, freshwater and gas exchanges between the cryosphere and the other elements of the earth system (land, atmosphere, ocean). The system must respond to climate research and policy needs, socio-economic needs, operational snow and ice service needs, and the data which it acquires shall be made easily available and shall be integrated with data from airborne and in-situ observing systems for the purpose of a comprehensive record on cryospheric variability (Drinkwater et al., 2008, 2010).
The observing system must be multi-capability and have the ability both to sample globally and to incorporate all low-latitude cryosphere. Due to the sensitivity of the cryosphere to temperature, and thus short timescales on which snow and ice may change, the system must be capable of providing global coverage with daily sampling from broad-swath, low resolution sensors, complemented by high resolution satellite sensors with the ability to provide detailed regional information, as required by the specific application.
2. Essential Observing System elements

The cryosphere and polar observing system must contain the following fundamental satellite capabilities:

· daily, all-weather, large-scale imaging
· high resolution all-weather polar ice dynamics imaging
· surface temperature and albedo change

· ice topography/elevation/thickness change

· gravity and mass distribution, and exchange
· positional monitoring/navigation

· telecommunications for data relay
Together these capabilities are required to provide routine information on the main terrestrial and marine cryospheric domains.
3. Terrestrial Cryosphere

For the terrestrial cryosphere, CryOS shall provide a complete picture of the snow reserves and solid precipitation, river and lake ice, permafrost, glaciers, ice caps, ice sheets and seasonally frozen ground. This element of the observing system bridges meteorological and hydrological applications and ensures incorporation of data on the appropriate cryospheric variables in the next generation of hydrological and climate models. The basic challenge is to provide global data with the accuracy required for, water management and disaster mitigation (e.g. avalanches) and for the estimation of sea level rise.

The following sub-sections treat each of the terrestrial cryosphere sub-domains which require specific monitoring capabilities.

3.1. Snow Extent & Water Equivalent

Terrestrial snowcover has the largest geographic extent of the components of the cryosphere, covering nearly 50 million km2 of the northern hemisphere in winter. Snow, with its high albedo, influences surface water and energy fluxes, atmospheric dynamics and weather, frozen ground and permafrost, biogeochemical fluxes and ecosystem dynamics. 
In order to support water, weather and climate applications, various observations of snow are required. Remote sensing observations focus on the daily geographic extent of snow cover, and snow water equivalent (SWE; the total water content) since these two quantities have a fundamental control on hydrologic and ecosystem processes.

Point measurements of solid precipitation and snow depth on the ground are often unrepresentative of surrounding areas and so satellite remote sensing data must be combined with these snow measurement sites to provide a consistent picture at large scale. Satellite multispectral measurements of snow extent are typically accomplished using Visible and IR sensors which can distinguish between snow from clouds, such as AVHRR, MODIS, MISR and MERIS. Currently, these data can be complemented by all-weather SWE products produced from active and passive microwave data with appropriate frequencies such as SSM/I, AMSR-E and QuikScat, though their low spatial resolution currently limits their use in hydrometeorological models. Future high frequency (Ku- and X-band), high resolution microwave sensors must be developed specifically for measurement of SWE at the relevant sub-km scale.
3.2. Solid Precipitation

To-date satellite precipitation measurements have greatly increased our ability to monitor and observe liquid precipitation (i.e. rainfall) globally. However, a similar capability does not yet exist at high latitudes for solid precipitation (i.e. snow and hail). Thus, development of a robust snowfall measurement capability remains a high priority for the cryosphere, such that the contribution of this critical element of the high latitude water cycle can be fully characterised. 

3.3. River and Lake Ice

Lake and river ice are a key component of the terrestrial Cryosphere and seasonal ice growth plays a important role in regulating physical, chemical and biological processes. Long lake and river ice records serve as an important indicator of high latitude climate variability. Meanwhile, the presence of freshwater ice also has a number of socio-economic implications ranging from transportation to the occurrence and damaging effects of ice-jam flooding. 

The observing system must be able to monitor the seasonal distribution and duration of lake and river ice. For large lakes the detection of the presence of ice has traditionally been accomplished using medium resolution visible and infrared AVHRR and MODIS products. But extensive cloud cover and periods of darkness in early winter limit their use at high latitudes. For establishing freeze-up and break-up dates and for year-round monitoring of seasonal ice on smaller lakes and rivers, SAR image products from RADARSAT and Envisat ASAR is optimal. These are complemented by scatterometer and passive microwave image products for the largest lakes.

3.4. Permafrost

Permanently frozen ground (i.e. permafrost) and seasonally frozen ground are widespread in the Arctic, sub-Arctic, and alpine and high plateau regions, and in ice-free areas of the Antarctic and sub-Antarctic. In the Northern Hemisphere permafrost regions cover approx. 23 million km2 with up to 17 million km2 of this on land. Seasonal and intermittently frozen ground occupies approx. 54,500 km2 in the Northern Hemisphere and includes the “active layer” over permafrost (i.e. the layer which undergoes seasonal thawing) and soils outside permafrost regions.

Permafrost, and the freeze/thaw state of land surfaces exerts a critical influence on the surface energy balance, hydrologic cycle, ecosystems, biogeochemical fluxes, hydrology and weather and climate systems. Further, permafrost thaw can have significant socio-economic consequences through its direct impact on structures such as roads, buildings, railways, pipelines, etc.

The primary needs in permafrost terrain are to determine the terrain and its changes over time (including topography and vegetation characteristics), in association with the thermal state of the surface.  Near surface soil freeze-thaw state is a critical variable since it is a primary indicator in relation to the fluxes of energy, water and carbon. Unlike other components of the terrestrial cryosphere, sub-surface properties of permafrost terrain are not directly observable from remote sensing platforms. However, many surface features of permafrost terrain are observable with a variety of sensors ranging from aerial photography and high-resolution optical satellite imagery to satellite passive microwave radiometry.

Passive optical imaging radiometers operating at visible and infrared wavelengths have traditionally been used under cloud-free conditions to map changes in the characteristics and thermal condition of permafrost terrain. Very high resolution (0.2 – 5m), narrow swath optical sensors give more detailed information on detailed features of the landscape, though for large area mapping these are best complemented by lower resolution (300m – 1km) broader swath imaging instruments providing  of continental scale coverage on a daily basis. Low resolution (12-25km) image data from passive microwave radiometers and scatterometers have the advantage of year-round, daily, weather independent continental scale coverage, and may be used to monitor the circumpolar spatial and temporal details of freeze and thaw cycles.

In addition, digital elevation models (DEMs) are also essential for understanding and modelling permafrost and its evolution. High resolution and high vertical accuracy DEMs may be derived at in high latitude tundra permafrost from repeat-pass InSAR or tandem interferometry (i.e. ERS-2 – Envisat ASAR cross-interferometry or Tandem-X) measurements. Meanwhile changes in permafrost terrain may be detected using differential InSAR or DInSAR (i.e. the calculation of ground deformation from the difference between two InSAR images).  In addition to InSAR techniques, lower precision optical DEMs can been derived from stereoscopic optical sensors such as SPOT, Cartosat-1 and PRISM, or using stereo-photogrammetry.
3.5. Ice Sheets (Topographic change, mass change and sea level)

Ice sheets play a key role in the climate system, locking up vast amounts of freshwater in the form of snow and solid ice, and by their significant influence on the energy balance of the polar regions. The two major ice sheets remaining from the last ice age blanket most of Greenland and Antarctica. They contain enough freshwater, in the form of ice, to raise sea level by approximately 7.2m and 62m, respectively (Alley et al., 2005). The inland ice rests on bedrock while their floating ice shelf extensions link the ice sheet with the ocean. Ice is transported from the inland towards the ice shelves via fast flowing ice streams and outlet glaciers.

Ice sheets undergo seasonal growth by snowfall, and then wasting by summer melting, with accompanying release of freshwater into the ocean. The extent to which ice sheets and glaciers are changing is reported as “mass balance” by measuring the net inputs and net losses. The totals of precipitation and accumulation, and ablation, melting, run off, sublimation/evaporation, ice dynamics and iceberg calving are reported over the course of each year and used to compute the net balance either as a gain in mass (positive) or negative loss of mass (negative).  Ice sheets may lose mass by a combination of dynamical processes which govern ice stream flow across the grounding line, or by surface ablation, basal melting and iceberg calving at the seaward margins of floating ice shelves. Exchange of mass between ice sheets and oceans as freshwater has a major impact on both ocean circulation and sea level. and is currently estimated to contribute more than 0.3mm/yr (30cm/century) to sea level.

Since the early 1990s there are indications that rapid changes are taking place particularly around the margins of the Greenland and Antarctic ice sheets (Rignot et al., 2008; van den Broeke, 2009). A combination of remote sensing methods have highlighted that streaming ice flow (i.e ice motion) is responsible for the largest proportion of mass loss from the ice sheets. By contrast, the central plateaux of both ice sheets appears to be close to net neutral balance, with accumulation balancing ice mass losses. 

Remote sensing of ice sheet behaviour relies on the ability of the sensors to acquire data over vast areas of terrain, during day or night and also in all weather conditions. Optical satellite data at visible wavelengths have been used since the 1960s to define changes in the ice margin and surface characteristics, with pairs of images acquired at different times used for motion of the surface and digital terrain model generation, the latter in stereographic mode.

Passive microwave radiometer or scatterometer images of ice sheets are often used to measure the onset, duration and extent of ice sheet surface melt, since they are sensitive to the appearance of meltwater in snow. Each have also been used to make estimates of mean annual snow accumulation. 
Changes in ice sheet surface elevation averaged over large areas can be interpreted as a measure of changing ice sheet volume. Since 1978 successive radar altimeters have measured ice sheet and ice shelf surface elevation. Their primary limitation has been their ability to recover accurate data in the steep terrain around the edges of the ice sheets. Recently, this limitation has been addressed with the CryoSat-2 SAR interferometric radar altimeter.  The IceSat laser altimeter has also recently acquired detailed topography around the sloping margins of the Greenland and Antarctic ice sheets. The advantage of the laser altimeter is its smaller measurement spot on the surface, allowing more accurate elevation data, albeit limited by optically thick cloud conditions.

SAR measurements complement the other remote sensing instrument data described above, through high resolution observations. Since the early 1990’s SAR images have provided a wealth of new information on characteristics of the ice sheet surface, though the advent of SAR interferometry (InSAR) has enabled measurement of details of topography, as well as precise details on the motion of ice.  In conjunction with ice sheet models, InSAR data provide a valuable means to study the impact of ice stream velocity on the net efflux of ice.

Satellite gravity provides direct measurements of gravity anomalies due to ice sheet mass unloading or ice sheet mass change. Data from the GRACE satellite confirms other measurements which suggest that the Greenland and Antarctic ice sheets are losing mass around their margins over the last decade (Rignot et. al., 2008; Van den Broeke et al, 2009).  The high resolution geoid and gravity anomaly data acquired by the GOCE satellite will serve as a precise reference for elevation changes and to understand the details of gravity anomalies due to isostatic adjustments to ice-mass unloading.

The observing system for quantifying ice-sheet and glacier changes and their contribution to sea-level include a number of contributing measurement capabilities (Wilson et al., 2010). Continued surveys by satellite radar and laser altimeters are needed to provide elevation changes over broad areas on a routine basis. These should ideally be coupled with continued time series of interferometric synthetic aperture radar (InSAR) measurements of glacier velocities to understand changes in ice thickness due to ice discharge.  In addition, time series of satellite gravimetric measurements of the static and time-varying components of the gravity field reveal net ice-mass changes over large regions and entire ice sheets. Periodic surveys by optical systems may also be beneficial as another means of mapping of changes in ice stream margins, ice shelves, or for complementary Digital Elevation Model generation.

4. Marine Cryosphere
For the marine cryosphere, CryOS shall provide observations of sea ice and ice shelf characteristics, as well as observations of ocean temperature, salinity, and dynamic topography. 

The following sub-sections treat each of the attributes of the marine cryosphere which require specific monitoring capabilities.

4.1. Sea Ice Extent and Concentration

A significant fraction of the surface of the world’s polar ocean is frozen at any given time. Sea ice grows seasonally from 7 to 16 x 106 km2 in the northern hemisphere to 19 x 106 km2 in the southern hemisphere, covering up to 10% of each hemisphere during winter. Arctic sea ice observations over the last 30 years indicate significant decreases in total area and extent of sea ice, although regional patterns of change can be highly variable and indicate opposing patterns of growth or decay in extent on interannual to decadal timescales. 
Polar sea ice has an important climate regulating impact by limiting exchanges of momentum, heat and moisture between the ocean and atmosphere.  Due to the large difference in albedo between ice and ocean, reductions in sea ice extent by melting result in more heat being absorbed by the ocean, thereby amplifying the effects of high latitude warming. Sea ice redistributes salt and freshwater by rejecting brine when it freezes, transporting freshwater by ice drift, and ultimately by depositing this freshwater in the upper ocean during summer melt. Thus sea ice variability exerts a considerable impact on the regional energy and freshwater budgets, as well as directly impacting the temperature, salinity and buoyancy of brine in the upper ocean. 
Basin scale daily observations of sea ice extent and concentration (fractional coverage of ice in a given area) are required to understand the large scale thermodynamic evolution of the sea-ice cover on seasonal to interannual time scales (Breivik et al., 2010).  Satellite passive microwave radiometer observations have traditionally been used for this purpose as they are capable of daily mapping of both polar regions. The 30 year continuous time series of dual-polarised, multifrequency passive microwave radiometer data spanning the period from 1979 until the present day has become the backbone of the sea-ice monitoring system (www.nsidc.org). More recently, radar scatterometer images have been used to complement these radiometer data. Their combination helps to distinguish between seasonal and perennial, or multiyear, ice and to provide more robust information on ice conditions during surface melting conditions. This synergy allows more robust retrieval of sea ice characteristics in operational sea ice products (e.g. Eumetsat sea ice products here: http://saf.met.no/p/ice).

At large-scales, daily passive microwave radiometer observations have been supplemented by continuous visible and infrared very high resolution radiometer (1km resolution) data since the 1970’s with the NOAA AVHRR instrument series, and DMSP OLS. More recently, the NASA Moderate Resolution Imaging Spectroradiometers (MODIS) added to this capability. During cloud-free, sunlit periods this class of sensors provide supplemental information on ice concentration, and ice characteristics such as albedo and thickness from reflective characteristics. During the cold season, cloud free infrared data may also be used to derive ice surface temperature using a split-window technique which employs two thermal bands (typically at 11 and 12 microns). 

The advent of SAR has revolutionised the capability to study sea-ice at much higher resolution. Since the early 1990’s SAR has provided detailed images of sea ice at spatial resolutions of up to 30m, including information fracture or lead locations/orientations with relatively thin ice, and information on ice ridging with relatively thicker, deformed ice. Wide-swath SAR has added the capability to deliver complete basin-scale coverage on timescales of 1-3 days, with full Arctic coverage on a weekly basis.
4.2. Sea Ice Thickness and Dynamics
In order to fully appreciate the variability in sea-ice mass and volume in response to climate variability it is also required to measure sea-ice thickness and drift dynamics. Both variables are essential to partition the role of thermodynamic and dynamic contributions to ice thickness changes, or to quantify advective fluxes of freshwater in the form of ice.
Ice drift data are derived from image pairs of the same region typically spaced at intervals of one to several days, using a variety of computer tracking algorithms which measure displacement of ice features over time. Daily passive microwave radiometer and scatterometer products have been used as a basis for Arctic and Antarctic ice drift products (Breivik et al. 2010), with merging of the drift fields from these two instruments providing more reliable results over several day intervals (see: http://www.ifremer.fr/cersat/en/data/overview/gridded/psidrift.htm). Notably, the accuracy of these products is limited by the resolution of the sensor and the intervals between images, which prevents the details of ice drift to be recorded on small time and space scale. For this purpose wide-swath SAR data from RADARSAT and Envisat have been used to estimate ice drift on a much finer grid, limited only by the SAR resolution. Using consistent time-series of such products, it is possible to resolving the details of ice drift velocity, divergence and convergence of the ice, together the dynamical thickening and drift-related area flux of sea-ice. 
Since large scale ice product from active and passive microwave sensors do not provide sea-ice thickness information, it is necessary to develop this capability. Radar altimeter measurements of ice surface elevation or freeboard (i.e. the difference in elevation between the ice surface and sea-level in leads), together with ice density and snow loading information, allows conversion of freeboard to ice thickness along profiles across the ice surface. Both the ICESAT lidar and CryoSat-2 radar altimeter missions, with their higher resolution and measurement precision, allow changes in thickness and volume of sea ice to be estimated over large areas of the ice cover. 
The final goal of combination of sea ice thickness, concentration and dynamics data at full polar scale is to make a complete estimation of ice volume fluxes (Kwok et al, 2009). Using time series of each of these quantities it becomes possible to estimate the seasonal to interannual variability in ice fluxes, and, and thus the variability in transport of freshwater from high to lower latitudes. 

With the future combination passive microwave radiometers such as SSM/I and JPSS/MIS, and C-band SAR such as Radarsat-2 and 3, and GMES Sentinel-1, and SAR altimeters such as CryoSat-2 and GMES Sentinel-3, a robust sea-ice observing system component is assured for the next decade or so.
4.3. Albedo and Surface Temperature Measurements

Observations of broadband albedo and surface temperature are required for characterising surface-atmosphere radiation budgets and energy exchanges over snow and ice surfaces. Albedo varies considerably for different snow and ice surface properties (from 35-95%), and changes dramatically with snow metamorphism due to temperature variability or melting. Broadband albedo measurements are accomplished by passive, multi-angle optical measurements in the visible and shortwave-infrared spectral range. 

Surface temperature of snow and ice or frozen ground is also important for the determination of energy exchanges and for understanding related processes such as snow melt. Accurate temperature observations help constrain surface radiative and turbulent fluxes, and can help improve water and energy budgets for the cryosphere.

To date these measurements have been accomplished by passive Visible and Infrared  radiometers operating in the visible and infrared range such as AVHRR, ATSR, AATSR, MODIS, MISR and MERIS instruments, with the future continuity in measurements secured with the GMES Sentinel-3 SLSTR and NPP and JPSS VIIRS instruments.

5. Gravity and the Geoid

The measurement of small spatial and temporal variations in Earth’s gravity and of the geoid (i.e. equipotential reference surface) are required to quantify snow and ice mass distribution, mass transports including freshwater exchange between land, ocean, ice and atmosphere, and for constraining heat, energy and freshwater cycling through the Earth system. 
Since 2000 three currently operating missions have been contributing valuable data to meet these needs. CHAMP, GRACE and GOCE satellites have improved knowledge of the static geoid, while GRACE has revolutionised our understanding of the time-variable gravity field. The GOCE satellite promises to deliver a revolutionary accuracy in the static geoid over the next years of operation. Gravity gradients from the GOCE gradiometer instrument together with its precise orbit give access to approx. 2 cm geoid accuracy at100 km spatial resolution. This geoid also forms the basis for detecting regional centimetre-scale changes in sea-level using altimetry in response to ice sheet melting. 

Though the GRACE-2 satellite is identified in the NASA Decadal Report, it remains critical to try to maintain a seamless timeseries of gravity measurements. Planning to secure a gap-free succession to the GRACE mission remains a key priority.
6. Other Satellite Observing Infrastructure Considerations
For the polar and cryospheric observing system to fulfil all essential needs, it is necessary to consider also a number of other critical issues which indirectly require other satellite remote
Sensing capabilities.

6.1. Satellite Communications and Positioning
Operations in the polar regions, and particular navigation in sea ice requires a combination of satellite-based communications and accurate positioning. Many in-situ observing measurement systems rely on some combination of positioning and satellite communications/data relay to operate successfully (e.g. autonomous drifting buoys).
Communications satellites are invaluable to telecommunications uses such as data relay in the polar regions. Modern communications satellites use a variety of orbits including geostationary orbits, elliptical orbits (e.g. Molniya) orbits, and other and low (polar and non-polar) Earth orbits. Communications satellites provide a microwave-based radio relay capability which today is used extensively for mobile applications such as communications to ships, aircraft and hand-held terminals, for which in polar regions alternative technologies, do not exist. New highly elliptical orbiting polar communications and weather satellite systems such as the Canadian Polar Communications and Weather (PCW) and Russian Arktika satellites are currently in development to improve monitoring capability and high latitude activities. 
Today, accurate navigation and positioning has become dependent on satellite aids such as satellite navigation (Sat Nav) or global navigation satellite systems (GNSS) such as the currently operational US Global Positioning System (GPS), and the developing European Galileo, the Russian GLONASS, and the Chinese COMPASS systems.

6.2. Measurement Reference Frames
An accurate and stable measurement reference frame is essential for most precise remote sensing measurement techniques such as the altimetry and InSAR techniques discussed earlier. This requires:

· Sustained support for satellite remote sensing tools integral to the International Terrestrial Reference Frame (ITRF) – including: satellite laser ranging, very-long-baseline interferometry, DORIS, and Global Navigation Satellite Systems (including GPS, GLONASS, COMPASS and Galileo);

· inclusion of observations of the static gravity field from GOCE, and other stand-alone missions to determine a  precise, high spatial resolution geoid;

· an ITRF accurate to approximately 1 mm and stable to approximately 0.1 mm/year or better, in order to be able to understand the consequences of a changing cryosphere upon the rate of sea-level change
7. Meeting GCOS Climate Monitoring Needs

Observations from space provide unique information which greatly assists the successful understanding and management of climate change. It is increasingly clear that these observations are critical, but as yet there is not, as in for example the case of meteorology, a co-ordinated sustained programme to ensure that such climate relevant products are broadly available. In addition, the nature of the problem requires that such data are adequately preserved over long periods of time, ensuring consistent and reliable long term records.

Over the course of the last few years a formalised dialogue between the bodies with responsibility for the specification of climate observations and space agencies has led to

a coherent set of requirement, agreed globally (GCOS, 2006). Moreover, from this plan, the CEOS Implementation Plan for Space-based observations for GEOSS (CEOS, 2006) was prepared to define and specifically acknowledge the space data products that fulfil the Fundamental Climate Data Record (FCDR) requirements. 

GCOS expresses unambiguous, highly demanding cross-cutting requirements in generation of Essential Climate Variables (ECVs). These include generating homogeneous derived products from the basis FCDRs; and sustaining the generation of derived products as a means of determining the confidence that can be placed in products, and in particular trends estimated from these products.  

	Domain
	Essential Climate Variables

	Atmospheric

(over land,

sea and ice)
	Surface:
	Air temperature, Precipitation, Air pressure, Surface

radiation budget, Wind speed and direction, Water

vapour.



	
	Upper air:
	Earth radiation budget (including solar irradiance),

Upper-air temperature (including MSU radiances),

Wind speed and direction, Water vapour, Cloud

properties

	
	Composition: 
	Carbon dioxide, Methane, Ozone, Other long-lived

greenhouse gases, Aerosol properties

	Oceanic
	Surface:
	Sea-surface temperature, Sea-surface salinity, Sea

level, Sea state, Sea ice, Current, Ocean colour (for

 biological activity), Carbon dioxide partial pressure.

	
	Sub-surface:
	Temperature, Salinity, Current, Nutrients, Carbon,

Ocean tracers, Phytoplankton

	Terrestrial
	River discharge, Water use, Ground water, Lake levels, Snow cover,

Glaciers and ice caps, Permafrost and seasonally-frozen ground,

Albedo, Land cover (including vegetation type, Fraction of absorbed

photosynthetically active radiation (FAPAR), Leaf area index (LAI),

Biomass, Fire disturbance


Table 1. Essential Climate Variables that are both currently feasible for global implementation and have a high impact on UNFCCC requirements.

The FCDR for each ECV is, by definition, comprised of data from different satellites, different sensors, (and different Space Agencies). Each FCDR has different performance characteristics, most notably, different spatial and temporal sampling, different time extents, and different stability which need to be taken into account. Meanwhile, stringent requirements exist for stability, consistency and inter-sensor intercalibration.

GCOS notes that whenever possible, the required data records for the generation of products including historical data records, should cover as many years as possible (e.g. 30), in order to serve as a reference for climate variability and change studies.

Table 1 shows the ECVs as defined in the GCOS Second Adequacy report. This set

of variables is not static, but will slowly develop according to progress in the scientific

understanding and the development of instrumentation. A subset of these variables has

been identified as specifically relevant for space observations. Many of these ECVs can

be provided by the data already in space agency archives, and new missions to be launched soon will provide crucial data for an additional number of ECVs. Those of direct polar and cryospheric interest which can be measured by means of satellite instruments are highlighted in yellow. There are clearly additional ECVs of indirect interest such as sea-surface temperature, sea state, which may also be of relevance.
The missing part is the approach to provision of a consistent, interlocking set of ECVs across all space agencies. The European Space Agency (ESA) has recently initiated a new programme at European level for the provision of around 11 satellite-based ECVs, including glaciers and sea ice.

7.1. Sea Level ECV
Derivation of the sea level ECV is made possible from measurements of sea-surface height, and variability of its global mean, as derived from the archives from series of ocean altimeters: RA, TOPEX/Poseidon, Geosat, Geosat follow-on (GFO), Jason-1, -2, and RA-2. The uninterrupted time-series starting in 1991 and extending until the present day constitutes the underlying FCDR. Meanwhile, the assurance of continuity in future altimetry (i.e. via the CEOS Ocean Surface Topography Virtual Constellation) comes from satellites currently in development such as GMES Sentinel-3A and 3B, and Jason-3, assuring data continuity beyond 2020.
The ESA high inclination altimeter data, in conjunction with the TOPEX/Poseidon and Jason low-inclination orbit altimeters, are of primary importance for several ECVs including sea level. Although the work of international ocean altimetry science community over the last 20 years has established this as the best calibrated and most consistent set of long-term  observations from space, no consolidated FCDR has as yet been implemented as a basis for a truly global sea-level ECV (i.e. including the polar oceans at latitudes greater than 66o N). The latter nuance is necessary to fully understand the impact of melting ice sheets on global sea level.
7.2. Glaciers and Ice Caps ECV
Glaciers are one of the most striking indicators of climate change. They also are a critical
source of fresh water for many populations in developing countries in South America and central Asia. The ice-sheets of Greenland and Antarctic account for the most of the world’s freshwater and represent an equivalent of around 70 m sea-level. Freshwater fluxes from the ice-caps into the oceans affect salinity and density of the upper ocean and thus control ocean deep-water formation and the global thermohaline circulation. Ice sheet geometry and mass balance need thus to be regularly monitored for climate analysis.

GCOS identifies the need for a global map of areas covered by glaciers and ice caps (i.e. a digital 2D vector outline) as well as a regular updating of the World Glacier Inventory (WGI). The measurements on glaciers and ice caps should include the assessment of area, topography and mass changes. Presently WGI maintains detailed information on ~44% of the world’s estimated 160,000 glaciers, covering about 785,000 km2. Out of these 160,000 glaciers, the ESA GlobGlacier project has provided a limited subset of the required parameters for a small subset (10,000) of the required glaciers (URL: http://www.globglacier.ch/). However this is sampled information, which allows limited potential for assessment of changes. Moreover, only about 300 glaciers across the Earth have mass balance measurements (starting in 1947) and only 30 of them have an uninterrupted time series longer then 30 years, which is the most common basis for estimating ice mass changes. The GCOS target requirements for glacier outline maps are 5% accuracy and 5% stability. The targeted spatial and temporal resolutions are 30 m horizontal resolution in a 1-year observing cycle at the end of the ablation period, whereas 10 m resolution is desirable for narrow glaciers. At present glacier extent measurements rely on optical sensors, Landsat TM and ETM+ being the main sources of data.

Glacier velocity measurements using interferometric observations from ERS-1, ERS-2, ASAR and RADARSAT, have revealed significant velocity surges on the Greenland ice-sheets over a ten year period. The GCOS, IGBP and WCRP workshop on learning from the fourth assessment report (GCOS 117) specifically calls for the continued use of existing SAR satellites to measure of velocities in glaciers and ice sheets, and further recommends the development of a dedicated SAR mission to sustain them. The Radar Altimeters on ERS-1, ERS-2 and ENVISAT constitute a unique record of ice sheet elevation measurements from the first series of high-inclination altimeter missions (up to 81.5oS) specifically designed for the purpose. These observations will, from 2010 onwards, be complemented by the CryoSat-2 mission which is dedicated to measuring thickness and mass fluctuations of the Earth’s continental ice sheets and to quantifying rates of thinning and thickening of ice due to climate variations. These polar ice sheet records from Radar Altimetry, complemented by the lidar-based observations of the US ICESAT mission (up to 88oS) form the FCDR for this ECV. In view of the paramount importance of the ESA Radar Altimeter and SAR missions for ice cap and glacier monitoring, the extensive time series of archives starting in 1991, and the active status of research in this field, it is foreseen that this programme should make a major contribution towards meeting the GCOS requirements for the Glaciers and ice caps ECV. This will focus on consolidating the FCDRs and delivering the multi-mission Earth Observing satellite data products which contribute to determining the ice sheet mass balance: elevation changes by altimetry, complemented by observations of flux divergence from repeated SAR surveys, and gravity measurements of mass ice change. Changes in ice sheet topography will be surveyed by consistent re-processing of the ESA RA archives a cross calibration with laser altimeter data from ICESAT. INSAR based algorithms and processing systems suitable for application to large archives, will be developed to support mass balance estimates.

In summary, maps of the glacier and ice cap areas is accomplished by high-resolution VIS/NIR/SWIR imagery, whereas ice sheet dynamics and regional topographic mapping has been accomplished by InSAR.  Ice sheet topographic or elevation change data, for mass balance determination, have been acquired by radar altimeters such as the ERS-1, ERS-2, ENVISAT, ICESAT, and CryoSat altimeters, with continuity assured by the Sentinel-3 SRAL instrument in the future.
7.3. Sea Ice

Sea ice concentration (or fractional coverage of sea ice) is a critical parameter in the climate 
system with respect to its impact on the Earths’ albedo, heat and moisture fluxes between ocean and atmosphere, and freshwater input to ocean-circulation. An uninterrupted long-term FCDR and derived EO data products with daily revisit rates and spatial resolution of order 25-50 km has been established for this ECV using spaceborne microwave radiometers starting in mid 1970s (Notably the US DMSP SSM/I, operational series, and EOS Aqua AMSR-E). Since 1991 ESA research missions have provided a complementary sequence of continuous active microwave observations of sea-ice from scatterometer (ERS-1, ERS-2, NSCAT, QSCAT and ASCAT), SAR (ERS-1. ERS-2, RADARSAT-1 and -2 and ASAR) and Radar Altimeter systems. These provide additional information on sea-ice types, ice dynamics, and ice thickness with which to understand ice cover response to climate variability. CryoSat-2 will provide a unique series of observations of rates of change of sea-ice thickness and volume, which will contribute to resolving the mass balance variability of the high-latitude sea-ice cover.

The primary GCOS requirement is for daily coverage of sea-ice concentration at 12 km resolution, to provide continuity to current AMSR-E data products. The ESA SAR missions provide observations at lower revisit rates and lesser coverage but at significantly higher spatial resolution. These data can provide valuable supplementary information on ice concentration (and its uncertainties), ice type and ice dynamics. A dedicated legacy data set is being collected for International Polar Year 2007-2008. Within this programme the ESA IPY legacy data set will be exploited. Support will be provided for inter-calibration of the SSMI with Higher resolution SAR (20, 100m, 1km). CryoSat data will be integrated into existing FCDR in order to extend and enhance the derived data products to compute sea-ice volume and mass. Supplemental information will be delivered from ESA SAR archives, particularly wide-swath and global modes, and to enhance the existing ECV records maintained by other Agencies. This will include high-precision re-processing of the complete ERS-1, ERS-2 scatterometer archives to sigma-naught level with new algorithms, derivation of sea-ice extent and concentration, and integration with other sources. This could potentially include reprocessing of ASCAT data to accuracy compatible with GCOS requirements for sea-ice.

7.4. Snow Cover
Information on global snow cover is a key indicator of long-term climate change and is a critical input needed for climate modelling, anthropogenic climate change assessments, and for validating climate forecasts. Regional and continental scale information on snow cover is already provided as operational input to NWP hydrological modelling and flood forecasting systems from the existing meteorological in-situ and space satellite observing networks. The primary GCOS requirement is for historical and continuous daily observations of global snow areal extent at spatial resolution of 1 km, (100 m over complex, mountainous terrain). The optimal FCDR for global snow area extent should cover a time period of more than 30 years. Supplemental information is further required on 1) snow depth, 2) snow water equivalent and 3) presence of water in the liquid phase. GCOS calls for a multi-sensor approach including optical and microwave sensors to improve the observations during persistent cloud coverage

The Meteorological community has long-established operational snow monitoring products: NOAA/NESDIS has provided weekly Northern Hemisphere snow cover since 1966 and daily AVHRR snow cover (4 km resolution) since 1999. The US National Snow and Ice Data Center (NSIDC) provides daily global snow cover (500m) from MODIS, and global monthly snow water equivalent based on passive microwave (25 km). The EUMETSAT land SAF has developed a pre-operational (5km) daily snow cover monitoring service from MSG. The ongoing long-term operational commitment has resulted in a consistent 30 year record of snow area extent in the Northern Hemisphere (NOAA/NESDIS data set). This FCDR nevertheless, only partly fulfils the spatial and temporal requirements expressed by GCOS for the purposes of the UNFCCC.

ESA archives contain information that can be used to enhance the existing historical record of snow areal extent, notably with regard to spatial resolution and coverage. They can also contribute to the supplemental information on presence of liquid water, and snow water equivalent, notably from the active microwave sensors. The relevant ESA data records are ATSR1,ATSR2, AATSR, MERIS, ASAR, ERS1/2 SAR, ERS1/2 Scatt, as well as AVHRR (1Km).

Recognizing the existence of operational monitoring systems and a long term FCDR for this ECV, efforts within this programme will be limited to providing information that can enhance the existing record where possible. Further, methods and systems will need to be developed to integrate the required supplemental information in a systematic manner to produce a standardized and homogeneous FCDR. The focus will be on exploiting to the maximum the potential of the active microwave systems to complement the existing optical data sets.
7.5. Albedo
Surface albedo has a direct impact on the radiation budget and thus on the Earth temperature. Increases or decreases in surface albedo can significantly impact regional and global climate. The impact on climate of surface albedo changes due to land cover and land use changes can be comparable in magnitude to a doubling of atmospheric CO2. Long time-series of surface albedo are thus essential for the analysis and understanding of inter-annual climate variability and climate trends. Satellites provide the only means to obtain this information at global scale.

Broadband albedo climatologies have been derived since the early 70s from ERBS on NOAA satellites, and more recently from CERES on TERRA and GERB on MSG. These provide long-time series but limited accuracy of the estimated surface properties. ESA holds archives of direct relevance for albedo monitoring, which have not yet been systematically exploited for this purpose, i.e. AVHRR (1979-today), ATSR-2 (1991- today), MODIS Terra/Aqua (2001/2003-today), AATSR and MERIS (2002-today). Global albedo maps have been estimated from SPOT-4 VGT (1998-2002) and SPOT-5 (2002-today), from MODIS on Terra/Aqua (2000/2002 onwards). Albedo products are also available from the multi-angular sensor MISR on Terra – similarly from the European sensor POLDER on ADEOS-1 (1997-1998), ADEOS-2 (2002-today), and PARASOL (2004-today). Experimental albedo estimates have been derived from SEVIRI/MSG (2002 onwards). The most recent land surface albedo estimates, from the ESA MERIS global albedo project, provide global black-sky and white-sky albedo maps for 13 spectral bands at 16-day intervals at 0.05 º resolutions over the period 2002-2006.

GCOS calls for daily spectral and broadband black-sky albedo products, at 1km resolution, with an accuracy of 5% and a stability of 1%. EO albedo retrievals are only just beginning to meet some of these challenging requirements. Despite its importance in the climate system, NWP and climate models are only now starting to assimilate albedo products. This is mainly because of inappropriate quality, spectral, spatial and temporal resolution, time coverage, and availability of current albedo products, with the consequence that most models are not prepared to integrate external albedo information. Moreover there remain significant differences related to spectral coverage and calibration uncertainties between the various satellite sensors and related albedo products that must be resolved before they can be used in climate research.

It is possible to take full account of the existence of albedo products from several Space Agencies to develop an albedo ECV. This would need each mission operator to improve the accuracy and stability of albedo estimates (by correcting for the specific characteristics of each individual sensor). New techniques to merge and assimilate products from the different sensors must be developed, applied and validated in order to provide the climate research community with a long term record of global albedo adequate for their needs. Considering the high relevance of ESA missions and archives in this respect, a substantial dedicated effort is foreseen within ESA’s Climate Change programme.

Initially work shall focus on generating a coherent, scientifically validated, integrated global broadband and spectral black-sky albedo product, including an error characterization of the retrievals, with a suitable spatial and temporal resolution, over as much as possible extended periods of time by merging data from ESA’s data holdings including AVHRR, ATSR-2, AATSR, MERIS, and MODIS. This will require development of advanced algorithms for cloud screening, snow monitoring, atmospheric correction, and aerosol correction, based on the know-how and experience from existing algorithms and processing chains. The aim will be to establish a baseline against which other albedo products and GCMs outputs can be evaluated.

8. European GMES Contribution to Global Earth Observing System

The space infrastructure component for the European Global Monitoring for Environment and Security, referred to as GMES Space Component (GSC), will initially address service data needs for land, marine, atmosphere and emergency response.

Current services mainly concentrate on the following observation techniques:

· SAR sensors, for all weather day/night observations of land, ocean and ice surfaces

· Medium-low resolution optical sensors for wide area information on land cover, for example agriculture indicators, ocean monitoring, coastal dynamics and ecosystems

· High Resolution (HR) or Medium Resolution optical sensors for regional and national land monitoring activities

· Very High Resolution (VHR) optical sensors, panchromatic and multi-spectral, specifically for urban mapping or security applications

· High accuracy Radar Altimeter systems for sea level measurements and climate applications

· Radiometers to monitor the impact of climate change on land and ocean temperature

· Spectrometer measurements for air quality and atmospheric composition monitoring

The GSC includes a set of “Contributing Missions” operated by national agencies or commercial entities of Member States, EUMETSAT or other third parties as well as dedicated missions (i.e. the Sentinels) and their ground segment co-financed by the EU and ESA, to fulfil the above observations.

A number of ESA (e.g. Envisat), national, EUMETSAT and commercial missions are operating or being developed. These primarily serve their respective operators’ priorities but are also of interest to GMES and the sustained delivery of products and services.

The following sections present lists of potential GMES Contributing Missions, categorised into instrument groups according to the nature of their payload. This list has already been presented to the High Level Coordination Group on the GMES Space Component (HLCG-GSC) and related comments have been incorporated. It will continue to evolve as new information becomes available. To have a complete overview of all European missions, the Sentinels are also included in these tables.
8.1. Synthetic Aperture Radar (SAR) Missions 
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Tab. 1 – Preliminary Status and Plans of SAR Missions 

Due to its operational modes, Sentinel-1 ensures wide-swath, medium to high resolution C-band observations for GMES, allowing systematic acquisition with high revisit time and continuation of interferometry capabilities. The constellation of two Sentinel-1 spacecraft and contributing missions allows the fulfilment of the relevant user requirements covering monitoring activities for operational ice services and operational oil spill monitoring for EMSA (see: http://www.emsa.europa.eu). 

Radarsat serves national dual-use requirements and could offer some additional capacity for GMES. Hence, European cooperation with Canada is considered important for GMES. 

TerraSar-X/Tandem-X, Cosmo-Skymed and SeoSAR cover requirements for high-resolution in X-band. Commitments for the relevant resources allocated to GMES are being co-ordinated and will be consolidated in the medium-long term. 

8.2. Optical High Resolution Missions 

This category mainly entails land monitoring missions. 
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Tab. 2 – Preliminary Status and Plans of High Resolution Optical Missions 
Sentinel-2 is the dedicated GMES mission for land services in the 10-20 m resolution range. It will provide continuity of Spot-4 and Landsat observations, including the SWIR channels at 20 m, with a much larger swath (290 km) and with systematic acquisitions over all land surfaces. To implement the relevant user requirements, a constellation of two satellites is planned.
Optical measurements in the 2-5 m range could be covered by SeoSat, Spot-6/7 and Rapid-Eye. Pleiades will be the only European mission in the VHR sub-metric domain (panchromatic), accessible for public use, and is of high relevance for GMES emergency and security related applications as well as specific areas of land monitoring services (in particular with the 0.7 m Panchromatic and the 2.8 m VIS/NIR channels). 

It should be noted that the performances in terms of swath width and repetitivity are not identical among the missions. Namely, Spot-5, Rapid-Eye and SeoSat are in the 60-70 km range, while Pleiades are in the 20-30 km range with different spatial resolution performances. However, a simplified comparison between these missions in terms of geometrical parameters alone is not sufficient for selection since other factors affecting the overall mission performance and operational capability must be taken into account for GMES (e.g. geo-location, image quality). 
Given that Pleiades will be the only sub-metre civilian EO data source in the near-term it appears strategic to commit relevant resources and ensure continuity of such VHR capability beyond 2015. 

EnMap and Venus hyperspectral/superspectral missions have both scientific and application development objectives. They could be considered as demonstrator missions for potential operational implementation in later phases of GMES. 

The US Landsat follow-on mission (LDCM) will deliver similar data. In the context of CEOS, a virtual land constellation is proposed as a means of harnessing the combined capabilities of the aforementioned missions.
8.3. Optical Low Resolution Missions 

This category entails the monitoring of sea surface temperature, ocean colour and global land. 

8.3.1. Sea Surface Temperature Missions 
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Tab. 3 – Preliminary Status and Plans of Sea Surface Temperature Missions 

Sentinel-3 (SLST instrument) fulfils the surface temperature user requirements, currently supported by METOP and MSG observations.
The above missions will constitute the dedicated GMES capacity for SST measurements. In addition, planned sensors/missions can be considered in the frame of international (non-European) cooperation to complement the observations, such as: VIIRS on NPP and the former NPOESS C1 and C2 (US) – now known as JPSS,  SGLI/GCOM-C (Japan), and Oceansat-3 (India). 
8.3.2. Ocean Colour Missions 
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Tab. 4 – Preliminary Status and Plans of Ocean Colour Missions 

A constellation of two Sentinel-3 satellites equipped with OLCI instruments provides the observations required by the European Marine Core Service (see MyOcean:  http://myocean.eu). Hence, Sentinel-3 will constitute the dedicated GMES mission for ocean colour measurements and may be complemented by non-European missions mentioned in I.3.1 above in the frame of international cooperation. 

8.3.3. Global Land Monitoring Missions 
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Tab. 5 – Preliminary Status and Plans of Global Land Monitoring Missions 
The constellation of two Sentinel-3 satellites will provide, with both the OLCI and SLST sensors, continuity of MERIS, AATSR and VEGETATION in terms of spectral and revisiting requirements. 

METOP and MSG surface observations will also contribute to the global land monitoring services.
8.4. Altimetry Missions 

The Marine GMES Service and IOC observation requirements for altimetry identify an altimeter flying in low-inclination orbit, as currently met by Jason-1/-2, and at least two altimeters flying on two Sentinel-3 satellites. Jason-3 and Jason-CS are expected to continue the low-inclination measurements.

Regarding high-inclination altimetry (polar orbit), Altika and/or HY-2A could serve as gap-filler between Envisat and Sentinel-3, although, strictly speaking, this may be difficult to achieve for operational services as new algorithms and cal/val activities will be required due to the different frequency used by Altika. 
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Tab. 6 – Preliminary Status and Plans of Altimetry Missions 

8.5. Atmosphere Monitoring Missions 

Sentinel-4/-5 will be implemented as dedicated instruments on MTG and post-EPS respectively. MTG-S, which would host Sentinel-4, should be launched in 2018 and 2024, post-EPS in 2019 and the Sentinel-5 precursor in 2014. 

In addition to atmospheric chemistry missions, monitoring of aerosols is required by the GMES Atmosphere Service. This can be achieved in Europe, for example, by instruments on Envisat, Calipso, Parasol, MetOp, EarthCare, Sentinel-3 and Post-EPS.  
[image: image7.emf]
Tab. 7 – Preliminary Status and Plans of Atmosphere Monitoring Missions 
9. Summary

Due to the complex interrelationships between the terrestrial, alpine and marine elements of the cryosphere, the space component of CryOS is needed to provide comprehensive information on all cryospheric domains. Methods of remotely sensed observations may be common to the these domains and thus the principal challenge for CryOS is to identify ways to develop, coordinate, maintain and sustain these remote sensing observations within the GEOSS framework (Drinkwater et al., 2008; Jezek and Drinkwater, 2010). 

Notably, the cryospheric and polar region observing system is recognised to require more than remote sensing measurements of snow and ice properties from satellites or airborne platforms. It must include also networks of ground-based instrumentation, modelling, data assimilation and reanalysis systems and a comprehensive data archiving and management system.
Spaceborne observations acquired consistently over long periods of time can contribute to the global climate observing system, by establishment of fundamental climate data records. With appropriate quality control these can be used in the production of satellite based Essential Climate Variables.
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